
ABSTRACT 

KHOSLA, NAYNA. Laser Processing of Q-Carbon, Diamond, and Anode and Cathode for 
Lithium-Ion Batteries. (Under the direction of Professor Jagdish Narayan). 
 

With a continuous drive for improved technologies, novel phases of carbon, such as Q-

carbon and Q-carbon-diamond composites have opened an exciting frontier to the era of Q-carbon 

and diamond based solid-state devices. The Q-phases consist of randomly packed diamond 

tetrahedra, with packing fraction > 80% and number density of atoms >50% higher than crystalline 

diamond making it harder than diamond with many other improved properties. Diamond and c-

BN related materials represent ultimate semiconductor for high-power and high-frequency 

devices. The wide-ranging outstanding properties of diamond (such as wide bandgap 5.5eV, 

thermal conductivity, carrier mobility etc.) lead to much higher Johnson’s figure of merit (relevant 

for High-power devices) of 8200, Keyes figure of merit (relevant for ICs) of 32 have propelled 

carbon structures to the forefront of solid-state devices. However, being metastable phases, these 

diamond related materials suffer from synthesis and processing challenges. This thesis focuses on 

non-equilibrium and wafer-scale processing of high-quality Q-carbon, novel Q-carbon nanoballs 

and diamond thin-films using nanosecond Pulsed Laser Annealing (PLA). The PLA is a non-

equilibrium technique based upon ultrafast melting and quenching of liquid carbon with high 

undercooling to form desired Q-carbon/diamond phases for variety of applications ranging from 

high-power devices to quantum computing, protective coatings, and nanosensing to targeted drug 

delivery. We use SLIM for theoretical modeling to optimize the laser parameters needed for 

different materials and structures. We show the formation of Q-carbon nanoballs, which are self-

organized in the form of rings and strings and show a robust room temperature ferromagnetism. 

The ferromagnetism in these Q-balls is varied with its size. We also show that Q-carbon exhibits 

hydrophilicity and anti-bacterial properties making it suitable for biomedical applications. 



Furthermore, we present a scale-up method for wafer-scale Q-carbon fabrication by PECVD 

suitable to fabricate Q-Carbon on up to 12” wafers. We also show the formation of the cubic 

polytype of SiC directly by PLA using Q-carbon layer. These Q-carbon phases can be doped with 

silicon and is shown to form thin-film 3c-SiC upon laser annealing. We further extend its 

application to show that Q-carbon contains a diamond tetrahedron, which acts as a diamond 

nucleus for creating large-area, high-quality diamond films. We investigate the role of these phases 

on the nucleation of heteroepitaxial diamond on Si (100) substrate. We find that these phases of 

3c-SiC and Q-carbon/nano diamond as interlayers enhance the diamond growth compared to bare 

silicon by hot-filament CVD process. The higher nucleation density over a large area with Q-

carbon interlayer shows that Si-Q carbon interlayer provide a much higher nucleation sites than 

silicon carbide layer. Further, we use the undoped Q-carbon layers to grow wafer-scale diamond 

films and <100> faceted diamond microneedles on r-plane sapphire with high growth rates. We 

also show enhanced nucleation and creation of continuous epitaxial diamond plates on a-plane 

sapphire. We use domain matching epitaxy to establish these heteroepitaxial relationships across 

the film-substrate interface. These findings are significant for the 3c-SiC and diamond electronics 

applications. 

Further, we highlight the role of non-equilibrium Pulsed Laser Annealing for nanosecond 

laser pattering and defect engineering of electrodes in LIBs for enhancing their power (current 

density) and performance. We show that PLA significantly improves cyclability and current 

carrying capacity of carbon-based anodes in LIBs. This improvement is achieved by engineering 

of microstructure and defect content in graphite in a controlled way by using PLA to increase the 

number density of Li+ ion trapping sites. We show that PLA causes the following changes: (1) 

creates surface steps and grooves between the grains to improve Li+ ion charging and intercalation; 



(2) removes inactive binder (PVDF) from the top of graphite grains and between the grains, which 

otherwise tends to block the Li+ migration.; and (3) produces carbon vacancies in (0001) planes, 

which can provide Li+ charging sites.  

We also demonstrate that the cycling stability of high-voltage spinel LiNi 0.5 Mn 1.5 O 4 

(LNMO) cathodes can be effectively enhanced by a high-energy laser treatment. The LNMO is a 

promising next-generation cathode material. However, the cycle life of LNMO cells is 

compromised by detrimental electrode-electrolyte reactions, chemical crossover, and rapid anode 

degradation. Advanced characterizations unveil that the laser treatment induces partial 

decomposition of the polyvinylidene fluoride binder and formation of a surface LiF phase, which 

mitigate electrode-electrolyte side reactions and reduce the generation of dissolved transition-

metal ions and acidic crossover species. 

Lastly, we show the role of nanosecond pulsed laser annealing (PLA) in improving Nickel-

rich layered oxides such as LiNi0.8Mn0.1Co0.1O2 (NMC 811), which are another type of popular 

cathodes having high energy densities. However, they suffer from high surface reactivity, resulting 

in the formation of Li2CO3 passive layer. Laser annealing results in the reduction of carbonate 

layer, in addition to forming a protective LiF layer and stabilizing the NMC 811 microstructures 

for improved performances. 
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 Introduction 

Carbon is the sixth most abundant material in the world. It is an extremely light and 

versatile material for its ability to exist in different bonding configurations, namely linear bonding 

(sp), trigonal bonding (sp2), and tetrahedral bonding (sp3) [1,2]. The possibility of combing sp, sp2, 

and sp3 carbon atoms opens the frontiers to the discovery of new carbon forms, which has allowed 

the development of various materials with different applications. Carbon-based materials offer 

unique combination of physical and chemical properties [3,4] like high stability, wide range of 

electrical conductivity, high strength, high density to name a few, and find their utility in materials 

science world for variety of applications like energy storage, semiconductors, structural materials, 

biomaterials, sensors, etc. [5-12]. Currently, elemental carbon-based materials constitute a big family 

of diverse classic structures like graphite, diamond, amorphous carbon, and more recently 

discovered graphene, fullerenes, carbon nanotube, t-carbon, and Q-carbon. Of particular interest 

in the field of high-power and high-frequency electronics, is the diamond allotrope of the carbon. 

Diamond is a wide-bandgap material (wide bandgap=5.5 eV) and offers a high critical electric 

breakdown field (more than 10 MV cm–1), thermal conductivity (more than 20 W cm–1 K–1), 

intrinsic carrier mobility (more than 3,500 cm2 V–1 s–1), and keys figure of merit for integrated 

circuits (32) [13,14]. It is a suitable alternative to surpass the limitations offered by currently used 

wide-bandgap materials like GaAs, GaN and SiC. Diamond is the hardest material, with Vickers 

hardness in the range of 70–150 GPa and has sp3 bonded structure unlike graphite, which is sp2 

bonded. Since diamond is a metastable material at ambient pressure and temperature, only 

nonequilibrium processing leads to the formation of diamonds. Conventional equilibrium, high 

pressure and high temperature (HPHT) phase transformation method of fabrication suffers from 

high thermal budget and results in the formation of randomly oriented diamonds, which cannot be 
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assembled with a fixed orientation on any substrate and has low throughput thus, affecting the 

quality and yield of the material for its practical utility [15,16]. Current processes like HFCVD and 

MPCVD combine equilibrium Chemical Vapor deposition (CVD) with nonequilibrium hot 

filament or plasma, wherein the resulting films are a mixture of equilibrium (graphite) and 

nonequilibrium (diamond) phases [17,18]. Also, this process suffers due to the requirements of 

external diamond seedings.  Recently, the success in the synthesis of metastable phase of Carbon 

directly via non-equilibrium route has drawn significant interests [19,20].  The ability of obtaining 

phase pure diamond by rapid melting and quenching of carbon nanotubes (CNTs), carbon 

nanofibers, and amorphous carbon using nanosecond pulse laser annealing (PLA) makes this 

ultrafast laser processing a promising technique that overcomes the conventional challenges to 

form diamond films [21-24].  In order to exploit the properties of diamond, it is necessary to form 

large-area continuous diamond film. Growing continuous, high quality diamond films on optically 

transparent substrate like sapphire is a challenge due to thermal mismatch, lattice mismatch, poor 

adhesion and low nucleation density [25,26]. Sapphire is an ideal substrate material having 

exceptional electrical insulation, transparency, good thermal conductivity, and high rigidity 

properties. It is used for growing III-V or II-VI compound semiconductors. The sapphire has 

different crystal orientations namely a (11-20), c (0001), r (1-102), and m (1-100), which results 

in anisotropic results. The r-plane and a- plane sapphires are ideal to grow <100> faceted diamonds 

for field emission. The m-plane and r-plane sapphires are also used for growing non-polar/semi-

polar plane epitaxial layers, which helps in improving luminescence efficiency. Thus, different 

planes of sapphire find its application in different fields like microelectronics, integrated circuits 

and LEDs [27, 30].   
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 Therefore, research on the diamond growth via non-equilibrium technique in terms of 

diamond quality, epitaxial relationships, and growth feasibility on industrially preferred substrates 

like a-, m-, and r-plane sapphire and its wafer-scale integration is important for its industrial 

applications. 

The non-equilibrium processing route has also been used to quench the molten carbon with 

high undercooling rates to form a new allotrope of carbon called Q-carbon [31,32]. The electrons in 

the molten state of carbon are delocalized with metallic bonding. With undercooling, the 

localization of electrons starts and the formation of diamond tetrahedra begins. Q-carbon phase 

consists of diamond tetrahedra which can be arranged randomly to create the amorphous phases 

and crystalline phases.  

This new phase reportedly shows superior properties like radiation-resistance [33], field 

emission [34], superconductivity on doping with boron [35,36], extraordinary hall effect [37], and is 

considered to be harder than diamond, with high temperature stability, and toughness [38,39]. Q-

carbon has ~80% sp3 bonding. The atomic packing density in this phase (12/a3), is 60% higher 

than that of diamond (8/a3), which results in an enhanced hardness [40]. Interestingly, on doping 

this phase with boron, Boron-Q carbon shows distinct phases with superconductivity having Tc of 

37K, 57K [36]. Owing to the extra-ordinary properties of this phase, the developments in the 

fabrication, exploring novel properties, and detailed structure-property relations of Q-carbon are 

of scientific interest. Also, it is essential to grow Q-carbon on large-scale area to make it suitable 

for device integration. Understanding the role of other dopants and quest for the developments in 

this new Carbon phase by varying the undercooling rates is important for novel applications.  
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The first section of thesis is focused on using non equilibrium processing i.e., nanosecond 

excimer laser for pushing the frontiers in the field of carbon [41,42] for major developments in 

specific applications.  

In this thesis, we report the advancements in the Q-Carbon phase via fabrication of novel 

Q-carbon nanoballs using ultrafast laser processing. This is accomplished by nanosecond laser 

melting of carbon in a highly undercooled state and subsequent rapid cooling at normal pressures 

in air. The formation of these nanoballs is promoted by the undercooling along strings and rings, 

which are formed by the tetrahedral alignment in <100> and <110> directions, respectively. The 

size of these Q-carbon nanoballs can be varied from 5 to 100 nm by changing the laser, deposited 

carbon film, and substrate parameters. These nanoballs were characterized by 

HRSEM/TEM/STEM/EELS and Raman to confirm the phase purity and bonding characteristics. 

We also report that these Q-carbon balls exhibit robust room temperature ferromagnetism. The 

ferromagnetism in Q-carbon balls can be varied with size and achieve higher coercivity than thin 

films, and these balls can be coated with drugs for targeted delivery. In view of these properties, 

nanoballs are expected to find novel applications ranging from targeted delivery to nanosensing 

and superconducting qubits. 

We further, experimentally show that the undercooling achieved during this first-order 

phase transformation can be varied with the increasing laser energy density (analogous to applying 

external pressure) on the constant thickness film on same substrate. This was demonstrated by the 

formation of Q-carbon phases tailored as 2D films and 3D nanoballs with embedded 

nanodiamonds, and pure diamond structures by changing laser annealing energy density to modify 

the sp3 content in diamond-like carbon (DLC) films of constant thickness deposited on r-plane 

sapphire (1-102). This is related to decreasing undercooling with increasing pulse energy density. 
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Choice of these parameters were guided by the SLIM (simulation of laser interactions with 

materials) computer modeling. The structure of thin film Q-carbon evolves into Q-carbon 

nanoballs with the increase in laser annealing energy density. These nanoballs have embedded 

nanodiamonds, making them a suitable Q-carbon/diamond composite. At higher energy density, 

we report the formation of high quality, epitaxial nano, and micro diamond films. To further 

investigate, we discuss a model showing undercooling and quenching rate generating a pressure 

pulse, which may play a critical role in a direct conversion of amorphous carbon into Q-carbon or 

diamond or their composites. This ability to selectively tune between diamond or Q-carbon or their 

composites on a single substrate is highly desirable for a variety of applications ranging from 

protective coatings to nanosensing and field emission to targeted drug delivery. 

 Furthermore, Q-carbon nanoballs and nanodiamonds are utilized as seeds to grow ballas 

microdiamond films by HFCVD on r-sapphire. It is observed that the Q-carbon nanoballs contain 

diamond nuclei of critical size, which provide available nucleation sites for diamond growth, 

leading to stress-free, adherent, and denser films, which are needed for a variety of coating 

applications. The ballas type of diamonds formed here are reportedly harder and stronger and its 

combination with Q-carbon composite as seeds make them a suitable candidate in wear and display 

applications. We use HRSEM, EBSD, XRD and Raman characterizations to confirm the quality 

of the diamond.  

Large-scale growth of diamond depends critically on the development of a suitable lattice-

matched seed layer and substrate system. In order to understand the role of Q-carbon in the 

nucleation of diamonds, we further extend this application of ultrafast laser annealing for the 

liquid-phase regrowth to form quenched carbon layers on a-plane (11-20), and r-plane (1-102) 

sapphire followed by hot filament CVD to obtain large area, highly faceted <100> microdiamond 
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crystals. Formation of diamond microneedles with high growth rates, and the diamond walls are 

observed in r-plane and a-plane sapphire substrate, respectively, with the Q-carbon as the seed 

layer. This confirms the superiority of Quenched carbon to form continuous diamond layers on 

industrially viable a- and r-plane sapphire. We confirm the formation of high-quality epitaxial 

diamonds by HRSEM, EBSD, Raman and XRD. We also establish DME epitaxial relations 

showing the formation of large area <100> diamonds on a- and r-plane sapphire. The <100> 

faceted diamond formed is ideal for field emission and display device applications. 

In this thesis, we further present a novel method for scaling up the Q-carbon fabrication. 

We discuss the mechanism of Q-carbon formation as a result of low-energy ion bombardment 

during plasma-enhanced chemical vapor deposition (PECVD) of thin films. These ions during 

negative biasing are energetic enough to create Frenkel defects, which support the conversion of 

the three-fold coordinated sp2 carbon units in as-deposited carbon into sp3 bonded five-atom 

tetrahedron units in Q-carbon. This process enhances the atomic number density and fraction of 

sp3 bonded carbon. These diamond tetrahedra are randomly packed and provide easy nucleation 

sites for diamond. If the underlying substrate can provide an epitaxial template for diamond growth 

via domain matching epitaxy, then wafer-scale growth of diamond epitaxial films can be achieved 

for wafer-scale integration and next-generation novel device manufacturing from diamond-related 

materials. We experimentally demonstrate the formation of highly uniform Silicon doped 

Quenched-carbon (Q-carbon) layers by plasma-enhanced chemical vapor deposition (PECVD) 

followed by low-energy Ar+ ion bombardment on a 6” silicon wafer. After PECVD, 9 nm and 20 

nm thick silicon-doped diamond-like carbon (Si-DLC) films showed complete conversion into Q-

carbon using 250eV Ar+ ions via negative biasing. Detailed EELS, XPS, Raman, and EDS studies 

confirmed the formation of Q-carbon by this method.  
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This thesis also highlights the advanced functionalities of Q-carbon in biomedical 

applications. It is suggested that the surface of the Q-carbon can be functionalized by doping it 

with silicon to enhance its performance as a potential bioimplant material. As such, a coating of 

silicon-doped Q-carbon (Si-Q-carbon) is shown to minimize the formation of biofilm, thus 

reducing the risk of microbial infection.  In this thesis, we use pure and Si-Q-carbon coatings of 

varied thicknesses (10 nm and 20 nm) and perform wettability and surface energy calculations to 

investigate the hydrophilic characteristics of the coatings. The pure Q-carbon showed hydrophilic 

nature of the film. The 10nm thick Silicon doped Q-carbon sample was found to be more 

hydrophilic with a water contact angle of 75.3 ± 0.64°. We further investigated the antibacterial 

activity of Si-Q-carbon coatings using a Staphylococcus epidermidis multi-well plate screening 

technique and the adhesion of bacteria was explained in terms of the surface properties of the thin 

films. It was shown that the Si-Q-carbon showed the reduction of 80% in the formation of a 

biofilm. We envisage the potential application of Q-carbon in arthroplasty devices with enhanced 

mechanical strength and resistance to periprosthetic joint infections (PJIs). 

For high-temperature and high-powered devices, Silicon Carbide (SiC) is another wide 

bandgap material, which has gained a lot of attention for its utility because of superior properties. 

It has over 200 polytypes out of which hexagonal (6H and 4H) is commercialized, while extensive 

research is being done in the cubic polytype. 3c-SiC is the only cubic polytype with a bandgap of 

2.3eV and has reported to show highest channel mobility (>300cm2/V/s) and saturation velocity 

in MOSFETs compared to others, which helps in the considerable reduction of power 

consumption. Also, 3c- is the only polytype that can be grown on cheap Si wafers, which reduces 

the cost of using expensive SiC wafers. It is envisaged that 3c-based devices will have high energy 

efficiency.  However, the yield of 3c–SiC based MOSFETs is still low due to the lack of 3c–SiC 
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substrates. Thin films of 3c-SiC have been deposited by methods such as chemical vapor 

deposition, molecular beam epitaxy, ion-implantation or sputtering. These approaches require very 

high deposition temperatures, and the crystalline quality is affected. Thus, progress in crystal 

growth of 3c-SiC is a key issue for epitaxy and device developments related to this polytype. Since 

it is a metastable phase, non-equilibrium growth conditions are considered to play an important 

role in the growth process. In this thesis, we report the formation of nanosized 3c-SiC by 

nanosecond pulsed laser annealing using Si doped Q-Carbon layers on the silicon (100) wafer. The 

crystalline phase of 3c-SiC is confirmed by the signature LO and TO peaks observed in Raman 

spectra. We show that traditional HFCVD technique on same sample with Q-Carbon layers on the 

silicon (100) wafer, results in the formation of hexagonal 6H-polytype instead. This is confirmed 

by SEM, Raman spectroscopy and EBSD.  

Further, we investigate the SiC and Q-carbon layer to nucleate diamonds heteroepitaxially 

on Si (100) substrate. As mentioned before, the prerequisite for a successful application of 

diamond fabrication of electronic devices is the availability of suitable diamond substrate, which 

is a large area, high quality, inexpensive, diamond single crystal substrate. SiC layers have been 

potentially researched as a good interlayer for diamond growth. In this thesis, we show the 

superiority of Q carbon layer over the SiC layer for diamond growth. We use these phases of 3c-

SiC and Q-carbon/nanodiamonds as interlayer to show enhanced diamond growth compared to 

bare Silicon by Hot filament CVD process. The higher nucleation density over large area with Q-

carbon interlayer shows that Si-Q carbon interlayer provides higher nucleation sites than silicon 

carbide layer. This interesting result is further confirmed by Raman spectroscopy, which shows 

crystalline and high-quality diamond films. A little upshift of 1.5cm-1 is observed in the carbide 

interlayer spectrum indicating some stress. However, the diamond films are very much stress free 
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and doesn’t show amorphous carbon impurities with nanodiamonds on Q-carbon interlayer. To 

understand such high nucleation growth, HRTEM studies were performed, which suggested that 

Si-Q carbon interlayer is much ideal than SiC layer to nucleate nanodiamond sites. 

Not just does this non-equilibrium technique plays quintessential role in the formation of 

different forms of Carbon, the nanosecond processing is also useful for surface modifications and 

defects engineering.  Ultrafast processing of the material results in rapid melting, thereby 

increasing the local temperature of the molten zone to a very high range for microsecond time in 

which the defects lose their identity, which is advantageous in different applications. Significant 

developments in the field of electrochemical energy storage applications like Lithium-ion batteries 

have gained tremendous attention across the world. Lithium-ion battery has become ubiquitous in 

the wireless electronics. Advancements in battery technology like integration of carbon-based 

materials like graphite into LIBs as active anode is of significant interest due to its unique physical, 

chemical, and electrical properties. High energy density cathodes like NMC 811, are being actively 

researched for an enhanced performance LIB. Therefore, efforts towards making these materials 

viable for large-scale utilization, and improved performance is significantly important. Major 

issues arising from defect generation during the fabrication processes results in reduced 

performance of the material. There is a plenty of room for improvements in the current battery 

technology and ultrafast non-equilibrium processing method is quite a promising approach to 

significantly increase the electrochemical performance of lithium-ion batteries. 

The second section of thesis highlights enhanced functionalities of anodes and cathodes in 

Lithium-Ion Batteries by non-equilibrium Pulsed laser annealing using nanosecond laser.  

We show that nanosecond pulsed laser annealing significantly improves cyclability and 

current carrying capacity of carbon-based anodes in LIBs. This improvement is achieved by 
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engineering of microstructure and defect content in graphite in a controlled way by using PLA to 

increase the number density of Li+ ion trapping sites. We show that pulsed laser annealing (PLA) 

treatment causes the following changes: (1) creates surface steps and grooves between the grains 

to improve Li+ ion charging and intercalation; (2) removes inactive binder (PVDF) from the top of 

graphite grains and between the grains which otherwise tends to block the Li+ migration.; and (3) 

produces carbon vacancies in (0001) planes which can provide Li+ charging sites. From XRD data, 

we find upshift in diffraction peak or reduction in planar spacing, from which vacancy 

concentration was estimated to be about 1.0%, which is higher than the thermodynamic 

equilibrium concentration of vacancies. The laser treatment creates single and multiple C 

vacancies which provide sites for Li+ ions, and it also produces steps and grooves for Li+ ions to 

enter the intercalating sites. It is envisaged that the formation of these sites enhances Li+ ion 

absorption during charge and discharge cycles. The current capacity increases from an average 

360 mAh/g to 430 mAh/g, and C-V shows significant reduction in SEI layer formation after the 

laser treatment. If the vacancy concentration is too high and charge-discharge cycles are long, then 

trapping of electrons by Li+ may occur, which can lead to Li0 formation and Li plating causing 

reduction in current capacity. 

High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is a promising next-generation cathode 

material due to its structural stability, high operation voltage, and low cost. However, the cycle 

life of LNMO cells is compromised by detrimental electrode-electrolyte reactions, chemical 

crossover, and rapid anode degradation. In this thesis, we demonstrate that the cycling stability of 

LNMO can be effectively enhanced by a high-energy laser treatment. Advanced characterizations 

unveil that the laser treatment induces partial decomposition of the polyvinylidene fluoride binder 

and formation of a surface LiF phase, which mitigates electrode-electrolyte side reactions and 
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reduce the generation of dissolved transition-metal ions and acidic crossover species. As a result, 

the solid electrolyte interphase of the graphite counter electrode is thin and is composed of fewer 

electrolyte decomposition products. This work demonstrates the potential of laser treatment in 

tuning the surface chemistry of LNMO cathode for lithium-ion batteries. 

Improved performance of lithium-ion batteries (LIBs) plays a critical role in the future of 

next- generation battery applications. Nickel-rich layered oxides such as LiNi0.8Mn0.1Co0.1O2 

(NMC 811), are popular cathodes due to their high energy densities. However, they suffer from 

high surface reactivity, which results in the formation of Li2CO3 passive layer. In this thesis, we 

show the role of nanosecond pulsed laser annealing (PLA) in improving the current capacity and 

cycling stability of LIBs by reducing the carbonate layer, in addition to forming a protective LiF 

layer and manipulating the NMC 811 microstructures. We use high-power nanosecond laser pulses 

in a controlled way to create nanostructured surface topography which has a positive impact on 

the capacity retention and current capacity by providing an increased active surface area, which 

influences the diffusion kinetics of lithium-ions in the electrode materials during the battery 

cycling process. Advanced characterizations show that the PLA treatment results in the thinning 

of the passive Li2CO3 layer, which is formed on as-received NMC811 samples, along with the 

decomposition of excess polyvinylidene fluoride (PVDF) binder. The high-power laser interacts 

with the decomposed binder and surface Li+ to form LiF phase, which acts as a protective layer to 

prevent surface reactive sites from initiating parasitic reactions. As a result, the laser treated 

cathodes show relative increase of the current capacity of up to 50%, which is consistent with 

electrochemical measurements of LIB cells.  

 
 
 



 

12 
 

REFERENCES 

1. Grundmann, M. (2010). Physics of semiconductors (Vol. 11, pp. 401-472). Berlin: 

Springer. 

2. Armano, A., & Agnello, S. (2019). Two-dimensional carbon: a review of synthesis 

methods, and electronic, optical, and vibrational properties of single-layer graphene. C, 

5(4), 67. 

3. Dresselhaus, M. S. (2012). Fifty years in studying carbon-based materials. Physica 

Scripta, 2012(T146), 014002. 

4. Inagaki, M., Kang, F., Toyoda, M., and Konno, H. (2014). Advanced Materials Science 

and Engineering of Carbon. Oxford: Butterworth-Heinemann, Elsevier. 

5. Zhang, L., Wang, Y., Niu, Z., & Chen, J. (2019). Advanced nanostructured carbon-based 

materials for rechargeable lithium-sulfur batteries. Carbon, 141, 400-416. 

6. Fagiolari, L., & Bella, F. (2019). Carbon-based materials for stable, cheaper and large-

scale processable perovskite solar cells. Energy & Environmental Science, 12(12), 3437-

3472. 

7. Avouris, P., Chen, Z., & Perebeinos, V. (2007). Carbon-based electronics. Nature 

nanotechnology, 2(10), 605-615. 

8. Barsukov, I. V., Johnson, C. S., Doninger, J. E., & Barsukov, V. Z. (Eds.). (2006). New 

carbon based materials for electrochemical energy storage systems: batteries, 

supercapacitors and fuel cells (Vol. 229). Springer Science & Business Media. 

9. Angione, M. D., Pilolli, R., Cotrone, S., Magliulo, M., Mallardi, A., Palazzo, G., ... & 

Torsi, L. (2011). Carbon based materials for electronic bio-sensing. Materials today, 

14(9), 424-433. 



 

13 
 

10. Grierson, D. S., & Carpick, R. W. (2007). Nanotribology of carbon-based materials. 

Nano Today, 2(5), 12-21. 

11. Gopinath, K. P., Vo, D. V. N., Gnana Prakash, D., Adithya Joseph, A., Viswanathan, S., 

& Arun, J. (2021). Environmental applications of carbon-based materials: a review. 

Environmental Chemistry Letters, 19(1), 557-582. 

12. Zhang, L. L., & Zhao, X. S. (2009). Carbon-based materials as supercapacitor electrodes. 

Chemical Society Reviews, 38(9), 2520-2531. 

13. Field, J. E. (Ed.). (1979). The properties of diamond. Academic Press. 

14. Wort, C. J., & Balmer, R. S. (2008). Diamond as an electronic material. Materials today, 

11(1-2), 22-28. 

15. Das, D., & Singh, R. N. (2007). A review of nucleation, growth and low temperature 

synthesis of diamond thin films. International Materials Reviews, 52(1), 29-64. 

16. Bundy, F. P., Bassett, W. A., Weathers, M. S., Hemley, R. J., Mao, H. U., & Goncharov, 

A. F. (1996). The pressure-temperature phase and transformation diagram for carbon; 

updated through 1994. Carbon, 34(2), 141-153. 

17.  Angus, J. C., & Hayman, C. C. (1988). Low-pressure, metastable growth of diamond 

and" diamondlike" phases. Science, 241(4868), 913-921. 

18. Chen, X., & Narayan, J. (1993). Effect of the chemical nature of transition‐metal 

substrates on chemical‐vapor deposition of diamond. Journal of applied physics, 74(6), 

4168-4173. 

19. Singh, R. K., & Narayan, J. (1990). Pulsed-laser evaporation technique for deposition of 

thin films: Physics and theoretical model. Physical review B, 41(13), 8843. 

20. Narayan, J. (2017). U.S. Patent Application No. 15/230,903. 



 

14 
 

21. Narayan, J., Bhaumik, A., & Sachan, R. (2018). High temperature superconductivity in 

distinct phases of amorphous B-doped Q-carbon. Journal of Applied Physics, 123(13), 

135304. 

22. Bhaumik, A., & Narayan, J. (2019). Direct conversion of carbon nanofibers into diamond 

nanofibers using nanosecond pulsed laser annealing. Physical Chemistry Chemical 

Physics, 21(13), 7208-7219. 

23. Haque, A., Sachan, R., & Narayan, J. (2019). Synthesis of diamond nanostructures from 

carbon nanotube and formation of diamond-CNT hybrid structures. Carbon, 150, 388-

395. 

24. Narayan, J., Bhaumik, A., Gupta, S., Joshi, P., Riley, P., & Narayan, R. J. (2021). 

Formation of self-organized nano-and micro-diamond rings. Materials Research Letters, 

9(7), 300-307. 

25. Ramesham, R., & Roppel, T. (1992). Selective growth of polycrystalline diamond thin 

films on a variety of substrates using selective damaging by ultrasonic agitation. Journal 

of materials research, 7(5), 1144-1151. 

26. Drory, M. D., & Hutchinson, J. W. (1994). Diamond coating of titanium alloys. Science, 

263(5154), 1753-1755. 

27. Akselrod, M. S., & Bruni, F. J. (2012). Modern trends in crystal growth and new 

applications of sapphire. Journal of crystal growth, 360, 134-145. 

28. Cao, L., Zhang, X., Yuan, J., Guo, L., Hong, T., Hang, W., & Ma, Y. (2020). Study on 

the influence of sapphire crystal orientation on its chemical mechanical polishing. 

Applied Sciences, 10(22), 8065. 



 

15 
 

29. Wen, Q., Wei, X., Jiang, F., Lu, J., & Xu, X. (2020). Focused Ion Beam Milling of 

Single-Crystal Sapphire with A-, C-, and M-Orientations. Materials, 13(12), 2871. 

30. Wang, W., Yang, W., Wang, H., Zhu, Y., Yang, M., Gao, J., & Li, G. (2016). A 

comparative study on the properties of c-plane and a-plane GaN epitaxial films grown on 

sapphire substrates by pulsed laser deposition. Vacuum, 128, 158-165. 

31. Narayan, J. (2020). U.S. Patent No. 10,566,193. Washington, DC: U.S. Patent and 
Trademark Office. 

32. Narayan, J., & Bhaumik, A. (2015). Novel phase of carbon, ferromagnetism, and 

conversion into diamond. Journal of Applied Physics, 118(21), 215303. 

33. Narayan, J., Joshi, P., Smith, J., Gao, W., Weber, W. J., & Narayan, R. J. (2022). Q-

carbon as a new radiation-resistant material. Carbon, 186, 253-261. 

34. Haque, A., & Narayan, J. (2018). Electron field emission from Q-carbon. Diamond and 

Related Materials, 86, 71-78. 

35. Sakai, Y., Chelikowsky, J. R., & Cohen, M. L. (2018). Simulating the effect of boron 

doping in superconducting carbon. Physical Review B, 97(5), 054501. 

36. Bhaumik, A., Sachan, R., Gupta, S., & Narayan, J. (2017). Discovery of high-temperature 

superconductivity (T c= 55 K) in B-doped Q-carbon. ACS nano, 11(12), 11915-11922. 

37. Bhaumik, A., Nori, S., Sachan, R., Gupta, S., Kumar, D., Majumdar, A. K., & Narayan, J. 

(2018). Room-temperature ferromagnetism and extraordinary hall effect in 

nanostructured Q-carbon: implications for potential spintronic devices. ACS Applied 

Nano Materials, 1(2), 807-819. 

38. Narayan, J., Gupta, S., Bhaumik, A., Sachan, R., Cellini, F., & Riedo, E. (2018). Q-

carbon harder than diamond. Mrs Communications, 8(2), 428-436. 



 

16 
 

39. Joshi, P., Gupta, S., Haque, A., & Narayan, J. (2020). Fabrication of ultrahard Q-carbon 

nanocoatings on AISI 304 and 316 stainless steels and subsequent formation of high-

quality diamond films. Diamond and Related Materials, 104, 107742. 

40. Gupta, S., Sachan, R., Bhaumik, A., & Narayan, J. (2018). Enhanced mechanical 

properties of Q-carbon nanocomposites by nanosecond pulsed laser annealing. 

Nanotechnology, 29(45), 45LT02. 

41. Steinbeck, J.; Braunstein, G.; Dresselhaus, M.; Venkatesan, T.; Jacobson, D. A Model for 

Pulsed Laser Melting of Graphite. J. Appl. Phys. 1985, 58 (11), 4374-4382. 

42. Narayan, J.; White, C. Pulsed Laser Melting of Amorphous Silicon Layers. Appl. Phys. 

Lett.1984, 44 (1), 35-37. 

 



 

17 
 

 Background Information 

2.1. Phase transformation in Carbon 

A phase diagram indicates the physical state that exists at a given pressure and temperature 

and gives information about the pressure dependence of the phase-transition temperatures. The 

phase transformation is governed by the relative stability of the new phase which is determined by 

its Gibbs free energy (∆𝐺) given by the equation: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆																 						(2.1) 

where, ∆𝐻, ∆𝑆, and 𝑇 denote a change in enthalpy, change in entropy, and temperature, 

respectively. A system is in an equilibrium state when it has the lowest possible value of the Gibbs 

free energy as shown in Fig 2.1.  

The carbon phase diagram studied by Bundy[1] and modified by Narayan[2] shown in Fig 

2.2, shows three distinct regions. First, is low temperature-low pressure region, where graphite is 

the stable phase. As suggested by the Gibbs free energy equation, it is an equilibrium state having 

lowest Gibbs free energy. Then, on increasing pressure, while the temperature remains same in the 

second regime, graphite undergoes transitions to eventually form the metastable phase- diamond 

having local free energy minima conditions. The third region, at intermediate-high temperature, 

with moderate pressure results in transition of graphite into molten carbon. The liquid phase of 

carbon is metallic as confirmed by Dresselhaus et al[3]. From this, the triple point, (the point at 

which the three phases can coexist and undergo direct transitions) lies in the temperature range of 

4100-4700 K and 12-20 GPa of pressure. It can be seen that under equilibrium conditions, pressure 

of ~12 GPa at at 5000K, is needed for diamond synthesis. Such high pressure and temperature 

conditions offers constraints to scale-up the process.  The modified phase diagram shows that the 

triple point is shifted to 4000K/0.0001GPa via non-equilibrium processing. Undercooling plays an 



 

18 
 

important role in this transformation. Undercooling refers to the process of lowering the 

temperature of a liquid phase below its melting point without it becoming a solid. High 

undercooling rates can be achieved in non-equilibrium processing.  

For solidification, atoms must gain enough energy to overcome the energy barrier between 

the liquid and solid and a net transfer of atoms will only occur if a suitable driving force for the 

transformation exists. This driving force is provided by the change in free energy (∆𝐺T)	 at	

undercooling	∆T given by: 

 ∆𝐺T = ∆𝐻∆𝑇/ 𝑇𝑚																																																																														 (2.2)	

Where	𝑇𝑚	is	the	melting	point	of	the	material.	If the energy is added or removed quickly 

as happens in the non-equilibrium process, the system can be significantly undercooled which 

leads to solidification of the melt to form different phases. Undercooling mathematically is given 

as the difference between the temperature of nucleation of the phase and the melting temperature 

of the material. For a possible reaction to proceed forward, the total free energy (∆𝐺𝑇)	should	be	

negative. Total free energy is the sum of free energy change due to volume and surface and is 

given by: 

 ∆𝐺𝑇 = − 4/3 *𝜋𝑟 3∆𝐺𝑉 + 4𝜋𝑟 2𝛾𝑆																																																																													 (2.3)	

The	nucleation	barrier	(∆𝐺∗), is at global minima such that 𝑑∆𝐺𝑇/𝑑𝑟 = 0, and is given by: 

 ∆𝐺∗ = 16𝜋𝛾𝑆 3/𝑇𝑚 2 3∆𝐻2∆𝑇2  																																																																													 (2.4) 

showing this barrier is inversely proportional to the undercooling.		

When	the	nanosecond	laser	is	 irradiated	on	the	sample,	applying external pressure pulse in 

non-equilibrium processing is equivalent to undercooling ∆𝑇.	 This	 can	 be	 seen	 by	 Clausius	

Clapeyron	equation	as-		

dP/dT	=	ΔH/TΔV																																																																												 (2.5)	
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To	 relate	 the	 change	 of	 pressure	 with	 time	 to	 the	 quenching	 rate	 (dT/dt)	 and	 the	

undercooling	(ΔT):	

dP/dt	=	(dP/dT)*(dT/dt)=	−ΔT(ΔHm/ΔTm.T.ΔV	)*(dT/dt)	=−C.ΔT(dT/dt)																		

(2.6)	

where	 ΔHm	 is	 the	 change	 in	 enthalpy	 of	 the	 melt,	 ΔV	 is	 the	 volume	 change	 during	 the	

transformation,	T	is	the	temperature	of	transformation	close	to	the	melting	point	Tm,	ΔT	is	

undercooling	and	C	is	the	constant	(ΔHm/ΔTm.T.ΔV	).	

By	increasing	the	quenching	rate	(dT/dt),	and	controlling	the	undercooling	(ΔT),	it	is	

possible	to	achieve	direct	conversion	of	carbon	into	diamond	or	novel	phases	of	Q-carbon.	

There	is	a	rapid	increase	in	dP/dt	with	a	large	undercooling	ΔT	and	the	increasing	quenching	

rate,	which	control	the	formation	of	Q-carbon	and	diamond	phases.	It	is	to	be	mentioned	that	

once	melting	occurs	and	the	melt	front	is	established,	there	is	a	reduction	in	quenching	rate	

as	the	melt	front	recedes	from	the	substrate	towards	the	film	surface	leading	to	the	lowering	

of	 undercooling	 with	 subsequent	 liquid	 phase	 regrowth.	 Since	 undercooling	 is	

mathematically	 written	 as	 the	 difference	 between	 the	 melting	 point	 of	 Carbon	 and	

temperature	of	nucleation	of	the	phases,	it	can	be	seen	that	higher	undercooling	is	required	

for	the	formation	of	Q-carbon	phases	than	to	form	diamonds.	This	 is	shown	in	Gibbs	free	

energy	vs	temperature	plot	in	Fig.	2.3.	

2.2. Epitaxy 

Epitaxy comes from the Greek word epi meaning above and taxis meaning the orderly 

manner. It refers to the growth of the crystalline film with one or more well-defined orientations 

with respect to the crystalline seed layer of the material. The relative orientation of this grown 

epitaxial layer depends on the crystal lattice of the material. The concept of epitaxy is very useful 
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for integrating multi-functionality on a chip and creating smart structures for next-generation solid-

state devices and is significant in III-V semiconductors, CMOS and power devices. 

Depending on the material, epitaxy could be Homoepitaxy or heteroepitaxy.  If the epitaxy 

is performed with only one material, it is called as Homoepitaxy, whereas, if the epitaxy is 

performed on different materials, it is called Heteroepitaxy. Homoepitaxy is widely used for 

depositing Si on Si in metal oxide semiconductors. Popular examples of heteroepitaxy includes 

GaN on sapphire, diamonds on hBN, etc.  

The film grown is subjected to strain due to lattice misfits, different thermal expansion 

coefficients and microstructural strains due to defects and dopants. The strain in the film is given 

by: 

ε = (af − as)/as                                                                        (2.7) 

where, af and as are the lattice constants of the film and the substrate. For epitaxy, the strain 

should be less than 7%. If the strain increases, the film experiences volumetric strain which builds 

up with each layer and results in delamination or peeling of the film. The dislocations are formed 

to relive the strain buildup with increased film thickness. These dislocations affect the quality of 

the film. To account for the growth of epitaxial growth across the misfit scale, Lattice matching 

epitaxy (LME)[4] model was used. However, it could not sustain misfits over 7%, which was a 

serious drawback in the architectural development of new materials. The domain matching epitaxy 

paradigm developed by Narayan et al. to account for high misfits. In DME, lattice misfits are 

accommodated by matching lattice planes instead of the lattice constants as in LME. In DME [5], 

the residual strain is given by: 

εr = (mdf − nds)/n                                                                       (2.8) 
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where domains of m and n having df and ds as planar spacing of the film and substrate. For 

complete relaxation of the film, εr = 0. If εr is finite, the two domains may alternate with the 

frequency a to compete the strains and produce epitaxial film. DME has been proven quite useful 

in forming GaN/Si (111), ZnO/Sapphire (0001) and <111> Diamond on <0001> Sapphire.  

In this thesis, epitaxial nature of diamond on different planes of sapphire is analyzed by DME. 

<110>Diamond // <2110>Sapphire [r-plane sapphire] 

 

2.3. Figures 

 

Figure 2.0.1 Gibbs free energy vs arrangement of atoms showing metastable and stable 
(equilibrium) phases 
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Figure 2.0.2 Carbon phase diagram (P vs. T) which has amorphous diamondlike carbon melting 
at 4000 K at ambient pressures (dotted green line).  
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Figure 2.0.3 Gibbs free energy vs temperature plot of different phases of Carbon. Q-carbon is 
formed as result of quenching from Tm at high undercooling (Tm – TQ) and diamonds nucleate 
between Tm and Td 	
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 Experimental Techniques 

 

3.1. Synthesis and Processing techniques 

 Pulsed Laser Deposition (PLD) 

Pulsed Laser Deposition is a versatile non-equilibrium technique to grow thin films of 

varied thickness on different substrates. In this process, we use excimer laser (with the wavelength 

higher than the bandgap of the target material) in the vacuum to ablate the target material which is 

to be deposited. This material deposits in the form of thin film on the desired substrate. We use 

KrF laser having wavelength of 248nm, pulse width 25ns, and pulse frequency 10 Hz at 3.0-

4.0Jcm-2 energy density for this process. This laser is guided by the set of lenses and mirrors to 

enter the deposition chamber which holds the substrate and target. The deposition is carried at 

ultra-high vacuum maintained by turbo pump. When this highly energetic laser hits the target, the 

laser penetrates the target material. The photons energy is transferred to the electrons, which is 

subsequently transferred to the phonons via inverse Bremsstrahlung effect. This results in ultrafast 

heating of the target and the target material is vaporized within 10ps of ns laser pulse. The 

vaporized material interacts with the plasma resulting in highly energetic plasma plume (having 

Kinetic energy of the order of 10-100 eV), which expands in the vacuum resulting in a forward 

directed plume and subsequently, gets deposited on the substrate[1]. The inert environment plays a 

crucial role in the quality of the film. The spatial distribution of the plume depends on the 

background pressure inside the chamber. To prevent delamination and control the sp3 content of 

the Diamond-like Carbon films, we use near-point source plume which is boarder in nature 

compared to the highly directed plume. Other factors governing the film composition are laser 

energy density, target material, deposition rate and temperature. The ability to have precise control 
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on the energetics of the ablated species, followed by sp3 content and thickness of the film, PLD 

technique is very useful non-equilibrium method to grow high-quality thin films. Fig. 3.1 shows 

the PLD setup used to deposit the amorphous carbon films.  

 Pulsed Laser Annealing 

Pulsed laser annealing is considered to be the perfect method for defect annealing. This 

technique gained popularity in the 1982 symposium of Materials Research Society (MRS), for 

removing defects caused because of ion implantation damage in semiconductor processing of 

silicon[2,3]. It is a low-thermal budget process in which excimer laser is used to rapidly melt the 

material, thereby increasing the local temperature to a very high range for microsecond in which 

the defects lose their identity. We use ArF Excimer laser with a wavelength of 193 nm and a pulse 

width of 20 ns, at 0.2-1.0 Jcm-2 energy density for our experiments for rapid melting and 

subsequent quenching of the desired material at the ultrafast rate. This is a first-order phase 

transformation liquid-phase processing technique, wherein we take advantage of high diffusivity 

of the order of 10-4 -10-5 cm2/sec in the liquid state. Additionally, high quenching rates (109-1014 

K/s), and ultra-fast time scale makes this technique very desirable. The penetration depth at a given 

wavelength (λ) is: 

 𝐺(t) =𝛼.𝐼(𝑡). (1 − 𝑅)𝑒−𝑦𝛼																																																																(3.1) 

 where 𝛼 is the absorption coefficient. For ArF laser at 193nm, we have higher absorption 

coefficient than KrF, which gives a sharper heat-source distribution of depth profile, resulting in 

increased temperature difference between the film overlayer and substrate ensuring high 

undercooling rates. Thus, we can form metastable phases like Diamond and Q-carbon, which are 

otherwise impossible to form by equilibrium methods, and do defect engineering in materials. 

Fig.3 2 shows the schematic of the laser annealing of the films to form the desired phases.  
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 Hot Filament Chemical Vapor Deposition 

Hot Filament Chemical Vapor Deposition (HFCVD) HFCVD comprises of two 

components: Equilibrium CVD combined with the non-equilibrium component HF, which 

together makes the process non-equilibrium. CVD is a commonly used method in the 

semiconductor industry to make metal, polysilicon, carbon and various high dielectrics thin film. 

In CVD, the desired wafer is kept in a chamber maintained at low vacuum conditions. The wafer 

is exposed to volatile precursor gases, which react with the substrate surface to produce the desired 

deposit and some by-products, which are removed by gas flow through the reaction chamber. Fig. 

3.3 shows the schematic of HFCVD process. Compared to the traditional CVD, this method 

comprises of metallic filaments, such as tungsten, tantalum, or rhenium, which provides resistive 

heating to disassociate the precursor gases into reactive ion species. These reactive species are 

used to grow thin films on the substrate, placed closed to the filament at a lower temperature. This 

technique is used for growing different high-quality films and structures like diamond, 

organosilicon films of novel structure, etc. For growing thin films of metastable material like 

diamonds, we need non-equilibrium conditions, therefore, HFCVD is helpful. In this process, the 

flow rate of the gases, the temperature of the heated filaments, and the substrate temperature 

governs the growth kinetics and quality of the film produced. 

3.2. Plasma enhanced Chemical Vapor Deposition 

This is another Chemical Vapor Deposition technique, wherein Plasma is used to induce a 

chemical reaction and resultant product is deposited on the substrate. A plasma is any gas in which 

a significant percentage of the atoms or molecules are ionized. PECVD is a low-temperature thin 

film deposition technique and finds its utility in application of coatings on surfaces that would not 

be able to withstand the high temperatures of more conventional CVD processes. In this method, 
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plasma is created by capacitive coupling between the electrodes using the radio frequency power 

source, which excites the reactant gases into a plasma. 

3.1. Scanning electron Microscopy (SEM) and Electron backscattered diffraction (EBSD)  

Scanning electron microscope (SEM) is used in this thesis for characterizing surface 

morphology of the thin films. SEM uses electron beam to scan the material’s surface and creates 

a very high-resolution image of the surface features. Compared to the optical microscope, where 

the resolution is limited to 1 µm, SEM resolution limit is about 0.5 nm. During imaging, electrons 

emitted from the source are guided through the set of electromagnetic lenses and stigmator coils 

before hitting the sample. When the electron beam hits the atoms in the sample, it knocks out the 

outer shell electrons known as secondary electrons. The electrons can also get deflected by the 

positive core and bounce back resulting in a backscattered electron (BSE). For imaging, we use 

the SE mode in FEI Verios 460L. These electrons are deflected by inelastic scattering and have 

low energy. As a result, they give surface details. Everhart-Thornley low-energy detector is used 

for high-resolution imaging. One of the major challenges during SEM imaging is the charging 

caused on the insulating samples like Sapphire. This problem is addressed by applying a bias 

voltage, using lower voltages, and putting conductive carbon tape on the edges of the sample to 

provide a conducting path for electrons. The BSE electrons are produced by elastic scattering and 

are highly energetic.  These BSE electrons are captured by electron backscattered diffraction 

detector (EBSD) mounted on SEM to give atomic maps, kikuchi patterns, and elemental analysis. 

It is ideal for phase identification of different materials. It is performed at 70deg tilt and is helpful 

in getting morphology of nano and micro -diamond needle structures. 
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3.3. X-ray Diffraction (XRD) 

We use X-ray Diffraction to characterize the crystalline orientation in our samples and 

therefore, the phase formation confirmation.  This non-destructive technique uses Braggs law to 

give information about the planes of the sample. When X-rays hit the sample, they undergo 

constructive interference at an angle satisfying the relation: 

 2𝑑 sin 𝜃 = n𝜆																																																																														(3.2)	

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

d-spacing	of	the	crystal	lattice.	The	detector	detects	these	diffracted	X-Rays	and	generates	a	

pattern	with	different	intensity	peaks	at	angles	specific	to	crystallographic	planes	depending	

on	the	crystal	structure.		Reflections	at	a	given	angle	(2θ)	is	associated	with	the	lattice	plane	

distances	(d)	that	is	coherently	reflected	from	those	family	of	planes	(hkl)	(out-of-plane	in	

case	of	thin	films),	thereby	giving	information	about	the	family	of	planes	associated	with	the	

sample.	 In	 case	of	 diamond,	planes	 like	 (200),	 (222)	 are	not	 observed	 in	 the	XRD	of	 the	

diamond	as	 the	structure	 factor	 is	zero.	 	We	use	Rigaku SmartLab X-ray diffractometer for 

high-resolution measurements	in	θ-2θ mode using Cu Kα radiation having wavelength λ = 1.54 Å. 

In this mode, the sample is rotated at an angle θ, while the detector is present at 2θ with respect to 

the X-ray source line of sight.	

 
3.4. Raman Spectroscopy 

Raman spectroscopy is an analytical technique named after Indian physicist C. V. Raman. 

This characterization method is very useful in getting chemical and structural information of the 

material through its characteristic Raman signature. This technique is based on Raman scattering 

of the light incident on the material. Generally, when the light illuminates the sample, it gets 
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scattered by molecule. The oscillating electromagnetic field of a photon induces a polarization of 

the molecular electron cloud. The induced dipole moment is given by: 

𝜇 = 𝛼. 𝐸 																																																																													(3.3) 
where, 𝛼 and 𝐸 denote polarizability and electric field of the incident photon, respectively. This 

results in molecule going to a higher energy state, where it has a short lifetime, resulting in a 

transition back almost immediately. During this process the molecule re-emits a photon called 

scattered light. If the incident photon energy is same as that of the scattered photon, it is called as 

Rayleigh scattering. Raman scattering is inelastic, wherein the energy after scattering either 

increases (Anti-Stokes energy) or decreases (Stokes energy). In Raman spectroscopy, we measure 

the ῡ Raman shift, which is a measure of the wavelength of excitation photon λ(0), and the 

wavelength of the Raman scattered photon λ(1). 

ῡ (cm-1) = !
"($)

− !
"(!)	

    																																																												(3.4) 
 

Since this technique measures the energy gap between the vibrational levels of the 

molecule, it is important to know that not all vibrational modes can be detected using Raman 

spectroscopy. Only Raman active modes are measured. These modes occur when the molecular 

polarizability changes during the vibration. For example, Graphite has a sharp G peak at ~1570 

cm-1, whereas diamond exhibits sharp T2g peak at around 1332cm-1. We use confocal Raman 

microscopy (WITec Alpha 300 R) having a solid-state laser (laser excitation wavelength = 532 

nm) for our studies. It has band-pass and edge filters to eliminate the Raleigh scattering and thus, 

enhancing the weak Raman signals. A 600 mm diffraction grating is used to provide better 

resolution of the collected Raman spectrum. The experiment includes averaging out several 

acquisitions acquired before the final spectra is obtained, followed by peak fittings to analyze the 
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spectra vibrational modes. Using peak fitting in acquired spectra of DLC films, we can find sp2/sp3 

ratio of the film. 

3.5. Atomic Force Microscopy (AFM) 

Atomic force microscopy is a powerful technique to study the three-dimensional 

topography and do various surface measurements. Unlike Scanning tunneling microscopy, it is not 

limited to conducting or semi conducting samples. This technique uses a cantilever with a 

nanometer-scale tip to scan the sample surface. These tips are usually micro-fabricated from Si or 

Si3N4 with a typical radius from a few to 10s of nm. For measurements, as the tip approaches the 

sample, the cantilever is brought closer to the sample by the attractive forces between the tip and 

the sample surface. At a specific z distance, these attractive forces are overcome by the repulsive 

forces which deflects the cantilever away from the sample surface. This force (F) is measured by 

the deflection of the lever(x), using the hooke’s law: 

F= -kx 																																																																																						(3.5) 

Where k is the stiffness of the lever, and x is the distance the lever is bent. We use Asylum 

MFP-3D classic Atomic Force Microscope for our surface measurements. It uses a feedback loop 

mechanism to control the force and tip position. Laser system is used, wherein the laser is reflected 

from the back of a cantilever. As the tip interacts with the surface, the laser position on the 

photodetector is used in the feedback loop to track the surface for imaging and measuring. This is 

an ideal non-destructive technique to measure surface roughness, defects and steps. 

3.6. X-ray photoelectron spectroscopy (XPS) 

 X-Ray Photoelectron Spectroscopy (XPS) is a powerful surface analysis technique used 

for detecting the elements and getting the information about the chemical bonding of the few 

monolayers from the top of the sample. It is a photoemission spectroscopy technique based on 
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photoelectric effect. When the sample is irradiated with X-ray beam, depending on the binding 

energy, the electrons are knocked out. The kinetic energy of the emitted electrons is measured 

using a photoenergy analyzer, which determines the binding energy. Since binding energy is 

discrete for every element/molecule in its bonding configuration, it gives information of the 

electronic states of atoms and molecules present on the surface of the sample.  A XPS spectrum is 

plotted which is a graph of the number of electrons detected at a specific binding energy. We use 

XPS/UVS – SPECS System with PHOIBOS 150 Analyzer with X-Ray energy of 10-14kV for 

Al/Mg and Al/Ag sources. Using this source, XPS easily detects all elements except hydrogen and 

helium. In this technique sample cleanliness and vacuum conditions plays an important role. Argon 

ion gun is used for sputter cleaning of surface of the sample and this process is done in ultra-high 

vacuum.  

3.7. Transmission Electron Microscopy (TEM)  

TEM is another electron microscopy technique, wherein the electrons are transmitted 

through the samples to form cross-sectional images. TEM forms the atomic-resolution imaging 

microscopy technique and gives very fine details about the materials and interfaces, defects and 

grain boundaries in the sample. Generally, the instrument has different modes like conventional 

imaging, scanning TEM imaging (STEM), High-resolution TEM (HRTEM), diffraction, 

spectroscopy, and even combinations of these. The ThermoFisher Titan 80-300 probe aberration 

corrected scanning transmission electron microscope (STEM) with monochromator is an advanced 

TEM instrument used in this work. It has the field emission electron source (X-FEG), which 

delivers high density and high coherent electron beam passed through the three-condenser lens 

system to produce a nanometer size parallel electron beam. It gives point-to-point resolution of 

0.20 nm in TEM mode, and 0.07 nm in STEM Mode. We used this technique to analyze cross-
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sectional view laser irradiated samples, study about the interfaces, analyze the crystallinity, defects 

and establish epitaxial relationship between the grown film and the substrate.  

A TEM image has a contrast formation between two areas due to the difference in electron 

densities in the image plane as a result of scattering of incident beam by the material. This contrast 

can be either an Amplitude–contrast, which is obtained due to removal of some electrons before 

the image plane, or Phase contrast occurring due to differences in phase of the electron waves during 

interaction. Phase-contrast images utilize more than one electron beam and is used to form HR-TEM 

images. The amplitude contrast is of two types : mass–thickness contrast and diffraction contrast. In 

mass–thickness contrast, the regions having low mass or thickness appears brighter than heavier 

mass or thickness in Bright Field (BF) TEM mode. This is an important imaging mode for 

amorphous materials. In Diffraction contrast, the contrast is due coherent elastic scattering of 

electrons by the material according to the Braggs law and gives information about the 

crystallographic orientation of a grain in polycrystalline samples. In diffraction contrast, dark field 

images are produced from regions with no scattering, whereas the bright field images are formed 

from the scattered beam. This mode is useful in detection of crystal defects.   The selected area 

electron diffractions (SAED) patterns are used to determine the in-plane epitaxial relationships. 

The pattern consists of much brighter central direct beam spot surrounded by well-defined ordered 

spots to identify the single-crystalline specimens, while speckled rings are observed for 

nanocrystalline specimens. 

The TEM samples preparation was done using the focused ion beam (FIB) technique in 

ThermoFisher Quanta 3D FEG. This uses a traditional Field Emission column with a FIB column. 

In this site- specific technique, Ga ions are used for the material sputtering purposes. The samples 

were coated with Platinum layer and thinned down to less than 100 nm for high-resolution TEM. 
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3.8. Electron energy loss spectroscopy (EELS) 

Electron energy loss spectroscopy (EELS) is an analytical characterization technique, 

which uses the energy distribution of electrons that pass through a thin sample to extract 

information and analyze the content of the sample. When the beam of electrons is irradiated on the 

sample, it undergoes elastic or inelastic scattering. In inelastic scattering, the electrons lose some 

of its energy. The energy distribution of the inelastically scattered electrons provides information 

about the local environment of the atomic electrons, which can be used to extract the physical and 

chemical properties of the material. For example, if the detector detects the increase in electron 

count on radiating the sample with  285 eV  energy beam, it suggests high presence of Carbon in 

the material since this much is the amount of energy is needed to remove an inner-shell electron 

from a carbon atom. We use this technique to get the antibonding states, qualitative and 

quantitative elemental detection, and finding the sp2 /sp3 ratio of carbon materials. Generally, 

EELS instrument is attached on the TEM system. The spectrum consists of the zero-loss peak 

(ZLP), low energy Plasmon peaks, and ionization edges. As the name suggests, zero-loss peak is 

associated with the elastic scattering of the information and is used for energy calibrations. At 

lower energies, information about surface plasmons and band structure is revealed. The higher 

energies correspond to the ionization edges. These edges are formed when an inner shell electron 

gets excited to a higher energy state above the fermi level and gives information about the crystal 

structure and atomic percentage. In this work, EELS measurements were done using Gatan 

Electron Energy-loss spectrometer (EELS) attached on the Aberration Corrected STEM – 

ThermoFisher Titan 80-300 with the monochromator having the energy resolution of the electron 

source as high as 0.2 eV. 
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3.9. Contact angle testing  

This is qualitative technique used to investigate whether the surface is hydrophilic or 

hydrophobic. It is based on the intermolecular interactions between the surface and a small drop 

of water when the drop meets the surface. Contact angle is the angle measured between the surface 

of the liquid with respect to the contact surface. If the contact angle value is less than 90 degrees, 

then the surface is hydrophilic and when it’s greater than 90 degrees, the surface is hydrophobic. 

If the angle is larger than 90 degrees i.e., in the hydrophobic surface, the solid tends to be difficult 

to wet. Hydrophilic surfaces are considered wettable. In our research, the contact angles were 

measured by the OCA 200 contact angle goniometer and the drop shape analysis system 

(DataPhysics Instruments USA Corp., NC, USA). In this technique, Owens-Wendt model was 

used to estimate the surface energy components of the sample. Owens-Wendt model[4] was used 

to estimate the surface energy components of the sample. According to Owens-Wendt model, the 

dispersive component of the surface energy accounts for van der Waals forces and other non-site 

interactions while the polar component arises from hydrogen bonding and dipole-dipole 

interactions. Young’s equation describes the wetting of a solid surface by a liquid, given as 

follows: 

γS – γSL = γL cosθ                                                                    (3.6) 

where γS, γL, and γSL are free energies of the solid, liquid, and solid-liquid interface 

respectively. The contact angle between the liquid and solid surface is designated θ. The surface 

and interfacial free energy components can be resolved into their dispersive (d) and polar (p) 

components: 

γS = γSd + γSp                                                                      (3.7a) 

γL = γLd + γLp                                                                      (3.7b) 
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γSL = γSLd + γSLp                                                                    (3.7c) 

By expressing (3.6) as: 

 (1+cosθ) γL = γS + γL – γSL                                                                  (3.8) 

And substituting (3.7) in (3.8), we get: 

 (1+cosθ) γL = (γSd + γLd - γSLd ) + (γSp + γLp - γSLp )                         (3.9)                                

The dispersive component of the interfacial tension between solid and liquid is given by the 

Good-Girifalco-Fowkes rule: 

γS d = γSd + γLd - 2 (γSd γLd) 0.5                                           (3.10a) 

The polar component is expressed as shown by van Oss et al. 

γ SL p = γSp + γL p - 2 (γS p γL p) 0.5                                           (3.10b) 

By substituting the equations (3.10) in (3.9), Young’s equation can be rewritten as: 

γL [(1+cosθ)/2] = (γSd γLd ) 0.5 + (γSp γLp ) 0.5                                            (3.11) 

The dispersive and the polar components of the solid surface energy can be determined by 

measuring the contact angle of different liquids with known values of γ Ld and γ Lp. 

3.10. Magnetic measurements 

The Physical Property Measurement System (PPMS) is an instrument which is automated 

at low temperatures for the measurement for unique material properties like electrical and thermal 

transport properties (Hall Effect, thermoelectric figure of merit and Seebeck Effect), specific heat, 

magnetic susceptibility.  In this thesis, we used EverCool Quantum Design PPMS (physical 

property measurement system) with a base temperature as low as 5 K for magnetic measurements. 

It has He cooled cryostat, and a strong magnet generates magnetic fields up to 7 T in the system. 

The sample is loaded on a four-probe puck, which is inserted in the He cooled standard Dewar.  
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In ferromagnetic materials, the dipoles align themselves with application of external 

magnetic field. Even after the removal of this external field later, some domains remain aligned 

making the material magnetized. To demagnetize the material, the external magnetic field is 

required in the opposite direction. The ferromagnetic materials, therefore, doesn’t follow linear 

relationship between the field strength H and magnetization M. This relationship is shown by 

Hysteresis loop plotted between H and M. With the increase in magnetic field, M increases rapidly 

initially and then approaches saturation point. On reducing the external magnetic field now, it 

follows a different path such that when the field becomes zero, it has magnetization offset from 

the origin by an amount called the remanence. The hysteresis loop is generated by measuring the 

magnetic flux coming out from the ferromagnetic substance while changing the external 

magnetizing field. The width of the middle section along the H axis from origin is the measure of 

the coercivity of the material. 

3.11. Antibacterial testing  

The bacterial activity on the test and control samples was observed by fluorescence 

microscopy (BZ-X700; Keyence, Osaka, Japan). Anti-Bacterial culture and biological tests were 

performed by a method reported by Pezzotti et al[5]. In this technique, live bacteria are cultured 

and is stained with specific solutions to get nucleus location as well as dead bacterial count. A real 

time monitoring by fluorescence imaging using a membrane permeable fluorescent indicator is 

performed in the dark and is detected using an excitation/emission maximum of 495/515 nm. The 

samples are then analyzed using fluorescence microscope and intensities of fluorescent indicator 

were determined by in situ confocal microscopy using a 488 nm Krypton/Argon laser as the 

excitation source. In our work, Freeze-dried pellets of S. epidermidis were incubated at 37 °C for 

24 hours in Muehler Hinton Agar (MHA). An aliquot of 100 µl of the bacterial suspension was 
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spread onto individual MHA agar plates. The samples were then placed in contact with the agar 

for inoculation purposes, followed by incubation at 37 °C under aerobic conditions for 24 hours. 

For visualization, bacteria were stained with two different solutions: (i) 4′,6-diamidino-2-

phenylindole (DAPI) stains live bacterial DNA imaging the nucleus location and (ii) Sytox Green 

nucleic acid, stains only dead bacteria green. Images were taken at 20X magnification with both 

the FITC and DAPI filters. 

3.12. Laser-solid melt simulations 

The interaction of laser with the sample materials was analyzed theoretically using Laser 

solid melt simulations by SLIM[6,7] programming. Annealing of the samples results in temporary 

and spatial confinement of the heat flow, which induces melting. The SLIM program takes into 

consideration the 

temperature-dependent optical and thermal properties of the sample material and substrate, laser 

profile, and formation and subsequent propagation of melt interfaces after laser irradiation. It can 

be used to simulate multilayered structures as well. This program uses finite element modelling 

and energy conservation principle. The penetration depth of the 193 nm nanosecond laser pulse 

(FWHM 20ns) is significantly shorter than the lateral laser pulse dimensions (1 cm), and therefore 

column approximation is utilized  to model the laser-solid interactions.  The vertical trajectory of 

melt front during melting and regrowth incorporates phase transformation at the solid/melt 

interface, propagating forward with the influx provided by the latent heat of fusion and heat 

conduction. Theoretically, minimum threshold energy (Eth) required for surface melting is given 

by: 

	𝐸'( =	𝐾)𝑇*𝔨$.,	/(1 − 𝑅-)𝐷$.,                                                      [3.12] 
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Where Ks is thermal conductivity, Tm is the melting temperature difference, Rl is the reflectivity 

and D is thermal diffusivity, 𝔨 is the pulse duration. The melt depth (Δx) can be compute using: 

Δx = M*(E-Eth)                                                                         [3.13] 

Where, M is a constant and is calculated by: 

M = (1 − 𝑅𝑙)/(𝐶𝑣𝑇𝑚 + 𝐿)                                                             [3.14] 

where, 𝐶𝑣 is volume heat capacity, and L is latent heat of fusion 

 The regrowth velocity which is thermodynamically given by: 

V ~ .!/
"0"

 (1 − exp( −12#
3$4

	𝑇 )                                                          [3.15] 

Where, Δ𝐺𝑇=𝑇𝑢Δ𝑆𝑢 − 𝑇𝑚Δ𝑆m		

The	regrowth	velocity	can	be	calculated	by	the	different	of	the	melt	depth	profile.	

3.13. Electrochemical testing 

The electrochemical measurements are done to study the performance of the Lithium-ion 

batteries. The batteries in general consist of two oppositely charged electrodes (anode and 

cathode), which are separated by an electrolyte and a separator.  Typically, highly porous materials 

are used as electrodes to enhance the Li+ interactions and therefore the power of the cell. For the 

anode, graphite coated on the copper foil is used, which serves as current collector. Cathodes use 

mostly lithium transition metal oxides and are of two types: layered oxides like LixCoO2, 

LiNixMnyCozO2 and spinel oxides like LiMn2O4., which are coated on the top of aluminum foil.  

The electrolyte can be liquid (LiPF6), solid, or polymeric, which helps in the charge transportation 

between both electrodes. Lithium-ion batteries work by the transfer of lithium ions and electrons 

between the electrodes. During charging, the lithium ions migrate from the lithium rich cathode to 

the anode and intercalate into its multi layered structure. This movement of Li+ ions create free 

electrons. This process is reversed during the discharging cycle. Fig. 3.4 shows the schematic of 
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the charging and discharging process. The electrochemical reaction that follows during this 

charging process is: 

LiCoO2 (s) à Li1-xCoO2 (s) + x Li+ + e –                                                                    (3.16) 
 

6C(graphite) + Li + + e –  àC6Li                                                       (3.17) 
 

In our experiments, the coin cells were fabricated in an argon (Ar)-filled glovebox. The 

Li||Fe-LNMO half cells were assembled by stacking a cathode electrode, a Celgard 2300 separator, 

a Li-metal chip, and nickel foam with an injection of 150 μL of LP57 electrolyte (Gotion, 1M 

LiPF6 in EC/EMC = 3:7 wt./wt.). The graphite||Fe-LNMO full cells were assembled by stacking a 

stainless-steel spacer, a graphite electrode (Gr, MTI Corp.), a DreamWeaver Gold separator 

(DreamWeaver Corp.), a cathode electrode, a stainless-steel spacer, and a spring with the injection 

of 150 μL of LP57 electrolyte.Other different set of half cells were assembled in coin cells 

(CR2032) in an Ar- filled glove box with an electrolyte of 1.2 M LiPF6 in ethylene carbonate (EC) 

and ethyl methylcarbonate (EMC) (3:7 in wt.) having (a) graphite as anode and Li as the counter 

electrode, Celgard 2320, and (b) NMC811 as the cathode, Li as the anode, Celgard 2320. 

A typical experiment for testing a battery’s long-term stability is cycling. For this, batteries 

are charged and discharged several times and the capacity is measured. Cyclic Voltammetry (CV) 

is another powerful electrochemical testing technique, which plots the current that flows through 

an electrochemical cell as the voltage is swept over a voltage range. It gives information about the 

battery’s voltage window, capacitance and cycle life. To monitor the degradation of the 

performance of the battery during cycling, Electrochemical Impedance Spectroscopy (EIS) 

measurements are usually performed. It is determined by the internal resistance of the material.  
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3.14. Figures 

 
Figure 3.14.1 The pulsed laser deposition system used for depositing amorphous carbon films 
using the Krypton Fluoride Excimer laser. 

 
Figure 3.14.2 Schematics of PLD (Pulsed Laser Deposition) and PLA (Pulsed Laser Annealing) 
used for the deposition of carbon films followed by rapid melting and quenching with high 
undercooling to form Q-carbon/diamond phases. 
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Figure 3.14.3 Schematic of Hot-filament CVD (HFCVD) technique used to form microdiamond 
films. 

 
 

 
 
Figure 3.14.4 The schematic showing Charging and discharging process in the LIBs. 
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 Self-organization of amorphous Q-carbon and Q-BN nanoballs [*] 

 

[*]: Narayan, J., & Khosla, N. (2022). Self-organization of amorphous Q-carbon and Q-BN 

nanoballs. Carbon, 192, 301-307. 

 

4.1. Abstract 

 
This paper reports for the first time the formation and self-organization of amorphous Q-

carbon and Q-BN nanoballs. This is accomplished by nanosecond laser melting of carbon and BN 

layers, respectively, in a highly undercooled state and subsequent rapid cooling at normal pressures 

in air. The size of these Q-carbon and Q-BN nanoballs having a uniform size can be varied from 

5 to 100nm, and self-organized along rings and strings by manipulating laser, carbon film, and 

substrate parameters. It is envisaged that self-organization is promoted by the undercooling and it 

occurs along strings and rings, which are formed by the tetrahedral alignment in <100> and <110> 

directions, respectively. These nanoballs were characterized by HRSEM/TEM/STEM/EELS and 

Raman to confirm the phase purity and bonding characteristics. The Q-carbon balls exhibit robust 

ferromagnetism and field emission in pure and undoped form and show highest BCS 

superconducting transition temperature upon doping with boron. The ferromagnetism in Q-carbon 

balls can be varied with size and achieve higher coercively than thin films, and these balls can be 

coated with drugs for targeted delivery. In view of these properties, nanoballs are expected to find 

novel applications ranging from targeted delivery to nanosensing and superconducting qubits.  
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4.2. Introduction 

Since diamond and c-BN are metastable materials at normal temperatures and pressures, 

their synthesis and processing require inordinately high temperatures and pressures, 5000K and 

12GPa for diamond, and 3500K and 9.5GPa for c-BN [1]. Synthesis and processing at such 

extreme temperatures and pressures also require highly inert atmospheres to prevent carbon 

oxidation, resulting in very low yields in the form of grits, which are not usable for thin film 

devices. The CVD (chemical vapor deposition) is an equilibrium method, which must be combined 

with nonequilibrium processes, such as hot-filament and microwaves to create diamond that is 

metastable (nonequilibrium) phase of carbon [2-4]. This combination of equilibrium and non-

equilibrium synthesis results in the formation of nonequilibrium and metastable phase of diamond 

mixed with equilibrium phase of graphite, where the graphitic phase is preferentially etched by 

atomic hydrogen to form diamond as a remaining phase. The atomic hydrogen is produced by hot 

filament in HFCVD and by microwaves during MPCVD. Thus, these CVD methods present 

significant challenges for the formation of phase-pure and epitaxial growth of diamond, and even 

bigger challenges for producing phase-pure c-BN due to a lack of preferential etching of h-BN [5]. 

In addition, these methods require the diamond seeds for growth because of high a nucleation 

barrier for diamond, especially on non-carbide forming substrates. Moreover, synthesis and 

processing of diamond and c-BN limit the incorporation of dopants into electrically active 

substitutional sites close to the equilibrium thermodynamic solubility limits, which tend to be quite 

low. This leads to very limited concentrations of free carriers due to deep dopant energy levels. 

Furthermore, these CVD methods allowed only p-type doping of diamond, making formation of 

p-n junctions and related solid-state devices nearly impossible [5].  
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Nanosecond laser processing of carbon and BN layers, nanorods and nanotubes has opened 

a new frontier in synthesis and processing of phase-pure diamond and c-BN at normal temperatures 

and pressures [6-12]). In this process, undercooled carbon and BN layers are cooled rapidly to 

form phase-pure diamond and c-BN, respectively, through a first-order phase transformation at 

normal temperature and pressure. By providing appropriate substrate template, diamond and c-BN 

films can be grown epitaxially via domain matching epitaxy on substrates having large lattice and 

thermal misfits [6,7,13]. These films can be doped with p-type and n-type dopants with 

concentrations substantially higher than the thermodynamic solubility limits because of kinetically 

driven solute trapping [8].  The optimized conditions for laser processing are guided by detailed 

laser-sold interactions simulations, which take into account thin film, laser and substrate variables 

[14]. The key variables include optical absorption (bandgap), sp3 to sp2 ratio, thermal conductivity 

and specific heat of the film; thermal conductivity and specific heat of the substrate; and laser 

wavelength (photon energy), pulse duration, and energy density of the laser pulse. By increasing 

the undercooling, new allotropes of carbon (Q-carbon) and BN (Q-BN) are formed [6]. Previous 

studies have established that Q-carbon exhibits extraordinary properties, such as, RT 

ferromagnetism, ultra-hardness, record BCS superconductivity, enhanced field emission, and 

radiation resistance [8, 15]. We expect some of these properties to be enhanced further in Q-carbon 

and Q-BN nanoballs. Our earlier studies also showed the formation of self-organized 

nanodiamonds along rings and strings, which grew epitaxially with the substrate even with large 

misfit through the of domain matching epitaxy framework [16]. These nanodiamonds were smaller 

in size because of the nucleation barrier in diamond, which was not present in the growth of Q-

carbon balls.  
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In this study, we focus on the conversion of carbon and BN layers into Q-carbon and Q-

BN nanoballs, respectively. Size of these nanoballs can be varied from 5nm to 100nm by 

controlling characteristics of carbon and BN thin films, and laser and substrate variables. These 

nanoballs can be also self-organized in the form of rings and strings, similar to our earlier work on 

nanodiamonds [16]. It is shown that the self-organization along strings and rings occurs, when 

diamond tetrahedra are aligned along <100> and <110> directions, respectively. This study 

provides elegant example of formation of self-organized structures of uniform size in amorphous 

materials and shows interesting similarities with crystalline nanodiamond structures. A remarkable 

property of Q-carbon is that it is ferromagnetic in pure and undoped state, and it becomes 

superconducting upon doping with boron. The superconducting transition temperature increases 

with B concentration with the current record of 55K in 25at%B doped Q-carbon [9,10], and the 

transition temperature is expected to go much higher with 50at%B in Q-carbon nanoballs. Here 

we focus on the ferromagnetism of Q-carbon nanoballs and discuss enhancement of other 

properties in nanoballs. These Q-carbon nanoballs can be used for coating drugs and their targeted 

delivery, in addition to nanosensing and superconducting qubits applications.  

4.3. Experiment Procedure 

The films of amorphous carbon having thickness of 5-500nm were deposited on (c-plane) 

sapphire substrates by using KrF Excimer laser with pulse duration of 25ns, wavelength of 248nm, 

and energy density of 3.0Jcm-2. Each pulse deposits approximately 0.1nm thick amorphous carbon. 

The as-deposited films were treated in air with ArF laser pulses having pulse duration of 20ns, 

wavelength of 193nm, and energy density varying from 0.3 Jcm-2 to 0.7 Jcm-2 [6]. The laser-treated 

films were analyzed by high-resolution TEM and Raman and were found to be amorphous 

containing broad E2g Raman peak at 1580cm-1 from which sp3 fraction was estimated to be in the 
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range of 20-50%. Most of the films used in our experiments contained sp3 fraction around 40%. 

The amorphous BN films were obtained by using h-BN targets in PLD with similar deposition 

conditions [7]. These films were characterized by high-resolution scanning electron microscopy 

(HRSEM), electron backscattered diffraction (EBSD) with characteristic diamond Kikuchi 

patterns, high-resolution transmission electron microscopy (HRTEM), high-resolution electron-

energy-loss spectroscopy (HREELS), x-ray diffraction, and Raman spectroscopy. HRSEM and 

EBSD measurements were performed by using FEI Verios 460L SEM and FEI Quanta 3D FEG 

FIB-SEM. Aberration corrected STEM-FEI Titan 80-300 and JEOL-2010 STEM/TEM were used 

for HREELS measurements with resolution of 0.15eV, HRTEM with point-to- point TEM 

resolution of 0.18nm; and STEM-Z resolution of 0.08nm with information limit of 0.06nm. For 

magnetic measurements, Ever Cool Quantum Design PPMS (physical-property measurement 

system) with a base temperature as low as 5 K was used with magnetic fields up to 7 Tesla.   

4.4. Results and Discussions 

By melting amorphous carbon layers and rapid cooling, we can form the equilibrium phase 

of carbon (graphite) and nonequilibrium phases of diamond and Q-carbon by controlling the 

degree of undercooling before quenching. The undercooling is determined primarily by the laser 

variables and by the optical and thermal properties of the film and the substrate. With no 

undercooling, equilibrium graphite phase is formed, and at the highest undercooling of over 

1000K, Q-carbon having novel physical, chemical, and mechanical properties is formed. These 

temperatures were estimated by using the SLIM (simulation of laser interactions with materials) 

computer program developed by Singh and Narayan [14].  

The conversion of amorphous carbon into metastable phases of diamond and Q-carbon is 

illustrated by Gibbs free energy versus temperature diagram displayed in Fig. 4.1. The free energy 
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of metastable diamond and Q-carbon is higher than the equilibrium phase of graphite. It should be 

noted that the slope of liquid carbon is larger than those of solid phases of diamond and Q-carbon 

due to its higher entropy. At the intersections of liquid carbon with diamond and Q-carbon, we 

form diamond and Q-carbon at TD and TQ, respectively, by quenching from the liquid phase. The 

difference between these temperatures and the melting point of carbon is the undercooling, which 

drives the first-order phase transformation. This free energy (ΔGT) is directly proportional to the 

undercooling (ΔTU= Tm- TQ) as ΔGT = -ΔTU. ΔHm/Tm, where ΔHm and Tm (constants for a given 

system) are enthalpy of melting and equilibrium melting point, respectively. The change in 

pressure with time is related by dP/dt = (dP/dT) x (dT/dt) = -(ΔTU. ΔHm)/(TmTΔV)xdT/dt = -C 

ΔTUxdT/dt, where C (ΔHm/(TmTΔV)) remains fairly constant with ΔV as change in volume from 

liquid to solid.   

Our theoretical simulations have shown that the undercooling acts like applying pressure 

during the first-order thermodynamic phase transformation, as discussed later. Since these liquid-

to-solid phase transformations are the first order, we obtain phase-pure diamond and Q-carbon. It 

should be pointed out that current HFCVD and PECVD methods involve solid-phase growth of 

preexisting diamond nuclei, which result in mixed diamond (nonequilibrium metastable) and 

graphitic carbon (equilibrium) phases. The primary focus of this work is on the formation of Q-

carbon in the form of nanoballs by quenching from TQ (phase diagram in Fig.1), as illustrated in 

Fig. 4.2. The amorphous nature of Q-carbon is confirmed by the selected-area electron diffraction 

pattern with continuous 111 and 200 diffraction rings, as shown in the inset of the Fig.4.2. The 

presence of these two rings indicates that Q-carbon structure consists of diamond tetrahedra, which 

are randomly packed, and the 111 and 200 diffraction rings correspond to first and second nearest 

neighbor distances. It is envisaged that Q-carbon consists of random diamond tetrahedral structure, 



 

50 
 

where the bonding within the tetrahedra is sp3 and a fraction in between is sp2. These nanoballs 

are formed by nucleation and growth of Q-carbon phase in super undercooled carbon. It is 

interesting to note that the nanoballs are self-organized along the strings (straight lines) and mostly 

(circular) rings with fairly uniform size of 50nm. The mechanism of self-organization of Q-carbon 

and Q-BN balls will be discussed later. The size is determined by the growth velocity and the time 

available for Q-carbon growth, as the nuclei in the form of diamond tetrahedra are already present. 

With growth velocity of 8-10 ms-1, and the time available for growth of 5-7 ns, the size of nanoballs 

is estimated to be 50nm, which is consistent with SLIM simulation and thin-film hydrodynamic 

instability calculations to be discussed later. The size of Q-carbon nanoballs is much larger than 

self-organized nanodiamonds because of no nucleation barrier in Q-carbon. 

Fig. 4.3 (a) shows HRTEM of Q-carbon, which indicates amorphous structure of Q-carbon 

on  (120) sapphire substrate. The sp3/sp2 interfaces contain dangling bonds which are responsible 

for ferromagnetism in nanoballs, as discussed below. To determine relative fraction of sp3 and sp2 

bonding characteristics, HREELS studies were performed in the aberration corrected STEM-FEI 

Titan 80–300 having an energy resolution of 0.15 eV. Fig. 4.3 (b) shows a characteristic HREELS 

spectrum from the Q-carbon, which has a sloping edge at 285 eV with a broad peak at 292 eV. 

From the Voigt profile fit of the EELS spectrum, the sp3 was determined to be about 80% and the 

remaining 20% sp2. These results on sp3/sp2 ratio are consistent with the Raman spectrum, shown 

in Fig. 4.3 (c), which shows a characteristic Q-carbon Raman spectrum containing both D and G 

peaks. From the fit to the Q-carbon spectrum, sp3 and sp2 bonding fractions were estimated to be 

80% and 20%, respectively. 

The Q-carbon in the pure form shows robust coercivity and associated ferromagnetism at 

room temperature. From the variation of saturation magnetization with temperature, the Curie 
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temperature was estimated to be over 650K. Fig. 4.4 shows M versus H plots before after laser 

annealing carbon layers. We investigated the effect of temperature on the coercivity and the 

saturation magnetization of Q-carbon nanoballs in the temperature range of 10 to 300K. The as-

deposited films showed diamagnetic behavior of carbon before laser annealing. After laser 

annealing, we obtained a typical ferromagnetic loop with a robust coercivity of at different 

temperatures. The inset at a magnification shows coercivity of about 100 Oersted at 300K. This 

value of coercivity at room temperature is quite adequate for drug coating and delivery 

applications. We also vary the size of the Q-carbon nanoballs by changing the thickness of the 

film. It has been reported that variation of thickness of the film governs the sp3 content, which on 

annealing, results in different undercooling rates and regrowth velocities during the phase 

formation. This is attributed to the variation of sizes as observed in HRSEM images. We 

successfully form these nanoballs showing room-temperature ferromagnetism as shown in Fig 4.5 

and Fig. 4.6. Table 4.1 compares the values of room-temperature coercivity and saturation 

magnetization for the different samples. The highest saturation magnetization at room temperature 

was observed in samples with the largest size. This value decreased with the size. The coercivity 

value didn’t follow a particular increasing or decreasing trend. The value increased with size and 

after the size limit was reached, it decreased.  

The results on formation and characterization Q-BN balls are shown in Fig. 4.7. After 

melting amorphous BN layers (5-10nm thick), the results are shown in Fig. 4.7(a). These nanoballs 

(average size 60 nm) tend to form more in a stringlike (straight line) structure and less of circular 

ring structure, as observed for Q-carbon balls. The formation of strings occurs when BN tetrahedra 

align along <100> directions, as discussed later. Using high-resolution cross-section, these balls 

exhibit amorphous structure with inset showing diffraction pattern from (0001) sapphire substrate, 
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as shown in Fig. 4.7(b). The amorphous structure of Q-BN is similar to that of Q-carbon (Fig. 

4.3(a)). The amorphous Q-carbon and Q-BN structures are formed because of larger times needed 

for diamond and c-BN nucleation. The EELS spectrum from Q-BN (Fig. 4.7(c)) shows that Q-BN 

contains mostly sp3 bonding, unlike Q-carbon with 80% sp3 and 20% sp2. However, it is found that 

the EELS spectrum of Q-BN has distinct features from h-BN and c-BN. The spectrum has B K-

edge peaks at 195eV and 204eV corresponding to σ edges. The Q-BN has a higher sp3 fraction 

than h-BN but lower than that of c-BN which causes the above-mentioned shift in the σ edge peaks. 

There is an absence of sp2 bonded (π* peak) in Q-BN.   

These bonding characteristics are reflected in magnetic properties, as Q-carbon is 

ferromagnetic, and Q-BN is diamagnetic. Theoretical calculations show that dangling bonds in Q-

carbon associated with sp3/sp2 interfaces are responsible for the magnetic moment and the 

ferromagnetism in Q-carbon [17]. The carbon dangling bonds with unpaired spins are located at 

the sp3/sp2 interfaces. In the case of Q-BN, the bonding was determined to be mostly sp3, therefore, 

the number density of unpaired spins is expected to be very low.  Thus, experimental results on 

diamagnetism and the absence of ferromagnetism in Q-BN are consistent with absence of sp2 

bonded (π* peak) in Q-BN.  

Theoretical Considerations:  

Following the linear thin-film hydrodynamic (TFH) instability framework [18], the characteristic 

spinodal wavelength (λ) during rapid quenching can be expressed as  

 (λ)  = (16 π3γ/A)1/2 t2                                            ………..(4.1) 

where γ is the surface tension of carbon liquid, A is the Hamaker constant, and t is the layer 

thickness before instability. 

Using the mass conservation, we obtain 
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(4/3) πD3ρq = λ2 t ρl                                                   ……(4.2) 

where D is the size of the nanoball, ρq is density of Q-carbon and ρl  is the density of liquid carbon. 

From equation (2), the size of nanoballs D can be expressed as 

D = [(96 π2 γ ρl)/(A ρq)]1/3 t5/3                                   …….(4.3) 

Using the values for γ as 55 ergs cm-2, A = 4.69x10-12erg and assuming ρl = ρq, we estimate D = 

60nm for film thickness of 5nm, which is in good agreement with our experimental results. 

The surface temperature versus time plots using SLIM calculations [4] for energy density 

ranging from 0.3 J cm-2 to 0.6 J cm-2 are displayed in Figure 6(a). The temperature rise to 4000K 

is critical at which Q-carbon phase forms with undercooling of about 1000K. The temperature 

versus time profile is greatly affected by the sp3 to sp2 content which affects photon energy 

absorption as well as thermal conductivity and heat dissipation during growth. To convert 

amorphous carbon films into diamond or Q-carbon phase, it is essential to first melt and then 

quench to induce first-order phase transformation. The heat flow is spatially and temporally 

confined, making it an ideal technique to study melting and quenching in materials, such as carbon 

and BN. The molten carbon is metallic with a thermal conductivity of 2.9 W/cm K. Hence, it can 

be quenched rapidly with cooling rates of 1010 to 1011 K/s. By varying the degree of undercooling, 

it is possible to achieve graphene, diamond, or Q-carbon phases. At critical PLA energy of 0.4 

J/cm2, the melting of amorphous carbon in the undercooled state is achieved. Fig. 4.8. (a) shows 

temperature as a function of time for different pulse energy densities, while keeping the laser pulse 

duration and laser wavelength the same. These results reveal that melting of carbon films on 

sapphire occurs as the film/substrate interface achieves temperature over 4000 K. As the 

nanosecond laser pulse terminates, the melt front turns back to the surface. Fig. 4.8. (b) shows 

melt depth versus time for 0.55 Jcm-2 laser pulse. The diamond crystallites start growing as the 
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laser pulse terminates and bends over, which leaves about 5ns for the growth of nanoballs. These 

nanoballs are formed in 20nm wide region near the molten carbon and sapphire interface. The 

undercooling, ΔTU, generates a pressure transient (dP/dt) with the rate of quenching (dT/dt).        

The change in pressure with time is related by dP/dt = (dP/dT)x(dT/dt) = -(ΔTU. 

ΔHm)/(TmTΔV)xdT/dt = -C ΔTUxdT/dt, where C (ΔHm/(TmTΔV)) remains fairly constant with ΔV 

as change in volume from liquid to solid. This equation directly relates the change in pressure with 

time and undercooling (ΔTU) and the quenching rate (dT/dt), calculated from the SLIM program.   

For ferromagnetic materials at low temperatures, the saturation magnetization, Ms as 

function of temperature is governed by the Bloch’s law: 𝑀s (𝑇) = 𝑀s (0) [1 – (𝑇/T0 )α], where Ms(0) 

is the saturation magnetization at 0 K and To is the temperature at which the Ms (T) becomes zero, 

the same as Curie temperature [19]. From the saturation magnetization values as a function of 

temperature in Fig.4.4, we obtained Curie temperature above 650K using Bloch’s law. The Bloch’s 

exponent α is 1.5 for bulk materials, which was derived by considering the magnon excitation of 

long-wavelength spin waves at low temperatures. However, in nanoballs with sizes smaller than 

wavelengths of magnons, we may induce a gap in the spin-wave energy spectrum [20]. At 

temperatures larger than the spin-wave energy gap, Bloch’s law seems to be applicable in 

nanoballs, where the form remains the same and only the value of the exponent may differ from 

1.5±0.1. Various interpretations have been proposed for the deviation from the Bloch’s law in 

nanoparticles [20]. For example, the additional magnetization due to shell spins was suggested to 

induce the deviation from the Bloch law [21]. The deviation of the saturation magnetization from 

the Bloch law at temperatures below 50 K was suggested to be due to the canted surface spins 

which freeze into a disordered state [22]. The temperature dependence of coercivity (HC (𝑇)) is 

described by Kneller’s law [23], where HC (𝑇) = HC (0) [1 – (𝑇/TC )α].  Here TC is the 
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superparamagnetic blocking temperature of the nanoballs and HC (0) is the coercivity at T = 0 K. 

Kneller law was derived in the temperature range (0 – TC), where the nanoparticles were 

considered to be single-domain, non-interacting and with uniaxial anisotropy. For such systems, α 

was found be equal to ½.  

The formation of strings and rings in quenched carbon and Q-carbon is rationalized by the 

alignment of diamond tetrahedra along the <100> or <110> directions. The alignment in <100> 

directions involves {100} planes, which can occur only in a straight line in <100> direction, as 

shown in Fig. 4.9(a). The inset shows three-dimensional arrangement of atoms between two 

adjacent tetrahedra. The <100> alignment leads to formation of strings, as observed in the case of 

Q-BN. On the other hand, the alignment in <110> direction involves <001> edges, which can bend 

(as shown in Fig. 4.9(b)) and form rings, as shown in Fig. 4.9(c). This pivoting of tetrahedra along 

<001> direction is key to formation of ring structure in Q-carbon. We envisage that the alignment 

of tetrahedra results from a dynamical heterogeneity, which has been studied experimentally and 

theoretically in supercooled liquids and spin glasses [24, 25]. The formation of stringlike structure 

is found to increase with undercooling as we go to Q-carbon with the highest undercooling. These 

<110> strings (Fig 4.9 (a)) can self-organize into rings to minimize line tension energy, as shown 

in Figure 4.7(c). The diamond tetrahedra along these strings and rings provide critical nuclei for 

Q-phase formation. The size of the nanoballs along these rings is determined by the pulse duration 

and available time for growth in the liquid-phase during the quenching cycle. The nanodiamond 

ring structure is formed at a lower undercooling (as shown in our earlier studies [15]), with a 

smaller number density per unit length than those at Q-carbon undercooling, where nucleation 

density is much higher because of higher density of carbon tetrahedral packing. 



 

56 
 

The Q-carbon structure consists of randomly packed diamond tetrahedra with packing 

efficiency >80%. The formation of Q-carbon has been confirmed theoretically [17, 26] and 

experimentally [9] by other researchers. The diamond tetrahedra provide easy nucleation sites for 

Q-carbon growth. When three diamond tetrahedra get together in the form of a string (as in Q1 

phase), it may achieve a critical diamond nucleus for a homogeneous nucleation, estimated to be 

~1-2nm [27,28]. The Q1 phase is formed when three diamond tetrahedra units are repeated 

randomly [9]. We have shown the formation of three distinct Q phases in B-doped Q-carbon 

(namely QB1, QB2, and QB3) with superconducting transition temperature of 37K, 57K, and over 

110K, respectively [9]. The hardness/stiffness and superconductivity are interrelated through Tc 

=0.2 (k/m)0.5, where Tc is the superconducting transition temperature, k is the spring constant, and 

m is the mass. Thus, the stiffer materials with light masses should have the highest superconducting 

transition temperature. 

Magnetic properties, such as coercivity is zero at the superparamagnetic limit below a 

certain nanoball size, and then it increases with size attaining a maximum value and then 

decreasing again. Thus, there is an optimum size for a maximum coercivity which is attained by 

manipulating thin film, laser and substrate variables. Similarly, there is a size effect on 

superconductivity and superconducting transition temperature (Tc). With decreasing size, the 

superconducting transition temperature in B-doped carbon nanoballs is envisaged to increase 

through a lowering of the phonon frequency (phonon softening), which results in an increase in 

the effective electron-phonon coupling, and hence the Tc for low to medium coupled 

superconductors. The decrease in the density of states due to quantization at lower sizes can reduce 

the superconducting transition temperature somewhat. Superconductivity occurs when a quantum 

condensate of paired electrons (Cooper pairs) is formed. In nanoparticles and other small particles, 
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energy levels are quantized. Therefore, the average energy level spacing can exceed the 

superconducting energy gap, and it is at this point that superconductivity is believed to be affected 

adversely [29].  

4.5. Conclusion 

In summary, we have created nanoballs of Q-carbon by melting carbon layers in the highly 

undercooled state and subsequent quenching at ambient pressure in air. Similarly, we formed Q-

BN nanoballs by melting BN in the highly undercooled state and subsequent quenching at ambient 

pressure in air.  These nanoballs can be self-organized in the form of strings and rings by aligning 

diamond tetrahedra along <100> and <110> directions, respectively. The size of these Q-carbon 

and Q-BN nanoballs can be varied from 5-100nm by manipulating laser, carbon film and substrate 

parameters. Pure and undoped Q-carbon films show robust ferromagnetism, and record BCS high-

temperature superconductivity upon doping with boron. We expect B-doped Q-carbon nanoballs 

to have even higher superconducting transition temperature through stronger electron-phonon 

coupling.  Earlier studies showed thin Q-carbon films to be harder than diamond as much 70%, 

therefore, nanoballs may be even harder than Q-carbon thin films [30]. The interaction between 

bacterial cells and carbon nanomaterials results in direct contact between the cells and carbon 

nanomaterials, which in turn leads to cell death. In view of these properties, ultrahard nanoballs 

are expected to find novel applications ranging from targeted drug delivery and biomedical 

applications to nanosensing and highly efficient field-emission displays [31]. 
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4.6. Figures 

 
Figure 4.6.1 Gibbs free energy (ΔG) versus temperature (T) for graphite (equilibrium phase), 
diamond, Q-carbon, and liquid carbon with higher entropy (slope) 

 
 

  
Figure 4.6.2 High-resolution SEM showing formation of self-organized Q-carbon nanoballs 
along strings and rings with inset electron diffraction pattern from Q-carbon 
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Figure 4.6.3(a) HRTEM cross-section showing amorphous Q-carbon on (0001) sapphire; (b) 
Electron-energy-loss spectrum (EELS) from Q-carbon with 80%sp3 and 20%sp2, and (c) Raman 
spectrum from Q-carbon confirming with 80%sp3 and 20%sp2. 

 

Figure 4.6.4 Magnetic moment (M) versus field (H) plots for Q-carbon at various temperatures 
(300 K, 100 K and 10 K) with inset (bottom-right) showing the robust coercivity at 300 K. The 
as-deposited DLC at 300 K exhibited features diamagnetic nature.  
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Figure 4.6.5 (a)Magnetization versus field (H) plots for Q-carbon balls of avg size 42nm at 
various temperatures (300 K, 100 K and 10 K) with inset (bottom-right) showing coercivity 
values, (b) HRSEM image of the samples with inset at higher resolution. 

  
Figure 4.6.6(a)Magnetization versus field (H) plots for Q-carbon balls of avg size 78nm at 
various temperatures (300 K, 100 K and 10 K) with inset (bottom-right) showing coercivity 
values, (b) HRSEM image of the samples with inset at higher resolution. 
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Figure 4.6.7(a) High-resolution SEM showing formation of self-organized Q-BN nanoballs 
along strings; (b) HRTEM cross-section showing amorphous Q-BN structure on sapphire (0001) 
with inset (-2110) diffraction pattern; and (c) characteristic Q-BN EELS showing 100% sp3 
bonding. 

 
Figure 4.6.8 SLIM calculations of temperature versus time during nanosecond laser annealing 
for different laser energy densities (0.3, 0.4, 0.5, 0.55, and 0.6 Jcm-2; and (b) Melt depth versus 
time for the 0.55Jcm-2 laser pulse. 
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Figure 4.6.9(a) Schematic of alignment of diamond tetrahedra along the <100> direction for the 
formation of self-organized stringlike structures with inset showing detailed atomic 
arrangements; (b) alignment of diamond tetrahedra along the <110> direction for the formation 
of self-organized ring structures with inset showing detailed atomic arrangements; and (c) 
formation of self-organized ring structure from <110> alignment of tetrahedra. 

4.7. Table 

Table 1 Comparison of magnetic properties of Q-carbon nanoballs as a function of size 

Sample Size of Q-
balls (nm) 

Thickness of 
initial DLC 
film (nm) 

Energy density 
(Jcm-2) 

Coercivity 
(Oe) at 300K 

Saturation 
Magnetization 
at 300K (A/m) 

1 42 300 0.65 57.5 1500 

2 65 500 0.7 100 7500 

3 78 400 0.7 32 13000 
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5.1. Abstract 

We report the formation of Q-carbon nanolayers, Q-carbon nanoballs, nanodiamonds, 

microdiamonds and their composites by controlling laser and substrate variables. The choice of 

these parameters is guided by the SLIM (Simulation of laser interactions with materials) computer 

modeling. For a constant film thickness and initial sp3 content, we obtain different microstructures 

with increasing pulse energy density due to the different quenching rate and undercooling. This is 

related to decreasing undercooling with increasing pulse energy density. The structure of thin film 

Q-carbon evolves into Q-carbon nanoballs with the increase in laser annealing energy density. 

These Q-carbon nanoballs interestingly self-organize in the form of rings with embedded 

nanodiamonds to form Q-carbon nanoballs/diamond composites. We form high quality, epitaxial 

nano, and micro diamond films as well. We further discuss a model showing undercooling and 

quenching rate generating a pressure pulse, which may play a critical role in a direct conversion 

of amorphous carbon into Q-carbon or diamond or their composites. This ability to selectively tune 

between diamond or Q-carbon or their composites on a single substrate is highly desirable for a 

variety of applications ranging from protective coatings to nanosensing and field emission to 

targeted drug delivery. Furthermore, Q-carbon nanoballs and nanodiamonds are utilized as seeds 

to grow microdiamond films by HFCVD. It is observed that the Q-carbon nanoballs contain 
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diamond nuclei of critical size, which provide available nucleation sites for diamond growth, 

leading to stress-free, adherent, and denser films which are needed for a variety of coating 

applications. 

5.2. Introduction  

Diamond and recently discovered Q-carbon are metastable allotropes of carbon, which has 

graphite and related materials as the equilibrium phase. These metastable allotropes of carbon have 

assumed prime importance in view of their extraordinary functional properties. The Q-carbon is 

harder than diamond, it exhibits robust ferromagnetism in pure form, and becomes 

superconducting upon doping with boron with record BCS superconducting transition temperature 

exceeding 57 K and higher [1]. In addition, it shows record field emission, radiation resistance, 

and thermal and chemical stability [2,3]. The Q-carbon can be converted into diamond and 

provides easy nucleation sites for diamond by conventional HFCVD and MWCVD techniques 

which require seeds for diamond growth. Thus, diamond and c-BN with their Q-phases represent 

ultimate materials for applications ranging from ultrahard coatings to next-generation electronic, 

photonic, and quantum devices [4,5]. Through N-V and Si-V color centers, nanodiamonds provide 

an efficient platform for room-temperature nanosensing and quantum computing [6]. However, 

since these are metastable materials, their synthesis and processing require a nonequilibrium 

processing approach. 

The equilibrium processing requires very high temperatures and pressures (5000 K/12 GPa 

for diamond, and 3500 K/9.5 GPa for c-BN) in highly inert atmospheres [7]. That is how nature 

makes diamond in the earth’s crest in the form of grits. Current CVD methods cannot produce 

phase-pure diamond and c-BN because of the following thermodynamic limitation. The CVD 

(chemical vapor deposition) is an equilibrium method, which must be combined with 
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nonequilibrium components such as hot-filament and microwaves to create diamond and c-BN 

which are metastable (nonequilibrium) phase of carbon and h-BN, respectively. This combination 

of equilibrium and non-equilibrium synthesis and processing results in the formation of diamond 

(nonequilibrium metastable phase) and graphitic (equilibrium phase) mixtures, where the latter is 

preferentially etched by atomic hydrogen to form diamond as a residual phase. The atomic 

hydrogen, produced by hot-filament in HFCVD and by microwave during MPCVD, preferentially 

etches graphitic phases, which helps somewhat in diamond processing, but not in c-BN. Thus, 

current CVD methods present unsurmountable thermodynamic challenges for the formation of 

phase-pure and epitaxial growth of diamond and even bigger challenges for producing phase-pure 

c-BN, as there is no preferential etching of h-BN by atomic hydrogen. In addition, these methods 

of synthesis and processing of diamond and c-BN limit the incorporation of dopants into 

electrically active substitutional sites close to the equilibrium thermodynamic solubility limits, 

which tend to be quite low [8]. This leads to very limited concentrations of ionized free carriers 

due to deep dopant energy levels. Moreover, using these CVD methods, diamond could be doped 

only with p-type, making p-n junction formation nearly impossible. Our laser processing is a 

totally nonequilibrium technique. It has opened a new frontier in synthesis and processing of 

phase-pure diamond, c-BN and other carbon-based materials at ambient temperatures and 

pressures [9,10,11]. In this process, undercooled carbon and BN liquids produced by nanosecond 

lasers are quenched to form phase-pure diamond and c-BN, respectively, through a first-order 

phase transformation at ambient temperature and pressure. By providing appropriate substrate 

template, diamond and c-BN films can be grown epitaxially via domain matching epitaxy on 

substrates having large misfits [12]. These films can be doped with p-type and n-type dopants with 

concentrations far exceeding thermodynamic solubility limits. 



 

71 
 

Here we show the formation of Q-carbon layers, nanoballs, nanodiamonds, and 

microdiamonds on r-sapphire by controlling the undercooling through manipulation of laser 

variables with guidance from SLIM (Simulation of laser interactions with materials) computer 

program. Growth kinetics of these polymorphs are a function of undercooling, and the theoretical 

calculations show the diamond formation at 4−6 m/s regrowth velocity, whereas the Q-carbon is 

formed at higher undercooling where the regrowth velocity is 6−16 m/s [13]. Various parameters 

like amorphous state of carbon, laser parameters, film and substrate variables determine the 

temperature distribution and undercooling and play a critical role in the nucleation and growth of 

Q-carbon or diamond film [14]. Previous studies have reported the formation of 2D Q-carbon thin 

film by low-energy ion bombardment [15], or through laser processing by changing the substrates 

[14,16], varying sp3 content in the deposited DLC film [17], initial sp3 content of DLC film, and 

PLA energy density [18], during the laser processing. 

In this study, our goal is to fabricate Q-carbon, diamond, and their composites by changing 

the laser annealing energy density on a given substrate and further using them to form large-area 

diamond films. We investigate the effect of laser energy density during PLA by keeping the 

constant thickness of the DLC film and use pulsed laser annealing to melt the carbon and 

subsequently vary the quenching rate and undercooling to form these structures. The choice of 

these parameters is guided and optimized by the SLIM computer modeling [19]. We obtained 

microstructures ranging from Q-carbon layers and nanoballs to nanodiamonds and microdiamonds 

with increasing pulse energy density. A remarkable change in the carbon-based nanostructures is 

seen due to the decrease in undercooling on increasing the energy density of the laser from 0.6 J 

cm-2 to 0.9 J cm-2. Furthermore, we have developed a framework to correlate the undercooling and 

quenching rate with the rate of change of pressure, which is the key to the formation of these 
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structures.  We report the evolution of 2D Q-carbon thin film to 3D Q-carbon nanoballs with 

embedded diamond as composites. These 3D nanoballs interestingly self-organize in the form of 

rings and strings similar to our earlier work on self-organized nanodiamond rings [20]. It is 

envisaged that these Q-carbon nanoballs/diamond composites will have certain enhanced 

properties compared to large size Q-carbon and diamond. With the increase in energy density, we 

observe a rapid crystallization of amorphous carbon to form densely covered diamond film. 

Further, we use Q-carbon nanoballs and nanodiamonds as seeds to grow microdiamond film by 

HFCVD. A comparative study shows that Q-carbon nanoballs provide seeds which facilitate the 

increase in diamond nucleation density due to availability of the diamond nuclei of critical size 

and larger density of nucleation sites. Diamond crystallites are faceted and ballas shaped with wide 

use in flat panel displays and wear resistance applications. Typically, r-sapphire has been a 

promising candidate because of <100> growth needed for device fabrication [21–23]. Therefore, 

the synthesis and ability to selectively tune between these diamond and Q-carbon structures with 

tailored geometry in the form of thin films (2D) and nanoballs (3D) on r-sapphire, will open door 

for exciting frontiers in quantum computing [24], nanosensing, field-emission, target drug 

delivery, and novel solid-state devices [25]. 

 

5.3. Experiment Procedure 

A 500 nm amorphous carbon layer was deposited on r-sapphire using pulsed laser 

deposition (PLD). The nanosecond laser pulses of the KrF excimer laser (wavelength = 248 nm, 

pulse duration = 25 ns) were used to ablate the glassy carbon target, which is mounted in the PLD 

chamber. The chamber base pressure of 5.0 × 10−7 Torr was achieved by using an oil-free triscroll 

pump and a turbomolecular pump. The repetition rate and the laser energy density of the 
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nanosecond laser were 10 Hz and 3.0–3.5 J cm−2, respectively. The fraction of the sp2 bonded 

carbon of the deposited amorphous carbon thin films was controlled by laser and substrate 

variables, including substrate temperature and pulse energy density and laser plume characteristics. 

The samples were then taken out for pulsed laser annealing. These samples were annealed by using 

nanosecond ArF excimer laser (wavelength = 193 nm, pulse duration = 20 ns) at different laser 

energy density i.e., 0.60, 0.70, 0.80, 0.85 J cm−2 on sapphire substrate in air. The annealing energy 

density was controlled using the focusing lens. At this laser wavelength, we have a higher 

absorption coefficient coupled with a smaller penetration depth profile, which results in increased 

temperature differences in between the substrate and the film [26]. 

Therefore, PLA melts the amorphous carbon into a highly undercooled state of molten 

carbon and subsequently quenches the undercooled state to form Q-carbon, Q-carbon nanoballs, 

or diamond, depending on the degree of undercooling. The schematic of PLD and PLA process is 

shown in Figure 5.1, where the laser beam is reflected (by the mirror) and focused on the carbon 

target for the film deposition. In the second step, the deposited films are annealed with ArF excimer 

laser pulses.  

The simulation of Laser-solid melt interactions was done using the SLIM [19]. This 

software considers thermal and temperature dependent optical properties of the film and the 

substrate material, and laser pulse characteristics to calculate formation and evolution of melt 

interfaces on laser irradiation. The thermal losses (radiative and conductive) were integrated into 

the laser annealing simulations with adiabatic boundary approximation. Once the molten carbon 

formation occurs, the melt-front propagates towards the substrate, due to the conduction losses. 

The liquid-phase regrowth was simulated by examining the iterative phase transformation across 

the solid/liquid interface. The physical values used for DLC film with an initial thickness of 500 
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nm with different laser annealing energy densities, and laser pulse width: 20 ns were as follows: 

carbon melting temperature: 4000 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 × 105, absorption coefficient in liquid state:1 × 

106, reflectivity in solid state: 0.3 J/cc K and reflectivity in liquid state: 0.6 J/cc K[27]. 

The HFCVD was carried out at a substrate temperature of 770 ± 25 °C and for a growth 

duration of 3 h in a steel chamber with a water-cooling facility. Four tungsten filaments were used 

with 9 ± 0:1 V and 90 ± 10 A applied to raise the temperature ~2000 °C. Substrate was kept at 

about 4mm from these filaments. 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 in the chamber. For crystalline faceted diamond, the HFCVD growth was 

carried at 800 °C with the filament temperature of 2127 °C. Samples were carburized 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). After the deposition, substrate was cooled at 

a constant cooling rate of 10 C/min to minimize the thermal shock effect. 

The characterization of the Q-carbon (2D and 3D), diamonds and their composites were 

performed by using high-resolution scanning electron microscopy (HRSEM), Raman 

spectroscopy, and X-Ray Diffraction (XRD). The HRSEM was performed using FEI Verios 460L 

SEM with EBSD attachment. The XRD 2θ scans were carried out using a Rigaku SmartLab X-ray 

diffractometer grazing incidence operating mode using a Cu Ka radiation source from a sealed 

tube operating at a voltage and current of 40 kV and 25 mA, respectively, and state-of-the-art 
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LENXEYE XE detector. We performed grazing incidence XRD analysis at different grazing 

incidence angles which reduced the diffraction peak intensities from the substrate. The XRD 

spectra were obtained at grazing incidence angle of 0.5°and 0.02° step size, which results in less 

intense r-sapphire peaks. A WITec confocal Raman microscope system (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. For magnetic 

measurements, EverCool Quantum Design PPMS (physical-property measurement system) with a 

base temperature as low as 5 K was used with magnetic fields up to 7 T. 

5.4. Results and Discussions 

 Formation of Structures by PLA 

When the amorphous carbon layer is annealed by the nanosecond pulse laser in PLA, rapid 

melting occurs leading to the super undercooled state which can be quenched to form Q-carbon or 

Q- carbon nanoballs embedded with nanodiamonds or microdiamonds. By using nanosecond laser 

pulses (pulse duration 20–25 ns), the whole process is completed in a fraction of a microsecond. 

The formation of these metastable structures depends upon the degree of undercooling. To 

understand the effect of phase formation of liquid carbon to Q-carbon or diamond, we have derived 

the following equation by using Clausius Clapeyron equation (dP/dT = ∆𝐻/𝑇∆𝑉), to relate the 

change of pressure with time to the quenching rate (54
5'
) and the undercooling (∆𝑇): 

56
5'
= w56

54
x 54
5'
= −∆𝑇 w 17*

14*.4.18	
x w54

5'
x 	= 	−𝐶. ∆𝑇(54

5'
)     (5.1) 
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where ΔHm is the change in enthalpy of the melt, ∆V is the volume change during the 

transformation, T is the temperature of transformation close to the melting point Tm, ∆T is 

undercooling and C is the constant ! !"#
!$#.$.!&	

". 

By increasing the quenching rate (54
5'

), and controlling the undercooling( ∆𝑇), it is possible 

to achieve direct conversion of carbon into diamond or novel phases of Q-carbon. There is a rapid 

increase in 56
5'
	 with a large undecooling ∆𝑇		𝑎𝑛𝑑	increasing quenching rate, which control the 

formation of Q carbon and diamonds phases. With an undercooling of the order of 1000 K, 

diamond phase is formed and at a still higher undercooling Q-carbon phase is formed, as estimated 

by SLIM simulation studies [14]. 

In this paper, we focus on varying the annealing energy density on the DLC film of constant 

thickness to change the quenching rate and undercooling to form tailored Q-carbon structures in 

the form of 2D film, 3D nanoballs/ diamond composites or pure diamond film. We have analyzed 

the phase transformation of amorphous carbon into these carbon polymorphs using the nanosecond 

laser–solid melt interactions using SLIM computer simulation modeling. This software takes into 

account thermal and temperature dependent optical properties of the film and the substrate 

material, and laser pulse characteristics to calculate formation and evolution of melt interfaces on 

laser irradiation. 

Figure 5.2(a) shows the Temperature vs. time plot after the irradiation of the carbon film 

with different annealing energy density (0.50 J cm−2 – 0.85 J cm−2). For the formation of Q-carbon, 

diamond, and its composites, it is essential to melt the DLC film with a large undercooling. Due 

to the low thermal conductivity of sapphire, it traps heat flow, resulting in high undercooling at 

the substrate/melt interface. Once surface melting occurs, the melt-front propagates downwards 
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towards the substrate with the latent heat of fusion and heat conduction driving it forward. The 

melting threshold energy density is found to be 0.5 J cm−2 when irradiated with ArF laser. This 

matches with the experimental results of the surface melting of carbon at 0.5 J cm−2 irradiation. 

The melting starts at ~4 ns, with the temperature reaching maximum at ~20 ns, corresponding to 

the ArF laser pulse duration. The flatter region in the profile shows homogeneous carbon melt 

wherein, the molten carbon remains in the melt state for some time and then cools down rapidly, 

leading to different regrowth velocity rates. 

With the increasing pulse energy density, we see that the maximum surface temperature 

persists for a longer time, after which it starts cooling. The values of undercooling and solid 

regrowth velocities achieved during the cooling determines the phase which grows. We investigate 

the melt depth profile, beyond the onset of melting in Figure 5.2(b) which shows melt depth as a 

function of time for different energy densities. It reveals that the melt depth increases with the 

increase in the melt lifetime. The melt depth also increases with the increase in annealing energy 

density. We use the derivative of the melt profile graph to find the growth velocity as shown in 

Figure 5.2(b) inset. It is found that regrowth rates ranging from 5.8 ms−1 to ~6.5 ms−1 for 0.80 J 

cm−2 and 0.85 J cm−2, respectively, are favorable for diamond growth. In the range of 0.60 J cm−2 

to 0.70 J cm−2, we see a comparatively shorter carbon melt lifetime and rapid quenching, leading 

to a higher undercooling and regrowth velocities of ~10 ms−1. In this range we see the formation 

of Q-carbon and Q-carbon nanoballs as confirmed by our experiment. With the increase in 

undercooling and higher quenching rate, we get an increased regrowth velocity rate. As the 

regrowth velocity decreases with distance from the surface, the carbon atoms have sufficient time 

to rearrange, forming relatively thermodynamically stable crystalline nanodiamonds. 
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Figure 5.3 shows high resolution scanning electron microscope (SEM) images of the 

samples annealed at different energy densities. At the laser energy density of 0.6 J cm-2 (Figure 

5.3(a)), we see the formation of Q-carbon layer near the substrate interface with α-carbon overlayer 

in which cracks are formed upon quenching due to differences in the coefficients of thermal 

expansion of Q-carbon and α-carbon layers. At the laser energy density of 0.7 J cm-2, we observe 

the formation of Q-carbon nanoballs (Figure 5.3(b)). These samples also contain embedded 

nanodiamonds, which nucleate and grow from these Q-carbon structures. This agrees with 

previous reports showing Q-carbon phase provides nuclei for diamond growth [28]. It is interesting 

to note that these nanoballs are self-organized in the form of rings. The formation of ring structures 

occurs as a result of diamond tetrahedral alignment along <110> direction, where these tetrahedra 

can pivot along <001> direction to form a ring structure [28]. These nanoballs have a fairly uniform 

size of about 50nm. We see nanocrystallites coagulated with each other to form bigger clusters, 

leading to formation of other functional structures [29]. On increasing the energy density of the 

laser to 0.80 J cm-2 and 0.85 J cm-2, we observe the formation of microdiamonds and 

nanodiamonds. The structure of Q-carbon consists of diamond tetrahedra with center atoms, which 

are arranged randomly with the bonding within the tetrahedra sp3 and in between sp2. It should be 

noted that in diamond, each unit cell has four tetrahedra with center atom and four tetrahedra 

without them. During laser annealing, the formation of different structures depends on the substrate 

thickness, the sp3 to sp2 ratio governed by the laser energy density and the conductivity of the 

sample. The Figure 5.3(c) shows a uniform distribution of nanodiamonds throughout the sample. 

The inset shows a large-area nanodiamond coverage, whereas Figure 5.3(d) shows that at 0.8 J 

cm-2 there is a formation of single and cluster microdiamonds and nanodiamonds on r-sapphire. 

These platelet looking microdiamonds are all oriented in <100> direction with respect to the 
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substrate leading to epitaxial growth. The surface morphology of these diamonds appeared more 

homogeneous with the film comprising of highly dense packing of these nanodiamond crystallites 

having defined edges in (c). Such nanodiamond structures can be doped with N and Si to form NV 

and SiV color centers, which are needed for nanosensing and quantum computing applications. 

These nanodiamonds range in size 5 nm to 20 nm. Our previous studies have shown that it is 

possible to trap a single NV center in 5nm nanodiamond within the bulk rather than at surface for 

larger sizes, in agreement with theoretical calculations [1]. 

The bonding characteristics of these carbon polymorphs were studied by using Raman 

spectroscopy as the Raman peaks provide signature bonding relations in different structures of 

carbon. Figure 5.4 shows the Raman spectra of the four samples. It is well known that PLA on 

DLC films changes the sp3 and sp2 content in the films [18,30,31]. The as-deposited DLC coated 

sample shows an amorphous carbon peak broadening with the sp3 content of about 32% as shown 

in Figure 5.4(a). During PLA, we form sp3 rich phase of Q-carbon due to higher undercooling and 

rapid quenching. The Q-carbon spectrum confirms the presence of Q-carbon formation with an 

increased sp3 content roughly ~81% with the flatter curve with peaks between 1340 cm−1 (D), 1560 

cm−1 (G) peaks. A small peak near 1140 cm−1 is associated with strained sp2 carbon at the interface 

of sp3 nanoclusters as shown in Figure 5.4(b). Gaussian distribution was used for curve fitting and 

deconvolution of the peaks. 

The spectrum of Q-carbon balls embedded with nanodiamonds gave a peak at ∼1330 cm−1 

as shown in Figure 5.4(c). Diamond is a monoatomic system having first-order peak with the 

symmetry T2g at 1332 cm−1 which is the only Raman active mode. This mode in diamond 

corresponds to the vibrations associated with two interpenetrating cubic sublattices [32]. 

Formation of nanodiamonds is attributed to a high undercooling, which causes homogeneous 
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nucleation in the melt state. Figure 4d shows the nanodiamond peak at 1328 cm-1 which is a red 

shift (of 4 cm−1), and the spectral broadening is due to the phonon confinement effect in 

nanodiamonds as shown in HRSEM. The 1334.1 cm-1 peak is observed with microdiamonds which 

shows a blue shift due to stress in the film. This is a characteristic diamond peak obtained on the 

platelet looking microdiamonds as shown in Figure 5.3(d). The growth orientation depends on 

DME and the substrate having 2- axis symmetry, which promotes <100> growth for r-sapphire. 

These microdiamonds are all oriented in the similar direction with respect to the substrate which 

corelates to the DME growth of <100> diamond on r-sapphire. 

The Q-carbon shows robust coercivity and associated ferromagnetism at room temperature 

due to the presence of dangling bonds with unpaired spins at the sp3/sp2 interface [28]. The 

formation of Q-carbon is further confirmed by the magnetic results. Figure 5.5 shows the 

magnetization vs the magnetic field plot of the Q- carbon sample. Controlled samples containing 

only diamond, diamond-like carbon, and sapphire substrate show only diamagnetic behavior, 

which was subtracted in the represented magnetic plots.  There is a typical ferromagnetic loop 

having a finite coercivity, observed with the variation of temperature(10K,100K,300K) as shown 

in Figure 5.5. The room temperature ferromagnetism is observed in Q-carbon with finite 

coercivity of 57.5 Oe. The coercivity at 10K is 76 Oe, which decreases with the increase in 

temperature. DLC film shows diamagnetic behavior as shown in the lower inset.   
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 HFCVD Samples Analysis: Formation of Nano to Micro 

Diamonds on r-, a- Sapphire 

The films formed in PLD/PLA process are very adherent because of the formation of liquid 

carbon which reacts with the sapphire to form a couple of monolayers of aluminum carbide which 

stitches the film making it adherent. The reaction is: 

Therefore, use of these films for CVD diamond growth provides additional advantage of 

adherence, besides the easy nucleation of diamond. We use the Q-carbon and diamond as seeds to 

produce large-area diamond films by HFCVD. During the HFCVD process, the hot tungsten 

filaments have a temperature of ~2000 °C. When the hydrogen molecules hit it, they split into 

hydrogen atoms which react with methane until carbon atoms are attached to existing sp3 bonded 

nuclei sites [33]. The presence of diamond tetrahedra in Q-carbon provides diamond nucleation 

site. Thus, the Q-carbon provides the template for the continuous diamond growth as seen in the 

SEM images in Figure 5.6(a). Therefore, we obtain a larger area coverage during HFCVD growth. 

The results were similar in Q-carbon monolayers and Q-carbon nanoballs. The microdiamonds 

have an average size of 2 μm. Without Q-carbon, scattered and less area coverage with 

microdiamonds is seen due to lack of nucleation sites, as shown in Figure 5.6(c). However, these 

samples showed a bigger diamond of average size about 2.5 μm for the nucleation as the precursor 

was isolated microdiamonds compared to the continuous Q-carbon. The larger size was attributed 

to the larger size of seeds (average size ~1 μm) on which diamond growth by CVD occurs. These 

microdiamonds are ballas type and crystalline with facets. The ballas type are nearly pure 

diamonds with prominent twinned microstructures [34]. Due to the presence of micro-twins, the 

2Al2O3 (s) + 6C (l) = Al4C3 (s) + 3CO2 (g) 
(

(5.2) 
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cleavage and crack propagation along crystallographic planes can be expected to be much lower 

in ballas than in single-crystalline diamond and has higher hardness similar to pure diamond [35]. 

Thus, they are potential candidate for wear applications. Ballas type diamond containing 

nanodiamonds could also be of interest for flat panel displays. Figures 5.6 (b,d) show the FESEM 

micrographs of the microdiamonds at lower magnification in sample with Q-carbon and 

nanodiamonds as a seed, respectively. The results show the growth rate of ~0.6 μm/hr. The 

diamond formed has <111> and <100> growth orientation on the films which are confirmed later 

by XRD characterizations. At the Q-carbon-sapphire interface we see the diamond nucleation as 

shown in Figure 5.6(b). The growth orientation depends on DME and the substrate orientation. 

By Domain matching epitaxy we see epitaxial growth of diamond since the diamond nucleation 

originates at the interface with the substrate [12]. 

Figure 5.7 (a) shows the formation of <100> oriented crystalline diamond over a large 

area. These crystallites have {111} facets with <100> axis normal to the substrate. Figure 5.7(b) 

shows the EBSD pattern at 70˚ and Figure 7(c) shows the corresponding orientation relationship 

diagram to confirm the crystal structure of <100> diamond growth. The formation of this 

microstructure with sharp edges is ideal for field emission and display device applications. The 

domain matching epitaxial alignment of (100) diamond on (101 ̅2) sapphire is as follows: <200> 

diamond //< 2(11) ̅0> sapphire along a- axis, and <020> diamond //<−1101> along b-axis. This 

misfit over 25% can be handled by domain matching epitaxy, where the integral multiples of the 

film and the substrate planes match across the interface [36]. The Figure 5.7(d) shows wafer-scale 

integration by overlapping of laser pulses to create large area Q-carbon/ diamond structures. The 

capabilities of 100 Hz in our ArF laser system creates the output of 100 cm2 s−1. 
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Figure 5.8 shows Raman spectra of microdiamond films after CVD growth. We observe 

the characteristic T2g peak of diamond from Q-carbon seeded sample at 1332.5 cm-1, which is 

indicative of fairly stress-free diamond films. In the case of diamond seeded sample, the Raman 

peak upshifts to 1333.2 cm-1, which is indicative of residual compressive strain. It should be noted 

that diamond seeded samples shows a much higher fraction of disordered amorphous carbon ~1500 

cm-1, which forms in between the seeds. The stresses in thin films are due to the differences in 

coefficient of thermal expansion between the film and the substrate, which causes a shift (∆v) in 

the Raman peak [37]. Here we assume that the thermal strain dominates, and the defects and lattice 

strains are negligible as these strains are fully relaxed by DME paradigm. The shift in the Raman 

peak and the associated stresses in the films can be expressed as: 

∆v = vs – vo = ασ 
(

(5.3) 

and 

σ = 2µ(1+v) ∆𝜶. ∆𝑻/(1-v) 
(

(5.4) 

where vs is the T2g diamond peak, vo = 1332 cm-1 is the unstressed diamond peak, α is 

Raman stress factor, σ is the inplane balanced biaxial stress, µ is the shear modulus of the film, v 

is the Poisson’s ratio, ∆𝜶 is the difference in the coefficient of thermal expansion between the 

diamond film and the substrate, ∆𝑻	is the difference between the growth and the ambient 

temperatures. Eq. (3) indicates a Raman peak shift of −1.2 cm-1 in case of diamond seeded sample. 

The calculated stress from the Eq. (4) in the film is ~ 3 GPa for the diamond seeded sample, 

whereas negligible stress is seen in the Q-carbon seeded samples. Decrease in stress is useful for 

the formation of crack-free and highly adherent films. The type of microdiamond formed here are 
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(100) ballas diamond as shown in previous studies [38]. During the structural changes, it is seen 

that intensity of the diamond T2g peak decreases because of enhanced micro-twinned regions. Also 

seen is the rise in G peak with increasing amounts of micro-twinned areas in the samples without 

Q-carbon. 

We carried out XRD analysis to confirm the formation of (111) or (100) diamond. XRD is 

a powerful characterization tool for the analysis of stress value averaged over the entire film [39]. 

Figure 5.9 shows the XRD results of the films. In Q-carbon sample, we see (111) characteristic 

diamond peak at 2𝜽 of 43.9˚, and (220) peak at 75.4˚ [40]. We observe a relatively lower intensity 

of (111) peak in the diamond sample showing the peak at 43.88˚. Relative Intensity of (111) 

diamond peak is related to the coverage in the film in agreement with the SEM results. A (220) 

peak is seen at 75.38˚ in the diamond seeded sample. We performed grazing incidence XRD 

analysis to account for small intensity peaks from the substrate. We see tiny sapphire peaks at 

25.8˚ and 52.9˚ from (1𝟏�02) and (2𝟐�04) planes. To find the average crystallite size we use of 

Scherer equation: 

L (crystallite size) = Kλ/(βcosθ)                                                             (5.5) 

The value of K is 0.9 for gaussian fit, 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 0.0078 rad (0.45°), 

and θ is the Bragg diffraction angle (in radians), which was calculated to be 0.38 rad (21.9°). From 

this, the average crystallite size (L) was calculated to be 19.1 nm. This represents a high quality 

nanocrystalline film. Film characteristics like fracture toughness, decohesion energies, and 

electrical conductivity vary greatly in this crystallite size range. It is reported that a 10% carbon 

fraction at the grain boundaries associated with an average crystallite size of ∼3 nm is reduced to 
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1% for 30 nm crystallite sizes [41]. Therefore, crystallite size plays important role in diamond 

films. 

In order to understand the nucleation mechanism of Q-carbon, we reduce the carbonization 

time to 7 mins to form crystalline diamond plates on the Q-carbon site on a-sapphire and diamond 

microneedles r-sapphire. Figure 5.10. shows HRSEM images of the faceted diamond growth on 

a-sapphire. A very large area, uniform diamond nucleation is observed in the regions annealed to 

form Q-carbon. This can be seen in Figure 5.10(a). As we move away from the interface, the Q-

carbon tends to decrease in this case due to decrease in the undercooling; sparse diamond 

nucleation is observed. This transition region is marked with white boundary. A high resolution of 

this distinct region is seen in Figure 5.10(b). The diamonds formed are on average of about 1.5um 

in size and are grown in preferential orientation. We see the formation of epitaxial diamonds, 

which are parallel with respect to each other as marked in region with the red in Figure 5.10(c). 

This shows the direct evidence of ability to nucleate single crystal large diamond using Q-carbon. 

The epitaxy in between diamond and a-plane sapphire is established by DME as shown in table 2. 

We see that <100> diamonds nucleate from the Q-carbon template as seen in Fig. 5.10(d). This is 

due to the preferential growth of r-sapphire substrate in <100> direction.  This large area epitaxial 

growth of r-plane of sapphire is really advantageous in semiconductor industry.  The quality of 

diamond formed is further confirmed by Raman spectroscopy as shown in Figure 5.10(e). The T2g 

peak associated with diamond is observed at 1333.1cm-1. This upshift from the standard diamond 

peak at 1332.0cm-1 is associated due to stress in the film. We extend the application of Q-carbon 

template to show the formation of large-area faceted microdiamond film on r-sapphire. Figure 

5.11(a) shows the formation of high-quality microneedles on using silicon doped Q-carbon. These 

microneedles cover large area as seen in Figure 5.11(b) and are well-faceted. The average length 
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of these microneedles is 7.5um, which corresponds to the growth rate of 2.67um/hr. Such high 

growth rates are due to the fact that there is no free energy barrier for diamond nucleation with Q-

carbon. The critical radius(r*) of the diamond nucleation is small favoring the enhanced diamond 

growth rates. The crystallinity of diamond is shown by the Raman spectroscopy in Figure 5.12. 

An upshift of diamond peak at 1333.3cm-1 in the spectrum indicates stress in the film. However, 

the stress value is within the order of acceptance. The sharp T2g peak and low FWHM reveals the 

highly crystalline nature of diamond microneedles formed. These microneedles are very well 

oriented in <100> direction as confirmed by kikuchi patterns obtained by EBSD as shown in 

Figure 5.13. The epitaxy correlation of these microdiamonds with r-plane by DME is shown in 

table 2 and is well corelated with our experimental findings. The fundamental mechanism of Q-

carbon being a perfect template for diamond nucleation is shown in Figure 5.14. The diamond 

unit cell consists of four tetrahedra with effective number density of atoms of 16/a3, and four 

missing tetrahedra, giving an average of 8/a3. In Q-phases, all the four carbon atoms are four-fold 

coordinated, and the four corner atoms contribute to net one atom. By controlling the degree of 

undercooling before quenching from the molten state, we can control the available time needed 

for the formation of these tetrahedra. With increasing undercooling, there is not enough time for 

these tetrahedra to organize into crystalline structures, so we create randomly packed amorphous 

Q-carbon phases. If there is enough time, the clustering of four tetrahedra in two different planes 

results in the formation of diamond cubic lattice, where the crystallite size of nanodiamond is 

determined by the available time for growth [42]. 

5.5. Conclusion 

In summary, we show the formation of Q-carbon tailored as 2D films and 3D nanoballs 

with embedded nanodiamonds, and pure diamond structures by changing the annealing energy 
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density on a single substrate and further using them to form large-area diamond films by HFCVD. 

We change the laser annealing energy density to modify the sp3 content in a DLC film of constant 

thickness to form these structures, wherein the choice of these parameters was guided by SLIM 

modeling. For a constant film thickness, we obtained microstructures ranging from Q-carbon 

layers and nanoballs to nanodiamonds and microdiamonds with increasing pulse energy density. 

This is related to decreasing undercooling with increasing pulse energy density. These films 

undergo melting and subsequent quenching during PLA, wherein the rate of undercooling is the 

key for the growth of these structures. At a lower energy density in PLA, we see the formation of 

uniform 2D Q-carbon structures which evolve into strings/rings like self-organized Q-carbon 

nanoballs on increasing the energy density. This unique feature of self-organization into nanoballs 

has several interesting applications. It is envisaged that these Q-carbon nanoballs can be harder 

than Q-carbon films with robust ferromagnetism and, therefore, find applications in drug coating 

and target delivery. These nanoballs have embedded nanodiamonds making it a suitable Q-

carbon/diamond composite. Minimizing the undercooling at even higher energy density we form 

homogeneous film comprising of densely packed nanodiamonds (5–20 nm) which can serve as 

active N-V sites upon doping with N. We observed <100> oriented microdiamonds with a little 

increase in the energy density.  We rationalize microstructures using a framework showing that 

undercooling and quenching rate can generate a pressure pulse which is the key to the formation 

of these nonequilibrium structures.  This ability to selectively tune between diamond or Q-carbon 

or their composites is highly desirable for various applications ranging from targeted drug delivery, 

field emission, protective coating and nanosensing applications. Furthermore, we use Q-

carbon/diamond composite and nanodiamonds as seeds to grow microdiamonds by HFCVD. It is 

observed that the Q-carbon nanoballs were more effective as seeds since they provided higher 
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number of active nucleation sites and resulted in stress-free, denser, and adherent films. The ballas 

type of diamonds formed here are reportedly harder and stronger and its combination with Q-

carbon composite as seeds make them a suitable candidate in wear and display applications. The 

<100> faceted diamond formed is ideal for field emission and display device applications. This 

study opens the door to the fabrication of carbon polymorphs by the basic understanding of the 

laser-solid interactions in thin films and tuning between the structures by changing the energy 

density of the laser. Depending on the application we can form and selectively tune between these 

structures based on laser parameters for a variety of biomedical applications, nanosensing and 

other quantum devices which can operate at room temperature. 
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5.6. Figures 

 
Figure.5.6.1 Schematic of Pulsed Laser Deposition of DLC film on r- sapphire and subsequent 
Pulsed Laser Annealing (PLA) of the film to form Q- carbon, Q- carbon nanoballs and diamond 
film based on selective quenching and undercooling by different energy densities. 

 

Figure.5.6.2 SLIM simulation results: (a) Temperature vs. time; (b) Melt depth vs. time with 
inset showing the regrowth velocity plot. 
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Figure.5.6.3 SEM images at (a) 0.60 J cm-2 showing 2D Q-carbon thin film, (b) 0.70 J cm-2 

showing Q-carbon nanoballs with nanodiamonds embedded, (c) 0.80 J cm-2 showing 
nanodiamonds film, and d) 0.85 J cm-2 showing microdiamonds on r-sapphire. 
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Figure.5.6.4 Raman spectra of (a) DLC deposited with low sp3 content, (b) Pulsed laser 
annealing at 0.60 J cm-2 showing Q-carbon film beneath the cracks, (c) PLA at 0.70 J cm-2 
showing Q-carbon nanoballs with nanodiamonds embedded and pure Q-carbon balls shown in 
the inset, (d) PLA at 0.80 -0.85 J cm-2 showing a sharp diamond peak at 1334.1 cm-1 on r- 
sapphire with the inset showing Raman peak of nanodiamond clusters at 1328 cm-1. 
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Figure.5.6.5 M-H curve showing room temperature ferromagnetism in Q-carbon composites 
with finite coercivity. Lower inset shows the diamagnetic behavior of DLC film before 
annealing.  

 
Figure.5.6.6 SEM (Secondary electron mode) micrographs of diamond film grown by HFCVD 
method at different magnifications using (a), (b) Q-carbon seeds (c), (d) diamonds seeds. 
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Figure.5.6.7(a) HRSEM showing the formation of <100> oriented diamond over large area. (b) 
EBSD pattern at 70°. (c) Orientation relationship diagram showing the crystal structure of <100> 
diamond growth (d) Optical image of the annealed large-scale integrated wafer. 

 
Figure.5.6.8 Raman spectra obtained from different regions in the CVD microdiamond film 
grown on (a) Q-carbon/nano diamonds seeds at 1332.5cm-1, (b) nanodiamond seeds showing 
peak at 1333.3 cm-1, on r-sapphire substrate. 
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Figure.5.6.9 X-Ray diffraction pattern by grazing incidence obtained from different regions in 
the diamond film grown using Q-carbon and diamond seeds. 
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Figure 5.6.10(a) Low-resolution image to enhanced diamond nucleation on a-plane sapphire, 
which decreases as the Q-phases is absent as we go away from the interface in the region marked 
inside white boundary, (b) high-resolution image showing the nucleation difference on a-plane 
sapphire with the inset showing crystalline diamond growth of ~1.5um. (c) Formation of 
diamond inform of continuous plates, parallel to each other(focused in red region) in the interface 
boundary of annealed region in a-sapphire, (d) <100> faceted diamond nucleation facilitated on 
a-plane sapphire by q-carbon, (e) Raman spectra obtained from site marked in red confirming 
diamond growth with T2g peak at 1333.1cm-1. 
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Figure 5.6.12HRSEM images showing (a)faceted microdiamonds on r-sapphire, (b) low 
resolution image showing the scale-up of these microneedles throughout the area, (c)epitaxy of 
the formed microdiamonds, (d) the average size of the microneedles and inset showing high 
nucleation growth. 

Figure 5.6.11 Unit cell orientation and Kikuchi patterns obtained by EBSD on (a) r-sapphire 
substrate and (b,c) diamond microneedles with the focusing spot on the top and side of the 
diamond microneedles, repectively. 
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Figure 5.6.14 Schematic showing the formation of nanodiamond rings and larger nanodiamonds 
growing on the substrate epitaxially. 

 
 
 
 

Figure 5.6.13Raman spectra of microneedles grown on r-sapphire with (b) showing the Gaussian 
fitting of the diamond T2g peak. 
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5.7. Table 

 

Table 2 Epitaxial relationship of diamond growth on r- and a-sapphire by LME and DME 

 
Substrate as (nm) Diamond af (nm) LME 

value 
DME 
value 

alpha 

r-sapphire {0.477,1.538} <100> {0.357,0.357} {-25.1%,-
76.8%} 

{3-4, NP} 0.0225 

r-sapphire {0.477,1.538} <110> {0.504,0.504} {5,9%,-
67.2%} 

{LME,NP} 0.3717 

r-sapphire {0.477,1.538} <111> {0.618,0.618} {29.7%, -
59.8%} 

{3-4, NP}  

a-sapphire {0.825,1.298} <100> {0.357,0.357} {56.8%,-
72.5%} 

{1-2, NP}  

a-sapphire {0.825,1.298} <110> {0.504,0.504} {-38.9%, 
-61.1%} 

{2-3, NP} 0.427 

a-sapphire {0.825,1.298} <111> {0.618,0.618} {-25.1%, 
-52.4%} 

{3-4, NP} 0.0225 
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 Formation of Si doped Q-Carbon with wafer-scale integration [*] 

 
[*]:Riley, P. R., Joshi, P., Khosla, N., Narayan, R. J., & Narayan, J. (2022). Formation of Q-

carbon with wafer scale integration. Carbon, Vol196, Pages 972-978,ISSN 0008-6223 

 

6.1. Abstract 

We describe the formation of highly uniform Quenched-carbon (Q-carbon) layers by 

plasma-enhanced chemical vapor deposition (PECVD) followed by low-energy Ar+ ion 

bombardment to achieve wafer-scale integration of Q-carbon films. After PECVD, 9 nm and 20 

nm thick silicon-doped diamond-like carbon (Si-DLC) films showed complete conversion into Q-

carbon using 250eV Ar+ ions via negative biasing. However, this conversion was only partial for 

30 nm thick films. Detailed EELS, XPS, Raman, and EDS studies were carried out to confirm the 

formation of Q-carbon by this method. We discuss the mechanism of Q-carbon formation as a 

result of low-energy ion bombardment during PECVD of thin films. These ions during negative 

biasing are energetic enough to create Frenkel defects, which support the conversion of the three-

fold coordinated sp2 carbon units in as-deposited carbon into sp3 bonded five-atom tetrahedron 

units in Q-carbon. This process enhances the atomic number density and fraction of sp3 bonded 

carbon. These diamond tetrahedra are randomly packed and provide easy nucleation sites for 

diamond. If the underlying substrate can provide an epitaxial template for diamond growth via 

domain matching epitaxy, then wafer-scale growth of diamond epitaxial films can be achieved for 

wafer-scale integration and next-generation novel device manufacturing from diamond-related 

materials.   
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6.2. Introduction  

Quenched-carbon (Q-carbon) is a new allotrope of carbon with a unique structure and many 

extraordinary properties. Q-carbon consists of randomly packed tetrahedra with four-fold sp3-

hybridized carbon (> 75-80%) and the rest three-fold sp2-hybridized carbon at the interface [1]. 

This allotrope has a higher number density of covalently bonded carbon atoms than diamond; 

therefore, it is harder than diamond because hardness is shown to scale approximately with the 

number density of atoms [2]. The diamond crystal lattice (DCL) has the highest number density 

of covalently bonded carbon atoms (1.77x1023cm-3), which results in the ultra-hardness.  However, 

DCL has the lowest atomic packing fraction (APF) of 34%, compared to 74% for the closed packed 

FCC and HCP lattices. This low APF intrigued us to enhance the number density of atoms and 

create new covalently bonded materials. Upon a closer examination of diamond unit cell, it was 

found that the diamond cubic unit cell consists of two types of tetrahedra, one with central atoms 

(D1) and other with missing central atom (D2). The unit cell consists of four D1 and four D2, 

which alternate to create DCL, with net 8 atoms per unit cell. It occurred to us that by putting 

together D1 only, we can gain 4 four atoms and increase to 12 atoms per unit cell, thereby 

increasing APF to 51%, which is still lower than 54% for simple cubic structure. This unit cell 

with 12 atoms has CaF2 structure, but this covalently bonded carbon unit cell cannot be repeated, 

as the face atoms already have four covalent bonds. However, D1 tetrahedra can be packed 

randomly and lead to 60% higher number density of atoms with 80% packing efficiency of D1. 

This is the essence of Q-carbon discovery, where D1 are formed in a metallic undercooled carbon 

melt and quenched rapidly and packed to create a new structure with many extraordinary properties 

[3, 4]. 
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The Q-carbon is an ideal ultrahard coating since it is harder, tougher, and more adherent 

than diamond. Undoped Q-carbon exhibits robust room-temperature ferromagnetism [1]. Upon 

doping with B, Q-carbon forms amorphous polymorphs with distinct record superconducting 

transition temperatures [3, 5]. This process is consistent with our basic understanding of the 

intimate relationship between hardness and superconductivity through Debye frequency and spring 

constant (stiffness). In addition, Q-carbon provides easy nucleation sites for diamond growth by 

conventional HFCVD, PECVD, and MWCVD, all of which require seeding for diamond growth. 

If the underlying substrate can provide an epitaxial template via domain matching epitaxy, then it 

is possible to achieve wafer-scale epitaxial growth of diamond films [6]. 

Until now, Q-carbon has been produced by laser irradiation of diamond-like carbon (DLC) 

films using a nanosecond pulsed excimer laser [7]. During the pulsed laser annealing (PLA) 

method, the DLC film experiences a fast undercooling and a first-order phase transformation from 

liquid to solid, which culminates in the formation of Q-carbon. The Gibbs free energy (ΔGT) is 

given by ΔGT= -ΔHm. ΔTu /Tm, where ΔTu is the undercooling, ΔHm is the enthalpy of melting, and 

Tm is the melting temperature. Thus, the driving force for Q-carbon formation is provided by the 

undercooling ΔTu. We have shown that a high undercooling (> 1000 K) and fast quenching are 

necessary for this transformation [7 ,8].  

Past efforts involving the deposition of diamond using plasma-enhanced chemical vapor 

deposition (PECVD) have shown that by applying negative bias, an amorphous layer of carbon is 

generated; the diamond nucleation increases on the amorphous carbon layer. The carbon layer 

formed during the biasing is responsible for the greater diamond nucleation density. Yugo et al. 

described an improvement in diamond nucleation by applying negative bias during the PECVD 

process [9]. Stoner et al. utilized negative biasing during bias-enhanced microwave PECVD for 
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diamond synthesis on a silicon substrate. They described the formation of an amorphous layer of 

silicon carbide with a thin layer of amorphous carbon on top due to biasing [10]. They noted that 

the amorphous carbon layer plays an important role in the improvement of diamond nucleation. 

Kim et al. also detected the formation of a carbon layer on the top surface of bias-treated substrates 

during the bias enhanced nucleation (BEN) process for the growth of diamond [11]. Later, when 

the BEN process was used by Schreck et al. for diamond nucleation, the emergence of some bright 

domains during the BEN process was an interesting observation [12]. The diamond nucleation and 

growth were significantly higher and epitaxial inside the domains compared to outside the 

domains. They reported that the bright domains were highly stable; however, they did not provide 

a detailed structural understanding of the domains. Liao et al. revealed that the main mechanism 

for the enhancement in diamond nucleation during the BEN procedure is ion bombardment [13]. 

In another study, Schreck et al. suggested that during the ion bombardment in the microwave 

PECVD process, the ions promote the formation and lateral growth of the domains with a lateral 

growth velocity of 1.67 nm/s [14]. However, such a growth rate is not possible without excessive 

displacement damage. Recently, Narayan et al. proposed mechanisms to explain the structure of 

the amorphous carbon layer produced by negative biasing [15]. They noted that since the domains 

are highly rich in sp3 content with some diamond components [13,14,15], the structure of the 

domains is very similar to the Q-carbon structure. They also provided the mechanisms for the 

formation of Q-carbon domains under low-energy ion bombardment in the solid state. Based on 

this theory, the energy of the ions during ion bombardment is high enough for the formation of 

Frenkel pairs per ion. The Frenkel pairs consequently convert the sp2 carbon bonds into sp3 carbon 

bonds. The energy is adequate to stabilize and produce compact sp3 diamond tetrahedra units that 

are needed for the Q-carbon structure.  
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In the present work, the formation of silicon-doped Q-carbon (Si-Q-carbon) by low-energy 

ion bombardment in a PECVD chamber using appropriate values of negative bias was 

demonstrated. In this process, the CH3+ ion bombardment assisted with the formation of sp3 carbon 

bonds. Postprocessing of the surface of Si-Q-carbon by argon ion bombardment was performed to 

obtain a first-order phase transformation of sp2 bonds into sp3 bonds for Q-carbon formation. Our 

analysis shows the formation of silicon-doped Q-carbon with a high content of sp3 C-C bonds (up 

to 86%). We have examined the changes in the structure and the sp3 content of the Si-Q-carbon 

films with an increasing duration of CH3+ ion bombardment during the deposition process. The 

mechanism of Q-carbon formation using low-energy ion bombardment is discussed in detail. This 

method provides the capability of Q-carbon production at a large scale (up to 12” wafer) with 

controlled thickness. The ability to produce continuous Q-carbon at a large scale is important for 

industrial applications. Therefore, this method is suitable for Q-carbon and diamond coatings for 

applications such as protective coatings and diamond-based electronic devices.  

6.3. Experiment Procedure 

Synthesis of Si-Q-carbon by PECVD: Silicon (100) substrates 6” diameter were cleaned 

by ultrasonication in an acetone bath for 5 minutes and then in methanol bath for 5 minutes. The 

substrates were immediately loaded inside the chamber of the deposition system. The deposition 

system utilized in this work is a Radio Frequency Plasma-Enhanced Chemical Vapor Deposition 

(RF-PECVD) system in the Nanofabrication Facility (NNF) at North Carolina State University 

(NCSU). The PECVD system is a custom-designed system that generates plasma in a capacitively 

coupled mode. The stainless-steel chamber of the system has a cylindrical shape and is custom 

manufactured for deposition on large-size substrates. In the capacitively coupled mode, plasma is 

generated between a driving electrode that is connected to a radio frequency power supply and a 
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counter electrode. In this system, the driving electrode with a diameter of 12 inches is seated on 

the bottom plate of the chamber and also serves as the substrate holder. Thus, wafers up to 12” 

diameter can be used for Q-carbon deposition. The driving electrode is connected to an RF power 

supply (RFX-600, Advanced Energy, Denver, CO, USA) with a 13.56 MHz frequency; it is 

electrically insulated from the rest of the chamber, which serves as the counter electrode. The 

counter electrode is grounded; the chamber is equipped with a water-cooling system. The pumping 

system provides a base pressure of approximately 2×10-8 Torr. The process gases flowed inside 

the chamber from above through a showerhead distribution ring. The deposition procedure was 

comprised of loading, plasma cleaning, plasma deposition, postprocessing, and unloading steps. 

After a pump-down for at least 3 hours and attainment of the base pressure, a plasma cleaning 

procedure was carried out for 10 minutes using argon gas with a mass flow rate of 90 SCCM. The 

deposition step was carried out using 1.6 SCCM of tetramethylsilane (TMS) and 90 SCCM of 

argon for 3 minutes, 4.5 minutes, and 6 minutes to obtain the 9 nm, 20 nm, and 35 nm samples, 

respectively. During the deposition step, the peak-to-peak voltage (Vpp) was maintained at 300±10 

V with an RF power of 83±10 W and a DC bias of -150±10 V. The postprocessing plasma 

treatment was performed by 90 SCCM argon gas for 5 minutes with a Vpp of 500±10 V, an RF 

power of 160±10 W, and a DC bias of 250±10 V. During all of the procedures, the total pressure 

was kept at 50 mTorr by a Baratron gauge (MKS, Andover, MA, USA). 

Materials characterization: The thickness of the samples was estimated by the contact 

profilometry method through the step-height measurement technique using a Dektak D150 (Veeco, 

Plainview, NY) with a tip size of 12.5 µm in radius. The thickness of the samples was evaluated 

using cross-section high-resolution TEM imaging from prepared cross-sectional samples. Raman 

characterization was conducted using an alpha300 M confocal microscope system (WITec, Ulm, 
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Germany); the instrument was equipped with a 532 nm solid-state green light laser and a UHTS 

300 spectrometer. The laser spot size was ~ 2 µm in diameter; the grating size was 600 I/mm. The 

Raman spectra were calibrated using the standard characteristic peak of silicon (520.6 cm-1). The 

cross-sectional samples were prepared using a Focused Ion Beam (FIB) technique (Quanta 3D 

FEG, FEI, Hillsboro, OR, USA). The cross-sectional images, the energy-dispersive X-ray analysis 

(EDS) data, and electron energy-loss spectroscopy (EELS) data were obtained with a high-

resolution transmission electron microscope (S/TEM, Talos-F200 microscope, Hillsboro, OR, 

USA) with an ‘XFEG’ Schottky field emission electron gun source operating at 200 keV. The 

EELS signals were acquired using a collection semi-angle of 5 mrad and a dispersion of 0.25 

eV/channel. X-ray photoelectron spectroscopy (XPS) data were acquired using an Axis Ultra XPS 

system (Kratos Analytical, Spring Valley, NY, USA); the instrument contains monochromated 

aluminum Kα (1.487 keV) as the X-ray excitation source. For the survey scan, a pass energy of 

160 eV was utilized; for the region scan, a pass energy of 20 eV was used. All of the data were 

calibrated to the C-C peak at 284.8 eV. 

 
6.4. Results and Discussions  

 The silicon-doped Q-carbon formation 

 
The thickness of the three sets of samples was measured to be 9±0.5 nm, 20±0.5 nm, and 

35±0.5 nm by using the contact profilometry method. Raman analysis, which provides information 

about the vibrational modes and bonding of the samples, is shown in Fig. 6.1. The Gaussian 

distribution was utilized for the deconvolution of the peaks. All of the signals can be deconvoluted 

into two peaks. The fitted peak at around 1320 cm-1, which is known as the D peak, is assigned to 

the breathing mode of the sp2 bonds due to the presence of defects in the structure [16]. The second 
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fitted peak at around 1485 cm-1 is the G peak and is ascribed to the stretching of the sp2-bonds 

present in the rings or chains [17,18]. For carbon structures that are not doped with silicon, the D 

and G peaks are typically observed at higher wavenumber values [19]. With the incorporation of 

silicon atoms in the lattice of the carbon structures, a downshift in the D and G peak positions was 

observed [20–23]. Since silicon can only form fourfold-coordinated links with carbon atoms, it 

cannot form the threefold-coordinated configuration. Therefore, no π-bond will form with silicon 

atoms, and the ratio of sp3/sp2 in the structure increases. This process shrinks the size of the sp2 

domains in the structure. The increase in the sp3 content results in the reduction of the internal 

residual compressive stress in the silicon-doped Q-carbon structure. The de-strained bonds vibrate 

with lower frequencies. Thus, the downshift in the wavenumbers of the D and G peaks is partially 

related to the internal stress reduction. The addition of silicon to the structure also weakens the 

bonds between the C-C bonds by forming Si-C bonds and culminates in the downshift of the D 

and G peaks and the reduction in the intensity ratio of the peaks (ID/IG) [20–22,24]. The increase 

in the ID/IG ratio is proportional to the increase in the sp2/sp3 ratio [23,25–29]. The fitting results 

represent the ID/IG values of approximately 0.26, 0.23, and 0.20 for the samples with thicknesses 

of 35 nm, 20 nm, and 9 nm, respectively. Hence, the sp3 content of the sample with a thickness of 

9 nm is the highest, and the sp3 content of the sample with a thickness of 35 nm is the lowest. The 

trend of the changes in sp2 and sp3 content with the changes in the thickness of Si-Q-carbon films 

will be further investigated to understand the basis of these changes. A typical Raman signal from 

silicon-doped diamond-like carbon structures is shown in the supplementary file (Fig. S.1). The 

results indicate the enhancement in the sp3 content of the Si-Q-carbon structures in comparison 

with the silicon-doped diamond-like carbon structures. 
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To confirm and quantify the sp3 and sp2 carbon-carbon content of the three films, the room-

temperature EELS close to the surface of the samples was carried out. The focused ion beam 

method was utilized to prepare the samples for EELS characterization. The enlarged spectra of the 

C-K edges of the three samples between 280 to 310 eV is illustrated in Fig. 6.2. The samples show 

the characteristic C-K edge EELS signal of Q-carbon structures. A typical EELS spectrum of Q-

carbon consists of a π* peak with the onset of ~ 284 eV and a broad σ* peak with the onset of ~ 

290 eV [30]. The π* peak is assigned to the sp2-hybridized orbitals, and the σ* peak reveals the 

presence of the sp3-hybridized atomic orbitals in the Q-carbon structure. When comparing the π* 

region of the three samples in Fig. 6.2, it is evident that the π* region in the sample with 35 nm 

thickness is greater than that of the other two samples; the thinnest sample (9 nm) has the smallest 

π* region. Therefore, qualitatively, the thinnest sample (9 nm) has the highest sp3 content, and the 

35 nm sample has the lowest sp3 content. 

To quantify the carbon-carbon sp2 and sp3 fraction of each sample, the C-K edges are fitted 

using the Gaussian fitting routine [31,32]. The sp2 content can be estimated by comparing the π*/σ* 

value of the sample with a known π*/σ* using the following equation [33,34]: 

         (9
∗/;∗)&'()*+	-.(/&./(0

(9∗/;∗)-.1
= <=

>?=
                                                      (6.1) 

where x is the sp2 fraction and (π*/σ*)std is equal to 1/3, which is the π*/σ* value for graphite. 

Graphite is utilized as the reference material since it is composed of 100% sp2 bonds [35]. Fig. 6.3 

depicts the Gaussian fitting of the C-K edges of the samples. The C-K edges can be fitted using 

the three characteristic peaks of C=C π*, C=C σ1*, and C-C σ2*. The sp2 fractions estimated from 

Eq. (1) are ~14% (sp3≈86%), ~23% (sp3≈77%), and ~27% (sp3≈73%) for the samples with a 

thickness of 9 nm, 20 nm, and 35 nm, respectively. Thus, the trend of changes in sp3 content with 

changes in thickness is consistent with the results obtained from Raman analysis. The 9 nm silicon-
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doped Q-carbon sample contains approximately 86% sp3 C-C bonds; in comparison, the typical 

value of sp3 content for silicon-doped diamond-like carbon (Si-DLC) structures is ~ 55% [32]. 

Hence, low-energy ion bombardment has effectively promoted the formation of sp3 bonds, 

prevented the formation of sp2 bonds, and resulted in the generation of silicon-doped Q-carbon. 

The mechanisms of how the low-energy ion bombardment facilitates the generation of Si-Q-

carbon will be discussed later. 

The XPS analysis provides the bonding information and the elemental composition near 

the surface. Fig. 6.4(a) highlights the XPS spectra acquired from the three samples and shows the 

presence of silicon, carbon, and oxygen in the structures of all of the samples. Fig. 6.4(b) 

summarizes the atomic ratio (atomic%) of carbon, silicon, and oxygen that is present on the surface 

of the samples. From Fig. 6.4(b), it is clear that the atomic ratio of the Si-Q-carbon samples with 

9 and 20 nm thickness are similar; the atomic ratios for these two samples are different from that 

of the 35 nm sample. On the surface of the 35 nm sample, the atomic percent of oxygen is 

significantly higher than the other two samples. The increase in the oxygen content on the surface 

of the 35 nm sample may occur due to the sputtering of the chamber walls with the ions from the 

low-energy ion bombardment process. The oxygen-containing bonds exist on the walls of the 

chamber from previous use of the chamber with oxygen gas or from moisture and provide the 

source of oxygen. Since the desorption of the oxygen-containing species from the walls of the 

chamber depends on time, by increasing the thickness of the samples with a longer deposition 

time, the contamination of the sample with oxygen is increased. As such, the 35 nm sample 

contains a higher amount of oxygen on its surface. We will further examine this matter with EDS 

characterization.  
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The XPS high-resolution C 1s spectra (Fig. 6.5) reveal the bonding characteristics of the 

samples. Fig. 6.5(a) shows that the C 1s band of the samples becomes broader and less conspicuous 

with increasing thickness. Thus, the sp3 content of the samples is decreasing with increasing 

thickness. The tail of the spectra in the region of 286-290 eV becomes more dominant with 

increasing thickness, implying an increase in the oxygen-carbon bond content. The Shirley model 

was used for the background omission, and the Gaussian distribution model was applied following 

a previous approach [36] to appropriately establish the deconvoluted peaks. The deconvoluted 

bonds observed at 283.5, 284, 284.9, 286.4, and 288 eV are attributed to Si-C bonds, sp2-

hybridized carbon bonds, sp3-hybridized carbon bonds, C-O bonds, and C=O bonds, respectively 

[37]. The 35 nm sample also shows the presence of O-C=O bonds at 289.5 eV. The content (%) of 

each bond is displayed in Table 3. Table 3 indicates that by increasing the thickness, the Si-C 

content and carbon-carbon sp3 content decrease, while the carbon-carbon sp2 content and oxygen-

carbon content increase. The sp3 content of the 9 nm sample was almost 80%; in comparison, our 

previous XPS sp3 quantification results for the silicon-doped diamond-like carbon (Si-DLC) 

structure [32] that was produced using the same PECVD system without applying the low-energy 

ion bombardment was ~ 55%. The XPS data may indicate lower sp3 content in comparison with 

the EELS data since the carbon-oxygen and carbon-silicon bonds are also considered in the XPS 

calculations. Hence, the results are in good agreement with the Raman and EELS data; in addition, 

the results predict the formation of oxygen-containing bonds on the surface over the time of 

deposition with increasing thickness. 

The focused ion beam method was utilized to prepare samples for the high-resolution 

transmission electron microscopy imaging (Fig. 6.6(a-c)) and EDS mapping (Fig. 6.6(d-f)). The 

red rectangles in the figures show the position of the Si-Q-carbon films. The thickness values 



 

115 
 

observed in Fig. 6.6(a-c) match the thickness values obtained from the contact profilometry 

method. In EDS mapping (Fig. 6.6(d-f)), the elements are marked with different colors: carbon in 

green color, oxygen in red color, and silicon in orange color. A layer of SiO2 that normally exists 

on the surface of silicon substrates can be observed under the three Si-Q-carbon layers. The 

dominated color in the Si-Q-carbon layers is green, indicating the presence of carbon as the main 

element. In Fig. 6.6(f), an oxygen-rich layer can be observed on the top surface of the 35 nm Si-

Q-carbon layer. This layer confirms the results obtained from XPS characterization and is the result 

of the time-dependent effusion of the oxygen from the chamber walls during the ion bombardment 

process. 

 The mechanism of Si-Q-carbon formation by low-energy ion 

bombardment 

During the deposition step with argon and TMS gases, a negative bias of ~150 V was 

applied to the substrate, resulting in the bombardment of the substrate with a high dose of positive 

ions (on the order of 1015-1017 cm-2.s-1 [10,13,38]). Generally, in the plasma of Ar/TMS, the main 

generated ions with intense signals characterized by mass spectrometry (MS) and optical emission 

spectroscopy (OES) are [39]: H3+, Ar+, C3H5+, ArH+, CH3+, SiCH+, SiH2CH3+, SiH(CH3)2+, and 

Si(CH3)3+. Among them, CH3+ ions with an energy of 150 eV (bias voltage× charge) are not able 

to generate Frenkel pairs in the amorphous carbon structure upon collision to the surface. The 

Number of the Frenkel pairs (NFP), which are vacancy-interstitial pairs, can be estimated using 

[40]: 

                                     𝑁@6 =
$.AB"
CB1

                          (6.2) 

where Ed is the threshold energy of damage and ED is the damage energy that can be 

calculated for low-energy ions by: 
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where m1, m2, and Ei are the mass of the incident ion, the mass of substrate, and incident 

ion energy, respectively. Considering the threshold damage energy or the displacement energy of 

diamond (Ed) as 45-70 eV [41,42], the CH3+ ions with 150 eV energy are not able to create Frenkel 

pairs upon bombarding the surface of amorphous carbon (assuming Ed = 70 eV). Thus three-fold 

coordinated carbons are not converted into the tetrahedron units with a central atom (consisting of 

five four-fold coordinated carbons) [6]. 

To promote the generation of Frenkel pairs and the conversion of sp2-bonded carbons into 

sp3-bonded carbons, postprocessing of surface treatment on the samples was performed utilizing 

argon plasma. During this process, the surface of the samples was bombarded using argon plasma 

with a negative bias of ~250 V. The argon ions with an energy of ~250 eV are able to generate one 

Frenkel pair per each argon ion. Considering the high dose of argon ions of up to 1017 cm-2.s-1, the 

argon surface treatment can effectively convert ~10nm thick amorphous carbon structure into the 

Q-carbon phase. This Q-carbon conversion for thicker layers beyond 10 nm is only partial. It is 

noteworthy to mention that the energy of argon ions is not sufficiently high to generate significant 

damage to the structure and prohibit the formation of sp3-carbon bonds. We estimate that multiple 

Frenkel pairs produced by Ar+ ions in the energy range of 500 eV to 1000 eV may lead to more 

damage and not be conducive to formation of Q-carbon. 

6.5. Conclusion 

Low-energy ion bombardment through applying negative bias was utilized during the 

PECVD deposition to transform the low sp3-content amorphous carbon structure into a Q-carbon 

structure. Ar and TMS were used as the processing gases for the deposition of Si-Q-carbon. For 

further transformation of the three-fold coordinated carbons into five-atom tetrahedron units, 
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postprocessing of the samples using Ar+ ion bombardment with a ~250 eV negative bias was 

carried out. The EELS, XPS, and Raman analyses confirm that the energy of the CH3+ ions during 

the deposition and the energy of the Ar+ ions during the postprocessing were adequate for this 

transformation into Si-doped Q-carbon structure with a sp3 carbon content of up to 86% was 

formed on a 6” silicon wafer. With the low-energy ion bombardment method, we deposited three 

different thicknesses of Si-Q-carbon (9 nm, 20 nm, and 35 nm). The 250 eV Ar+ ion bombardment 

is able to convert ~10 thick amorphous carbon into Q-carbon effectively. For thicker carbon layers 

this conversion into Q-carbon was only partial. Applying ion bombardment with an optimized 

energy is important for the successful generation of the Q-carbon phase. The energy of the ions 

during low-energy ion bombardment should be high enough to contribute to the formation of 

Frenkel pairs and the generation of five-atom tetrahedron units. However, with a further increase 

in the energy of the ions during ion bombardment, the stress induced by the ions is much higher 

and faster than the relaxation time (the time for the transformation of sp2 bonds into sp3 bonds); 

this phenomenon causes graphitization and an increase in the sp2 content. Since Q-carbon can be 

converted readily into nanodiamonds with additional laser pulses, these Si-doped Q-carbon layers 

provide an ideal platform to create SiV nanodiamonds for nanosensing and qubits for quantum 

computing. Our recent results on magnetic measurements have shown robust ferromagnetism at 

room temperature in Si-doped Q-carbon. The coercivity and saturation magnetization decrease 

with increasing thickness. This is consistent with decreasing fraction of Q-carbon. The details of 

this work will be reported shortly [43]. 
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6.6. Figures 

 
Figure 6.6.1 The Raman spectra of the three samples with different thicknesses (Si-Q-carbon 
refers to the silicon-doped Q-carbon structure). 

 

 
Figure 6.6.2 The C-K edge EELS spectra of the three samples with different thicknesses 
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Figure 6.6.3 The Gaussian fitting of the C-K edges of the samples with different thicknesses. 

 

 
 

Figure 6.6.4 (a) The XPS spectra of the Si-Q-carbon samples, and (b) the atomic ratio of the 
elements (in atomic%) present on the surface of the samples. 
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Figure 6.6.5 (a) The high-resolution C 1s bands of the three samples, and the deconvolution of 
the high-resolution C 1s band of (b) 9 nm Si-Q-carbon, (c), 20 nm Si-Q-carbon, and (d) 35 nm 
Si-Q-carbon. 
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Figure 6.6.6 The high-resolution transmission electron microscopy of the samples with a 
thickness of: (a) 9 nm, (b) 20 nm, and (c) 35 nm. The EDS map of the samples with a thickness 
of: (d) 9 nm, (e) 20 nm, and (f) 35 nm.  
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6.7. Table 

Table 3 The content (%) of each bond from the deconvolution of the C 1s bands of the three 
samples. 

 

 

 
 

 

 

  

Si-Q-carbon Deconvoluted Peaks in C 1s spectra 

Si-C sp2 sp3 C-O C=O O-C=O 

Content (%) 

9 nm 3.4 7.7 79.6 5.1 4.2 - 

20 nm 1.4 10.7 75.2 9.4 3.3 - 

35 nm 0.6 12.54 54.21 26.6 3.99 2.06 
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7.1. Abstract 

Q-carbon is a newly discovered allotrope of carbon with unique functional properties and 

robust mechanical strength. We propose that the surface of the Q-carbon can be functionalized by 

doping it with silicon to enhance its performance as a potential bioimplant material. As such, a 

coating of silicon-doped Q-carbon (Si-Q-carbon) is shown to minimize the formation of biofilm, 

thus reducing the risk of microbial infection.  Here in, we report the formation of Si-Q-carbon 

coatings of varied thicknesses (10 nm and 20 nm) through the plasma-enhanced chemical vapor 

deposition (PECVD) technique. The surface composition and the bonding characteristics of the 

thin films were evaluated by Raman and XPS analysis and showed that the thinnest sample (10 

nm) has high sp3 content with an ID/IG ratio of 0.23. Furthermore, the wettability and surface energy 

calculations were performed to investigate the hydrophilic characteristics of the coatings. The 10 

nm sample was found to be more hydrophilic with a water contact angle of 75.3 ± 0.64°. The 

antibacterial activity of Si-Q-carbon coatings was investigated using a Staphylococcus epidermidis 

multi-well plate screening technique and the adhesion of bacteria was explained in terms of the 

surface properties of the thin films. We demonstrate that the Si-Q-carbon coatings with the highest 

sp3 content are hydrophilic and show an 80% reduction in the formation of a biofilm. We envisage 

the potential application of Q-carbon in arthroplastic devices with enhanced mechanical strength 

and resistance to periprosthetic joint infections (PJIs). 
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7.2. Introduction  

Carbon-based materials have gained much attention in biomedical research due to their 

exceptional biocompatibility, chemical stability, and outstanding mechanical properties [1]. 

Among them, diamond-like carbon (DLC) is widely explored as a potential biomedical implant 

material due to its enhanced resistance to corrosion [2], anti-inflammatory properties [3], 

antimicrobial activity [4], and improved tribological properties [5]. Furthermore, DLC coatings 

can be grown on various substrates at relatively low deposition temperatures [6] making this class 

of carbon-based materials economically and technologically important.  

A number of thin film deposition techniques have been reported for the growth of DLC 

coatings including both chemical vapor deposition (CVD) and physical vapor deposition 

techniques [7]. Among them, Plasma-Enhanced CVD (PECVD) technique is widely applied for 

the deposition of conformal DLC coatings due to its suitability for large-scale manufacturing [8] 

and ease of synthesis [9]. Moreover, Gotzmann et al have shown that PECVD-grown DLC 

coatings are biocompatible [10]. Silicon is incorporated into DLC to improve the thermal stability 

[11], adhesion of coating with the substrate, and reduce the internal stresses in the film [12]. Liu 

et al have demonstrated that the addition of Si to DLC implant devices has reduced the effect of 

inflammatory reactions in the body [13]. Furthermore, Si prefers to form sp3 bonding states in 

covalent compounds and is known to increase the sp3/sp2 ratio in DLC films [14]. A sp3-rich layer 

reduces the adhesion of bacteria to the surface, enhancing the potential inhibition of 

microorganisms [15]. 

However, Si-DLC shows many strain-localized regions under tensile loading, lowering the 

stress-bearing capacity of the film [16]. It is also demonstrated that an increase in temperature 

decreases the ultimate tensile strength (UTS) of Si-DLC [17], limiting the lifespan of these 
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biomedical implants. Thus, even though Si-DLC coatings have shown promising characteristics 

for a biomedical implant device, they require regular replacement as they degrade over time. 

However, replacement procedures lead to an increased cost of operation and expose the subject to 

a high threat of infection. This demands a new implant material that is mechanically robust, and 

yet chemically inert and biocompatible.  

Quenched-carbon or Q-carbon is a newly discovered allotrope of carbon with extraordinary 

structural and mechanical properties [18-20]. Q-carbon consists of randomly packed tetrahedra 

with a high sp3/sp2 ratio [21]. It is known to be harder than diamond due to a higher number density 

of covalently bonded carbon atoms [22]. Thus, Q-carbon provides ideal ultrahard coatings as it is 

harder, tougher, and more adherent than diamond [22]. Recently, Riley et al synthesized Si-

incorporated Q-carbon (Si-Q-Carbon) thin films by low-energy ion bombardment PECVD 

technique and have shown that Si-Q-carbon is chemically analogous to Si-DLC with tunable sp3-

content [23]. Yang et al. have shown that Si-incorporated DLC coatings exhibit promising 

antifungal properties making them suitable candidates in biomedical implants [24]. However, the 

suitability of Q-carbon in the biomedical industry is yet to be established. 

In the present work, we report the formation of sp3-rich Si-doped Q-carbon thin films on glass 

substrates through the PECVD technique and show that Si-Q-carbon can be an excellent 

replacement for Si-DLC coatings in biomedical implant devices. As-deposited Si-Q-carbon films 

were investigated for their antibacterial activity for the first time. The study was conducted to 

evaluate in-vitro adhesion capability of skin microflora to Si-Q-carbon surface and to correlate 

these findings to surface properties. The surface composition and bonding characteristics including 

the sp3/sp2 content were investigated through XPS and Raman spectroscopy. The wettability and 

hydrophilic character of the films were investigated via water contact angle measurements. As 
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such, the prospects of Si-Q-carbon layers as potential antimicrobial coatings are discussed by 

estimating the interfacial energy between the Si-Q-carbon surface and several test liquids. 

Staphylococcus epidermidis (S. epidermidis) being the common bacterial stain for causing 

biomedical implant infections was chosen to evaluate bacterial adhesion on Si-Q-carbon films. 

Through this study, we demonstrate that Q-carbon holds great promise for preventing bacterial 

infection due to its superior functional properties as compared to DLC coatings. 

7.3. Experiment Procedure 

 Deposition of Si-Q-carbon thin films 

Si-Q-carbon thin films were deposited through a Radio Frequency Plasma-Enhanced 

Chemical Vapor Deposition (RF-PECVD) technique as described by Riley et al [22]. Cleaned and 

dried microscopic glass slides of dimension 15 mm x 15 mm were used as substrates for the 

deposition of Si-Q-carbon thin films. The PECVD system is a custom-designed device that 

generates plasma in a capacitively coupled mode. The pumping system provides a base pressure 

of approximately 2x10-8 Torr. The process gases flow inside the chamber from above and through 

a showerhead distribution ring. The deposition procedure is comprised of loading, plasma 

cleaning, plasma deposition, post-processing, and unloading steps. After an overnight pump-down 

to reach a base pressure of 10-8 Torr, the plasma cleaning procedure was carried out for 10 min 

using argon gas with a mass flow rate of 90 SCCM. The deposition was done using 1.6 SCCM of 

trimethylsilane (TMS) and 90 SCCM of argon for 3 min and 4.5 min to obtain the 10 nm and 20 

nm samples, respectively. During the deposition step, the peak-to-peak voltage (Vpp) was 

maintained at 300 ±10 V with an RF power of 83 ± 10 W and a DC bias of -150 ± 10 V. The post-

processing plasma treatment was performed by 90 SCCM argon gas for 5 min with a Vpp of 500 ± 
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10 V, an RF power of 160 ± 10 W, and a DC bias of 250 ± 10 V. During the procedures, the total 

pressure was kept at 50mTorr by a MKS Baratron gauge. 

 

7.4. Surface characterization 

The thickness of the samples was estimated by contact profilometry method through the 

step-height measurement technique using a Veeco Dektak D150 with a tip size of 12.5 µm in 

radius. The surface roughness of the Si-Q-carbon coating was measured by atomic force 

microscopy (AFM) using an MFP-3D-BIO AFM (Oxford Instruments Asylum Research, Santa 

Barbara, CA, USA) to calculate the surface roughness of the deposited films. The resulting AFM 

images based on 5 µm x 5 µm scans were obtained using tapping mode at a 300 kHz resonant 

frequency under ambient conditions. 

 Surface composition and structural characterization 

Raman spectroscopy was employed to investigate the bonding characteristics and sp3 

content in Si-Q-carbon films. Measurements were done using a WITec confocal microscope 

system (alpha300M) equipped with a 532 nm solid-state green light laser and a UHTS 300 

spectrometer. The laser spot size is ~ 2 µm in diameter, and the grating size is 600 I/mm. The 

Raman signals were calibrated using the standard characteristic peak of Si (520.6 cm-1). The X-

Ray Photoelectron Spectroscopy (XPS) was employed to determine and quantify the surface 

composition of the thin films. Measurements were performed on a Kratos XPS system with an X-

ray excitation source of monochromated aluminum Kα (1.487 keV). Pass energy of 160 eV and 20 

eV was used for the survey scan and the region scan respectively. All the data were calibrated to 

the C-C peak at 284.8 eV. 
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 Wettability and Surface Energy 

Surface energy of the Si-Q-carbon thin films was determined by wettability measurements 

carried out by using deionized water as a test liquid. Owens-Wendt model was used to estimate 

the surface energy components of the sample [24]. According to Owens-Wendt model, the 

dispersive component of the surface energy accounts for van der Waals forces and other non-site 

interactions while the polar component arises from hydrogen bonding and dipole-dipole 

interactions [24]. Young’s equation describes the wetting of a solid surface by a liquid, given as 

follows: 

γS – γSL = γLcosθ   (7.1) 

where γS, γL, and γSL are free energies of the solid, liquid, and solid-liquid interface, 

respectively. The contact angle between the liquid and solid surface is designated θ. The surface 

and interfacial free energy components can be resolved into their dispersive (d) and polar (p) 

components: 

γS = γSd + γSp                                                                 (7.2a) 

               γL = γLd + γLp                                                                 (7.2b) 

            γSL = γSLd + γSLp                                                 (7.2c)  

By expressing (1) as: 

 (1+cosθ) γL = γS + γL – γSL                 (7.3) 

And substituting (2) in (3), we get: 

 (1+cosθ) γL = (γSd + γLd - γSLd) + (γSp + γLp - γSLp)                 (7.4) 

The dispersive component of the interfacial tension between solid and liquid is given by the 

Good-Girifalco-Fowkes rule [24] 

γSLd = γSd + γLd - 2 (γSd γLd)0.5 (7.5a) 
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The polar component is expressed as shown by van Oss et al. 

γSLp = γSp + γLp - 2 (γSp γLp)0.5 (7.5b) 

By substituting the equations (5a) and (5b) in (4), Young’s equation can be rewritten as 

γL[(1+cosθ)/2] = (γSd γLd)0.5 + (γSp γLp)0.5 (7.6) 

The dispersive and the polar components of the solid surface energy can be determined by 

measuring the contact angle of different liquids with known values of γLd and γLp [26]. The water 

contact angle of the Si-Q-carbon films (10 nm and 20 nm) were measured by the OCA 200 contact 

angle goniometer and drop shape analysis system (Data Physics Instruments USA Corp., NC, 

USA). An average of 10 measurements were taken to determine the contact angle value.  

 

 Antibacterial Activity 

Bacterial culture and biological tests were performed by a method reported by Pezzotti et 

al [27]. Freeze-dried pellets of S. epidermidis were incubated at 37 °C for 24 hours in Muehler 

Hinton Agar (MHA). An aliquot of 100 µl of the bacterial suspension was spread onto individual 

MHA agar plates. Three replicates of Si-Q-carbon-coated and -uncoated glass samples were then 

placed in contact with the agar for inoculation purposes, followed by incubation at 37 °C under 

aerobic conditions for 24 hours. The bacterial activity on the test and control samples was observed 

by fluorescence microscopy (BZ-X700; Keyence, Osaka, Japan). For visualization, bacteria were 

stained with two different solutions: (i) 4′,6-diamidino-2-phenylindole (DAPI) stains live bacterial 

DNA imaging the nucleus location and (ii) Sytox Green nucleic acid, stains only dead bacteria 

green. Images were taken at 20X magnification with both the FITC and DAPI filters. 

Deconvolution and threshold adjustments were used to remove blur and background fluorescence. 
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7.5. Results and Discussions 

AFM measurements were done to probe the changes in surface roughness in the as-

deposited Si-Q-carbon samples (Figure 7.1). The root-mean-square (rms) values of the resulting 

AFM measurements were found to be 483 pm and 506 pm for 10-nm and 20-nm samples 

respectively. It is evident from the fact that Si doping enhances the proportion of sigma bonds, 

leading to a higher rms value in a thicker sample [28]. Furthermore, the change in roughness in 

the samples is attributed to the etching of carbon atoms as it is known to increase with increasing 

thickness. It is suggested that increasing the coating thickness increases the water contact angle, 

making the 20 nm sample most hydrophobic. These results are consistent with the contact angle 

measurements and adhesion of bacteria on the surface of Si-Q-carbon.  

Raman spectral analysis was performed to understand the molecular vibrational modes and 

bonding in the sample as shown in Figure 7.2. Gaussian fitting was employed to deconvolute the 

peaks where all the samples could be deconvoluted into two peaks. The peak around 1320 cm-1 (D 

peak) is assigned to the breathing mode of the sp2 bonds due to the presence of defects in the 

structure [29]. The second fitted peak around 1485 cm-1 is the G peak, ascribed to the stretching 

of the sp2-bonds present in the rings or chains [29]. Since Si can only form fourfold-coordinated 

links with carbon atoms, the sp3 content in the Si-doped structures increases [22]. The ID/IG values 

for the Si-Q-carbon thin films of thicknesses 10 nm and 20 nm were found to be 0.20 and 0.23 

respectively indicating the highest sp3/sp2 value in the thinnest sample. These results indicate the 

enhancement of sp3 content in Si-Q-carbon as compared to the Si-DLC structures [31]. 

XPS was performed to determine the surface composition and to validate the bonding 

characteristics determined from the Raman analysis. Figure 7.3(a) shows the survey spectra for 

the Si-Q-carbon samples and 3(b) summarizes the % composition of the elements presents on the 
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surface of the samples. All three samples showed the presence of silicon, carbon, and oxygen in 

their structure. The high-resolution C1s spectra of the samples from XPS indicate the broadening 

of the C1s band with the increasing thickness of the sample. This shows that there is a slight 

decrement in the sp3 content of the samples as the thickness of the sample increases. The Shirley 

model is used for the background omission, and the Gaussian distribution model is performed to 

establish the deconvoluted peaks [32]. The deconvoluted bands observed at 283.5, 284, 284.9, 

286.4, and 288 eV are attributed to Si-C bonds, sp2-hybridized carbon bonds, sp3-hybridized 

carbon bonds, C-O bonds, and C=O bonds respectively [22]. The sp3 content of the 10 nm sample 

is found to be about 80%, the highest compared to our previous XPS quantification results for the 

Si-DLC structures [29]. Thus, XPS results are in excellent agreement with the Raman data.  

The water contact angle optical images are shown in Figure 7.4 with measurements of 75.3 

± 0.64°, and 78.8 ± 0.15° for 9 nm and 20 nm thick samples respectively, rendering the 10 nm 

sample most hydrophilic. Figure 7.5  shows the dispersive and the polar components of surface 

energies of the films determined by equation 2(a). It is known that the polar component of the 

surface energy leads to the hydrophobic character in the film. While the total surface free energy 

of the thin films increases from 22.7 mN/m to 30.5 mN/m, the subsequent polar component 

decreases from 8.6 mN/m to 8.0 mN/m as the film thickness is reduced from 20 nm to 10 nm. This 

validates the hydrophilic character in the 10 nm Si-Q-carbon thin film. Previous reports on the 

surface energy properties of Si-DLC thin films have stressed on the role of surface plasma 

treatment to improve the wettability of films [33]. In this study, we demonstrate that the as-

deposited Si-Q-carbon films are hydrophilic without post-processing treatments. Furthermore, 

Roy et al have shown that the surface wettability is closely related to the polar component of the 

surface energy, which is governed by the polarizability of the surface chemical bonds [34]. Thus, 
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the 10 nm Si-Q-carbon sample with high surface energy and largest sp3/sp2 value shows enhanced 

wettability as compared to the 20 nm thick sample.   

Figure 7.6 shows the quantitative assessment of the presence of living bacteria found on 

both the thin films with n = 9 measurements and three replicates for each sample. Figure 7.7 shows 

the merged DAPI and Sytox fluorescence images for S. epidermidis after 24 h of exposure to the 

Si-Q-carbon thin films. The green stain indicates the dead bacteria and the blue stain indicates the 

presence of live and active bacteria. Among the two samples, 10 nm thick Si-Q-carbon showed 

the highest percent inhibition (80%) of the bacterial activity as compared to the 20 nm sample 

(55%). This indicates that hydrophilicity increases the percent inhibition for biofilm growth. 

Furthermore, it is established that the adhesion of bacteria to the surface depends on (a) sp3-

bonding and (b) surface hydrophobicity [34]. Zhao et al have shown that the bacterial adhesion is 

significantly reduced with the increase in the sp3/sp2 value in DLC thin films [36]. As such, the 

repelling of water by the hydrophobic surface could further bring the cells close to the liquid-solid 

interface leading to the attachment of bacterial cells to the surface [35]. Consequently, the surface 

with the least hydrophilic character (20 nm) facilitates the growth of S. epidermidis and thus has 

least antibacterial characteristics. 

7.6. Conclusion 

In this study, Si-incorporated Q-carbon coatings of varied thicknesses (10 nm, 20 nm) were 

deposited through the PECVD technique. Raman and XPS studies were performed to evaluate the 

surface composition and quantify the sp3/sp2 value in thin films. Water contact angle 

measurements and surface energy calculations were performed to evaluate the hydrophilicity of 

the films. The interaction of S. epidermidis with the 10 nm and 20 nm Si-Q-carbon samples was 

studied by fluorescence microscopy and the bacterial activity was quantified by the percent area 
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coverage of live and dead bacteria. Film of thickness 10 nm was found to have the highest sp3 

bonding (80%) and more hydrophilic character and showed significant inhibition in the growth of 

biofilm as compared to other thin film samples. The enhanced antibacterial activity of the thin film 

is attributed to its hydrophilicity and tunable surface characteristics.  Since a large number of 

periprosthetic infections result from complex interactions among the host, the pathogen, and the 

implant, the evaluation of antibacterial surface treatments to prevent potential infections associated 

with medical devices can be of significant importance [36]. The ability to tailor the surface 

chemistry and resulting properties impart Q-carbon with great potential as a biomaterial for 

reducing periprosthetic joint infections (PJIs). 
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7.7. Figures 

 
Figure 7.7.1 AFM of 10 nm and 20 nm thick Si-Q-Carbon samples 

 
 
Figure 7.7.2 The Raman spectra of the three samples with different thicknesses 
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Figure 7.7.3 The XPS spectra of the Si-Q-carbon samples 
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Figure 7.7.4 Polar and dispersive component of surface energies of Si-Q-carbon thin films  

 

Figure 7.7.5 Water contact angle for (a) Si-Q-carbon-10 nm (b) Si-Q-carbon- 20 nm 
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Figure 7.7.6 Quantification of bacteria surface coverage on Si-Q-carbon thin films 

 

 
Figure 7.7.7 Merged DAPI (blue) and Sytox (green) fluorescence images of S. epidermidis  
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8.1. Abstract 

The formation of 3c-SiC is of particular interest due to its potential applications in the 

semiconductor industry, however, there are difficulties in obtaining 3c-SiC by conventional 

growth techniques. Since it is a metastable phase, non-equilibrium growth conditions are 

considered to play an important role in the growth process. In this paper, we report the formation 

of nanosized 3c-SiC by nanosecond pulsed laser annealing using Si doped Q-Carbon layers on the 

silicon (100). The crystalline phase of 3c-SiC is confirmed by its characteristic LO and TO peaks 

in the Raman spectra. We show that traditional HFCVD technique on the same sample with Q-

carbon layers on the silicon (100) wafer results in the formation of hexagonal 6H-polytype instead. 

This is confirmed by SEM, Raman spectroscopy and EBSD. Further, we investigate the role of 

these phases on the nucleation of heteroepitaxial diamond on Si (100) substrate. We find that these 

phases of 3c-SiC and Q-carbon/nano diamond as interlayers enhance the diamond growth 

compared to bare silicon by hot-filament CVD process. The higher nucleation density over a large 
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area with Q-carbon interlayer shows that Si-Q carbon interlayer provide a much higher nucleation 

sites than silicon carbide layer. This interesting result is further confirmed by Raman spectroscopy, 

which shows the formation of crystalline and stress-free diamond films on Q-carbon. The 

HRSTEM studies were performed to understand the interfacial structure and phase responsible for 

high diamond nucleation. These findings are significant for the 3c-SiC and diamond electronics 

applications. 

8.2. Introduction  

Silicon Carbide (SiC) is a wide bandgap material and has gained a lot of attention because 

of its utility in MEMS applications with its high melting point, chemical inertness and superior 

mechanical properties, which enable SiC devices to function in harsh high-power and high-

temperature environment [1-4]. The SiC also has been used to nucleate diamond and form films 

on non-diamond substrates like silicon[5,6]. Thermodynamically, SiC exists in different polytypes, 

which are differentiated by the stacking order of the tetrahedrally bonded Si-C bilayers. The cubic 

polytype of silicon carbide (3c-SiC) is obtained when the stacking is ABCABC… resulting in a 

pure zinc-blende structure[7]. While 3c-SiC is still an emerging semiconductor technology, 4H- 

and 6H- are the commercialized polytypes of SiC. The cubic polytype offers significant benefits 

over conventional hexagonal SiC polytypes. The 3c-SiC has a bandgap of 2.3eV and is reported 

to show highest channel mobility (>300cm2/V/s) and saturation velocity (∼2 × 107 cms-1), which 

result in considerable reduction in power consumption of the devices [7]. Owing to the cubic 

symmetry, it shows isotropy of the properties. Also, 3c- is the only polytype that can be grown 

epitaxially on (100)Si  wafers, which reduces the cost of using expensive SiC wafers. Therefore, 

the desired thickness 3c-SiC can be grown on inexpensive Si wafers for developments of Si/SiC 

electronic devices. However, the yield of cubic polytype is very low due to lack of device quality 
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substrates. Even from the free energy considerations, it has been shown theoretically that 6H and 

4H polytypes have lower free energy than 3c-SiC and therefore they are more stable[8]. 

Various methods have been used to grow 3c-SiC on Si substrates such as evaporation, 

sputtering, pulsed laser deposition, chemical vapor deposition, and combustion synthesis [9-16]. 

In traditional CVD methods, the biggest challenge to grow the cubic polytype is the metastability 

of this phase, in addition to large lattice mismatch ~20% and thermal expansion coefficients ~ 20% 

at 1200°C between 3c-SiC and Si. Most processing techniques use SiC as a template to form the 

cubic polytype because of almost perfect lattice matching between 3c (111) and 6H/4H (0001) 

planes and no thermal expansion coefficient mismatch. However, the biggest drawback associated 

with this is large variations in the hexagonal polytype substrates and narrow window of growth 

parameters. Additionally, for growing 3c- via CVD, temperature ~1350°C or higher are required, 

which is closer to silicon melting temperature. This results in the mixture and redistribution of 

different precursor gas dopants on the Si substrate. It is reported that no crystalline SiC growth 

could be achieved below 1100°C [18,19]. Compared with other methods, PECVD takes the 

advantage of low deposition temperature (200-300°C). However, the SiC film made by PECVD is 

amorphous with considerable defects. Narayan et al.[8] reported a combustion synthesis method 

to form bulk 3c-SiC on Si using the diffusion of solid carbon into liquid silicon.  

In this paper, we present an alternative processing approach to form thin film 3c-SiC 

directly on Si (100) using non-equilibrium route, based on liquid phase quenching of Si-Q carbon 

by excimer pulsed laser annealing (PLA). This is a highly desirable, low temperature processing 

technique because of its steep temperature slope and high annealing selectivity. We anneal silicon 

doped Q-carbon layer deposited on Si (100), which results in melting and quenching of silicon 
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leading to the formation of cubic polytype. We also show that there is a preferential growth of 6H-

SiC on (100) Si by Hot Filament CVD technique.  

We further investigate the use of 3c-SiC to provide nucleation sites for diamond films 

growth. The CVD diamond films have high thermal conductivity, high insulation, and large 

reverse breakdown field, which make them a suitable candidate for heat dissipation applications, 

especially in high powered devices[21,22]. However, depositing diamond films on non-diamond 

substrates is impeded by less nucleation density due to lack of covalent bonding combined with 

high surface energy. Therefore, non-diamond substrates like Si, are seeded with diamond 

nanoparticles resulting in the requirement of external seeding and impurity contamination. To 

address this issue, formation of carbide layer has been reported to be a necessary step before 

diamond nucleation and growth on carbide forming substrates. The formation of carbide layers 

lowers surface energy (γ) and hence the critical size of nuclei r* (=2 γ/ ∆G), where ∆G is the free 

energy of diamond phases. Thus, SiC is somewhat effective in diamond nucleation, however, Q-

carbon is most effective as it consists of a high density of diamond tetrahedra packed 

together.  Narayan et al. have reported the role of Q-carbon in providing nucleation sites for 

diamond growth [23]. In this paper, we perform a comparative study and show the evidence of 

some enhancement of diamond growth by SiC on Si using hot-filament CVD technique and also 

highlight the superiority of Q-carbon layer than silicon carbide layer as a better template to form 

highly dense and continuous diamond film on silicon.  

Overall, in this paper, we show that non-equilibrium ultrafast laser processing is suitable 

to form 3c-SiC by annealing Si doped Q-carbon on (100) Si wafer, whereas the hexagonal polytype 

of SiC on (100) silicon is formed by HFCVD processing. We also report the formation of large 
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area, faceted diamond films on Si-Q and 3c-SiC interlayer by HFCVD and show the supremacy 

of Q-carbon over SiC to nucleate the continuous, stress-free diamond films. 

8.3. Experiment Procedure 

 
We used 10nm thick Si doped Q-carbon films deposited on (100) silicon substrate using 

Plasma Enhanced Chemical Vapor Deposition (PECVD) technique as reported by Narayan et 

al[24], as our reference samples. The PECVD system is a custom-designed device that generates 

plasma in a capacitively coupled mode. The deposition procedure comprised of loading, plasma 

cleaning, plasma deposition, post-processing, and unloading steps. Once ~ 2x10 -8 Torr pressure 

was reached, plasma cleaning was carried out for 10 min using argon gas with a mass flow rate of 

90 SCCM. The deposition was done using 1.6 SCCM of trimethylsilane (TMS) and 90 SCCM of 

argon for 3 minutes. The peak-to-peak voltage (Vpp) during this process was maintained at 300 

±10 V with an RF power of 83 ± 10 W and a DC bias of -150 ± 10 V. This was followed by post-

processing with 90 SCCM argon gas at a Vpp of 500 ± 10 V, an RF power of 160 ±10 W, and a 

DC bias of 250 ± 10 V, for 5 minutes. During the procedures, the total pressure was kept at 

50mTorr by a MKS Baratron gauge. 

The as-deposited Si-Q carbon samples were annealed with ArF excimer laser pulses having 

wavelength = 193nm, pulse duration =25ns, photon energy= 6.4eV and energy density varying 

from 0.6 Jcm-2 to 0.8 Jcm-2. The annealing energy density was controlled using the focusing lens. 

ArF excimer lasers have a higher absorption coefficient with a smaller penetration depth profile, 

resulting in increased temperature differences in between the substrate and the film. The laser-

treated films were analyzed by high-resolution SEM and Raman to investigate the evolution of 

microstructures after annealing.  
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Faceted diamond growth on these samples were carried out using Hot Filament Chemical 

Vapor Deposition (HFCVD) technique. During this process, four tungsten filaments were used. A 

9 ± 0:1 V voltage and 90 ± 10 A current was applied to raise the filaments temperature ~2000 °C. 

The samples were kept on the substrate holder whose temperature was raised to 800 ± 25 °C. The 

substrate holder was kept at about 5 mm below these filaments. Samples were carburized for 7 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. During carburization, the substrate was kept away from the hot 

filament. 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 for 3 hours. The gas flow rates were measured using mass flow 

controllers (MKS Instruments, Inc). After the deposition, substrate was cooled at a constant 

cooling rate of 10 °C/min to minimize the thermal shock effect. The HFCVD samples were 

characterized by HRSEM, EBSD, Raman spectroscopy, HRSTEM, and EELS. High-resolution 

SEM with sub-nanometer resolution was carried out using FEI Verios 460L SEM with the EBSD 

attachment. The WITec confocal Raman microscope system (532 nm laser source) with a grating 

size of 1800 I/mm was employed to characterize the Raman-active vibrational modes. Crystalline 

Si was used to calibrate the Raman spectra, which have a characteristic Raman peak at 520.6 cm−1. 

The FEI Quanta 3D FEG with dual beam technology employing both electron and ion beam guns 

was used for preparing cross-sectional TEM samples. A low-energy ion beam (5 kV, 10 pA) was 

employed to clean up the focused ion beam (FIB) surface damage. Aberration-corrected STEM-

FEI Titan 80-300 was used in conjunction with EELS (with a resolution of 0.15 eV) to acquire 

high angle annular dark field (HAADF) images and EELS spectra of diamond thin films. The 

electron probe current used in the experiment was 38 ± 2 pA. The EELS data were acquired with 

a collection angle of 28 mrads. 
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8.4. Results and Discussions 

 Pulsed laser annealing of Si-Q to form 3c-SiC 

We deposited 10nm thick Si-Q carbon layer on a high resistivity Si substrate by PECVD 

as proposed by Narayan et al. [24]. The formation of Q-layer is confirmed by the presence of 

signature Q-carbon peak in Raman spectroscopy as will be shown later. These samples are then 

laser annealed using ArF laser at 0.6-0.8Jcm-2 energy density. It is observed that annealing results 

in the formation of nano 3c-SiC agglomerates as shown in Fig.8.1. During PLA, the temperature 

by 25ns pulse width, 193nm ArF laser at this energy density raises the temperature up to 2000°C 

for nanoseconds, which is much higher than the temperature at which the Si-DLC films remain 

thermally stable. It is envisaged that in nanosecond regime, since Si-Q layer is very thin, such high 

influences result in melting of the substrate silicon up to few nanolayers in certain regions. The 

carbon diffuses into the liquid silicon rapidly and quenches to form nano sized 3c-SiC as seen in 

the inset of Fig.8.1. The diffusion coefficient of carbon in liquid silicon is ~10-4cm2/s and the 

overall reaction is favorable with negative Gibbs free energy [8,25]. The boundary and nearby 

areas show carbonization of Q-carbon, which provides nanodiamond nucleation sites. Since the 

energy density follow a Gaussian profile, the energy transferred at these sites is not enough to 

reach the lattice of Si substrate to cause melting.  

The bonding characteristics of the film was further confirmed by Raman spectroscopy. It 

is a powerful technique to identify the SiC polytype at ambient temperature. The spectra were 

recorded by focusing the laser beam on the 3c-SiC regions marked in blue and on the boundaries 

of these regions. The Raman spectra of Si-Q is considered as reference to analyze the changes post 

annealing as shown in Fig. 8.1b. A sharp peak at 520 cm–1 corresponds to the first-order scattering 

of crystalline Si substrate. The Si-Q spectra shows signature Q-carbon peak between 1335cm-1 and 
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1576cm-1along with 520cm-1 (not shown in this scale), 730cm-1 and 945 cm−1 peaks, which arises 

due to Si-Si interaction from the dopant Si and the substrate. The peak from the Si substrate is seen 

because the penetration depth of the excitation wavelength (532nm) exceeds the films thickness. 

The 3c-SiC spectrum is obtained in regions marked with blue. The band located in the region 

between 700 and 1000 cm–1 is associated with Si–C bonds, which is seen to enhance after post 

annealing from the marked regions as shown in Fig. 8.1b, confirming the formation of SiC 

polytype. The cubic polytype, 3c-SiC, has only two optical modes at Γ which are Raman active 

[26]: the transverse one (TO) at 799 cm−1 and the longitudinal one (LO) at 977 cm−1. In this case, 

we observe a prominent sharp peak at 775cm-1, and the LO peak which is overlapped with the 

second-order Raman spectrum of silicon situated between 930 cm−1 and 1050cm−1. No other peak 

associated with other polytype of SiC is seen, which confirms the formation of 3c-SiC. The 

downshift in the peak is attributed to the formation of nanosized 3c-SiC and quantum confinement 

effects. The strong D-peak at 1330cm-1 and G-peak at 1576cm-1 associated with the amorphous 

sp2 carbon is seen at the grain boundaries circumscribing the SiC region indicating the existence 

of quenched carbon phase and nanodiamonds. However, these peaks are reduced significantly in 

the 3c-SiC confined regions showing the presence of only 3c-SiC phase. 

 HFCVD of Si-Q carbon film to form 6H SiC  

Si-Q carbon layered Silicon (100) sample was treated in Hot filament chemical vapor 

deposition (HFCVD) for 3 hours. We observed the formation of hexagonal polytype of SiC in 

form of plates with stacked overgrowth on it. Fig. 8.2a shows SEM image of the films grown on 

Si-Q/Si substrate. Growth steps were observed on the film grown on the Si substrate at a tilt of 30 

deg with respect to the substrate. These as-grown surfaces of the films can be seen are very flat, 

shiny, and smooth. The 6H-SiC plate formations were confirmed by Raman spectroscopy as shown 
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in Fig.8.2b. The sharp peaks at 666cm-1, 819cm-1, and 995cm-1 characterize the 6H-SiC phase 

formed post HFCVD. The EBSD Kikuchi pattern shown in Figs. 8.2(c and d) is taken on the 

silicon site and the plate site, respectively. This result further confirms the formation of hexagonal 

SiC and establishes the epitaxial ordering of these 6H-SiC plates with respect to the Si substrate. 

Thereby, showing that Si-Q carbon interlayer can facilitate the growth of epitaxial 6H-SiC directly 

on Si. 

 Characterization of diamond films by HFCVD 

These annealed films were used for diamond deposition by HFCVD for 3 hours without 

diamond seeding. SEM images in Fig.8.3 show that well faceted diamonds having preferential 

growth orientations are formed in the annealed samples indicating high crystalline quality of the 

films, which will also be confirmed by their Raman spectra later. The diamond film morphology 

depends on the preferential growth of different planes along different directions. When the growth 

rate along [100] direction is the highest, the resultant crystal morphology is octahedron, surrounded 

by (111) planes. Any intermediate growth rates give rise to cubo-octahedron crystals [27]. In our 

case, we see octahedron morphology. Interestingly, the diamonds on these films are highly dense 

compared to the ones grown on Si substrate (Fig. S2) suggesting that 3c-SiC and Q-carbon provide 

high nucleation sites for the diamond growth. In fact, diamond nucleation in Q-carbon has no free-

energy barrier, as the diamond tetrahedra are already there. The nucleation in 3c-SiC is lower than 

Q-carbon but higher than on Si. This is because of sp3 bonding of Si-C bonds, which lowers the 

surface energy (𝛾) and hence the critical size of diamond nuclei (r* =2 E
∆G
).	Fig. 8.3(a) shows 

diamond nucleation in the regions with SiC interlayer. We can clearly see of (100) planes 

surrounded by (111) planes forming the diamond. Fig. 8.3(b) show diamond nucleation on the Si-

Q carbon. It is interesting to note that the nucleation on this Q-carbon layer is much higher than 
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3c-SiC sites. The diamond film discontinues on 3c-SiC, compared to continuous diamond film 

provided by Q-carbon interlayer. The (111) facets of the diamond pyramids are visible. 

The crystallinity of the diamonds and film sites were further confirmed by Raman 

spectroscopy as shown in Fig.8.4. Fig. 8.4(a) shows Raman spectra taken from the SiC site which 

nucleated discontinuous diamonds. These peaks are similar to Raman spectra peaks shown above, 

confirming the presence of SiC on this site. The diamond on this site shows sharp peak at 

1333.5cm-1 as shown in Fig. 8.4(b). The peak shift of 1.5cm-1 indicates stress in the film due to the 

difference in their thermal expansion coefficients creating a thermal misfit strain at the interface. 

Fig. 8.4 (c) shows the Raman spectrum at the site of continuous diamond film. High nanodiamond 

nucleation post annealing by Q-carbon interlayer at this site resulted in faceted highly dense 

diamond growth. The spectrum at this site shows no peaks of any polytype of SiC confirming that 

there is no SiC. The diamond spectrum from this site as shown in Fig. 8.4 (d) has the diamond 

peak at 1332.3cm-1, which further confirms the crystalline quality of fully relaxed diamond film. 

To To understand the structural characteristics, epitaxy, and role of Q-carbon interlayer, 

we performed STEM/TEM cross-sectional studies. The STEM images in Fig.5 show that there is 

a very thin interlayer on Si substrate comprising of Q-carbon, which aids the nucleation of 

diamond. No diamond is formed directly on Si substrate. Fig. 8.5 (a) shows individual columns of 

diamond crystallites with a thin layer of Q-carbon, which is clearly shown in the high-resolution 

micrograph in Fig 8.5 (b), as an interlayer consisting of amorphous Q-carbon. The STEM image 

of diamond in Fig. 8.5(c) shows a columnar growth structure of the diamonds. There are distinct 

individual crystallites with textured orientations. The columns start to grow over these randomly 

oriented crystallites, once they coalesce with each other. The vertical direction growth occurs along 

the fastest growing planes prevalent among the crystals and the resultant as-grown surface has very 
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high surface roughness due to difference in heights of the growing columns.  The <110> electron 

diffraction pattern from diamond and silicon is shown in Fig. 8.5(d).  

The role of Q-carbon in diamond nucleation is delineated clearly from chemical mapping 

and EELS studies, as shown in Fig 8.6(a) and 8.6(b), respectively. The intensity of Si is the 

brightest in the substrate as expected and it decreases in the interlayer and to zero in diamond 

region. Conversely, the diamond region shows highest intensity in carbon mapping, which 

decreases significantly in the interlayer and is completely absent in the substrate area. This shows 

that the interlayer (~5nm thickness) essentially consists of Si and C elements. From the oxygen 

mapping, we observe the presence of some oxygen at this interlayer as well. This indicates the 

presence of  some native SiOx.  The carbon content is from the Q-carbon layer. Therefore, Q-

carbon layer is not directly connected with Si substrate but rather on the top of native amorphous 

SiOx layer which results in lack of epitaxial relationship. To investigate the details of bonding 

characteristics, EELS studies were carried out using aberration-corrected STEM-FEI Titan 80-300 

with an energy resolution of 0.15 eV. EELS spectra at the interlayer shows the Q-carbon presence 

marked by Q-carbon has a sloping edge at 287 eV [28] with a broad peak at 291 eV corresponding 

to π* and σ * edges, respectively. The diamond EELS show a signature spectrum having a sharp 

edge at 290 eV with peak at 292eV, which corresponds to sp3 (σ *) bonding, while in silicon no 

such peaks are observed as expected.  

It is envisaged that HFCVD leads to the formation of thermally stable 6H-SiC as confirmed 

by the Raman spectroscopy. Once this interlayer reaches the desired thickness, silicon diffusion 

slows for further growth and diamond nucleation is followed. SiC growth always precedes 

diamond nucleation. The diamond grown on 6H-SiC is dense but discontinuous compared to the 

one grown  with Q-carbon interlayer. This shows that Q-Carbon aided the growth of nano 
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diamonds, which provided higher nucleation density than 3c-SiC phase. However, in our case the 

presence of native oxide layer, which was formed during initial deposition of Si-Q Carbon layer 

suppressed the epitaxy. It is surmised that if this layer is removed prior to the deposition, we can 

get not only large area continuous faceted diamond growth but also epitaxial diamond film using 

Si-Q interlayer 

  
8.5. Conclusion 

We report the growth of two distinct phases of SiC by two different techniques using Si-Q 

carbon layer on Si substrate.  We successfully show the role of pulsed laser annealing, a non-

equilibrium technique to form nanosized 3c-SiC and nano diamonds using Si-Q layers on the 

silicon (100) wafer. The crystalline phase of 3c-SiC is confirmed by the signature LO and TO 

peaks observed in Raman spectra. We used hot filament chemical vapor deposition to directly 

grow 6H-SiC films on Si (100). This is confirmed by SEM, Raman spectroscopy and EBSD. 

Further, we used these phases of 3c-SiC and Q-carbon/nanodiamonds as interlayer to show 

superiority of these phases to nucleate diamond compared to bare Silicon by Hot filament CVD 

process. SEM images confirm the formation of large-area faceted diamond film at 3c-SiC and Q-

Carbon sites. Octahedron diamonds growing in [100] direction, surrounded by (111) planes are 

observed. However, the nucleation in 3c-SiC is lower than Q-carbon but higher than on Si. This is 

because of sp3 bonding of Si-C bonds, which lowers the surface energy (γ) and hence the critical 

size of diamond nuclei.  The higher nucleation density over large area with Q-carbon interlayer 

shows that Si-Q interlayer provides higher nucleation sites than carbide layer. These interesting 

results are further confirmed by Raman spectroscopy. Raman spectra show crystalline and high-

quality diamond films. A little upshift of 1.5cm-1 is observed in the carbide interlayer spectrum 
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indicating some stress. However, diamond films are very much stress-free and phase-pure on Q-

carbon interlayer. To understand such high nucleation growth, HRTEM studies were performed, 

which suggested the superiority of Si-Q carbon interlayer to nucleate nanodiamond sites post 

annealing. These sites resulted in effectively dense and faceted octahedral diamond rich film. The 

presence of native oxide layer impeded the epitaxial relationship. However, if this layer is removed 

prior to Si-Q deposition, we can get stress free large area epitaxial diamond films on suitable 

substrates for high power, high temperature devices.  

8.6. Figures 

  
Figure 8.8.5.1 (a) Surface image of Si-Q carbon film post annealing. The inset is at higher 
magnification showing the formation of nanosized 3c-SiC (region in blue) which is 
circumscribed nano diamonds, (b)Raman spectra showing evolution of 3c-SiC phase post 
laser annealing 
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Figure 8.6.1 (a)SEM image showing the formation of plate structures of 6H-SiC on Si using 
Si-Q interlayer, (b) Raman spectrum at 6H-SiC plates, EBSD showing the kikuchi patterns at 
(c) Si, and (d) 6H-SiC 
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Figure 0.3 HRSEM images (a) discontinuous diamond film growth on SiC interlayer having 
average size of 1.8um, (b) high nucleation continuous diamond film on Q-Carbon interlayer on 
(100) Si. 

 

Figure 0.4 Raman spectra showing (a) presence of SiC at the site of discontinuous 
microdiamonds, (b) formation of microdiamonds nucleating on SiC with the inset showing 
Gaussian fitting, (c) formation of continuous microdiamonds without the presence of SiC, and 
(d) Gaussian fitting of diamond nucleating continuously.  
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Figure 8.0.2 High-resolution STEM and EELS from cross-sectional diamond on Q-carbon 
interlayer on Silicon sample using FEI titan. (a) Cross-sectional HRSTEM showing the 
platinum layer, diamond, interlayer and silicon substrate, (b) the <110> HRSTEM image 
showing individual column of atoms on diamond in some focused grains due to columnar 
grain structure, amorphous interlayer and silicon substrate, with inset of silicon, (c) HRSTEM 
image showing columnar growth structure of diamonds, (d) <110> diffraction pattern from 
diamond and silicon. 
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Figure 8.0.3 (a) HDAAF image and Chemical mapping of the cross-section, (b) EELS 
spectrum from Carbon scan showing π*(red line) and σ * edges in the interlayer, and only σ * 
edge in diamonds showing the presence of Q-carbon in the interlayer. 
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9.1. Abstract 

Nanosecond pulsed laser annealing significantly improves cyclability and current carrying 

capacity of lithium-ion batteries (LIBs). This improvement is achieved by engineering of 

microstructure and defect contents present in graphite in a controlled way by using pulsed laser 

annealing (PLA) to increase the number density of Li+ ion trapping sites. PLA treatment causes 

the following changes: (1) creates surface steps and grooves between the grains to improve Li+ ion 

charging and intercalation rates; (2) removes inactive polyvinylidene difluoride (PVDF) binder 

from the top of graphite grains and between the grains which otherwise tends to block the Li+ 

migration; and (3) produces carbon vacancies in (0001) planes which can provide Li+ charging 

sites. From X-ray diffraction data, we find upshift in diffraction peak or reduction in planar 

spacing, from which vacancy concentration was estimated to be about 1.0%, which is higher than 

the thermodynamic equilibrium concentration of vacancies. The laser treatment creates single and 

multiple C vacancies which provide sites for Li+ ions, and it also produces steps and grooves for 

Li+ ions to enter the intercalating sites. It is envisaged that the formation of these sites enhances 

Li+ ion absorption during charge and discharge cycles. The current capacity increases from an 

average 360 mAh/g to 430 mAh/g, and C-V shows significant reduction in SEI layer formation 
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after the laser treatment. If the vacancy concentration is too high and charge-discharge cycles are 

long, then trapping of electrons by Li+ may occur, which can lead to Li0 formation and Li plating 

causing reduction in current capacity. 

9.2. Introduction  

Due to rapid increase in the energy demands for consumer electronics and rise in the global 

warming along with excessive environmental pollution, a lot of attention has been paid to the 

energy conversion storage devices like solar cells, supercapacitors, and batteries [1-6]. In this 

scenario, energy conversion and energy storage are two prime key technologies to cope with the 

existing energy crisis. Therefore, batteries have been a prime target of research for their potential 

use in portable devices and electric vehicles [7,8]. Lithium-ion batteries (LIBs) have 

revolutionized portable electronics in the last three decades, as they are able to deliver higher 

energy per unit volume or mass than other rechargeable battery systems and have better reversible 

capacity, no hysteresis, and long cycle stability [9,10]. With further improvements in energy 

density, they stand to make a similar impact on transportation and stationary storage of renewable 

energy from sources like wind and solar. The higher energy is derived from higher cell voltage 

and current capacity, both of which depend upon materials chemistry, defects, and microstructural 

characteristics of cathode and anode materials of LIBs. 

According to the LIB history and electrochemical performance, carbon-based materials 

play critical roles for energy storage [11-13]. The most widely used LIB anode material currently 

is graphite, where graphite flakes (10-20 µm) are bound together by using PVDF (polyvinylidene 

difluoride) conducting binder [14–16]. However, these graphite anodes have limited capacity 

(theoretical 372 mAh/g) [17-19] with a drawback of lithium plating due to its operating voltage 

close to that of Li/Li+ and short circuiting by the formation of lithium dendrites [20]. Other silicon-
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based anode materials have high current capacity, but have a drawback related to high volume 

expansion and cracking during lithiation (charge) and delithiation (discharge) cycles [21, 22]. It 

has been reported that inducing the defects in the lower dimensionality of the graphite anode is 

helpful in achieving higher capacity rates [23, 24]. Reducing the electrode particle size and 

increasing the surface to volume ratio has also been proven to enhance the electrochemical 

dynamics and battery performance [25, 26]. In graphite-based anodes, various modification 

methods have been applied in graphite preparation [27-29], for enhancing the electrochemical 

performance in the LIBs. However, there was no improvement in the lithium diffusion rate in 

graphite particles. Since the lithium ions intercalate-deintercalate from the edges of graphite layers, 

the larger the graphite crystals are, the slower the lithium ions intercalate-deintercalate into/from 

the graphite [30]. The graphite (0001) sheets have covalent σ bonding in the plane and π bonding 

normal to the sheets. These π bonds are delocalized, providing the source for conductivity in 

graphite along the sheets [31]. These free π electrons can be trapped by Li+ during charging to 

form Li0 and promote lithium clustering and plating, which reduces current capacities. By 

saturating these π bonds with hydrogen and fluorine may delay and avoid the lithium-ion plating. 

Nanosecond pulsed laser annealing is a powerful way to control defects and microstructures in 

solid state materials [32] and create novel materials with improved properties [33-35]. Most of the 

previous studies on laser processing of electrodes focused on surface restructuring by rapid melting 

and evaporation [36, 37]. The primary aim of these studies was to increase the surface area for Li+ 

ion charging by creating channels and grooves on cathode surfaces [38]. However, rapid melting 

and quenching can result in the formation of undesirable phases, which may lead to reduced cell 

energy density. 
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This paper addresses microstructural characteristics and defect engineering of currently 

used graphite anodes by using nanosecond pulsed laser annealing (PLA) to improve their 

performance and current capacity. We focus on creation of defects and surface steps, as well as 

removal of disordered carbon and inactive polyvinylidene difluoride (PVDF) binder from graphite 

anode surfaces and regions in-between grains by using nanosecond pulsed laser annealing. The 

formation energy of single vacancies (10 eV) and divacancies (8 eV) are quite high. According to 

DFT calculations, the migration energy for single vacancy is also quite high, but the migration 

energy for divacancy is considerably lower [39]. Therefore, C- vacancies (VCn, n ≥ 1) cannot be 

formed under thermodynamic equilibrium conditions. However, these defects can be formed under 

highly nonequilibrium conditions of pulsed laser annealing. The nanosecond laser annealing 

creates C-vacancies (VCn, n ≥ 1), which can provide sites for Li+ ions during charging and enhances 

current carrying capacity during discharging. The PLA increases number density of vacancies and 

sites for Li+ trapping and improves interaction with electrolytes which carry Li+ ions. In addition, 

surface steps and steps at the grooves improve diffusion transport of lithium ions [30, 40]. The 

formation of vacancies in the basal planes of graphite active sites for Li+ ion trapping (charging) 

and detrapping (discharging), which can enhance current capacity. However, if this vacancy 

concentration is too high, crowding of Li+ ions can cause electron trapping, which can lead to 

formation of Li0 and lithium metal plating. The lithium plating can lead to formation lithium metal 

dendrites and cause short circuiting safety hazard.  

9.3. Experiment Procedure 

 
A layer of graphite mixed with PVDF binder solution on copper substrate was used as a 

reference sample. It was characterized by Scanning electron microscopy (SEM), Raman, X-ray 
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Diffraction (XRD) for structure and surface morphology. Atomic force microscopy (AFM) and 

Keyence laser profiling were done to study the sample roughness. Energy Dispersive X-ray 

Spectroscopy (EDS) was used to check for any impurities present. These samples were then 

annealed using nanosecond ArF excimer laser (wavelength = 193 nm, pulse duration = 20 ns) at 

different laser energy densities. The parameters of laser pulse and energy density were optimized, 

and we used 0.7 J/cm² energy density to anneal the samples. These samples were irradiated with 

10 and 80 pulses of 0.7 J/cm² energy density ArF excimer laser. There was a significant change in 

the morphologies observed after 10 and 80 shots samples compared to the reference samples.  

These samples were characterized by WITec confocal Raman microscope system (532 nm 

laser source) with a grating size of 1800 I/mm for 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 there is a Si peak at 520.0 cm-1. The XRD 2θ scans 

were performed using a Rigaku SmartLab X-ray diffractometer Brag diffraction operating mode, 

using a Cu-Ka 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. HRSEM studies and energy 

dispersive X-ray spectrometers (EDS) for surface morphology and elemental analysis, 

respectively, were performed using FEI Verios 460L SEM. State of an art Keyence VKx1100, a 

Confocal Laser Scanning Microscope (CLSM), which combines optical microscopy with laser 

profilometry to obtain high resolution optical images, was used to measure surface morphology 

and microstructure of reference and laser annealed samples. Surface chemical analysis was 

completed using X-ray photoelectron spectroscopy (XPS) on a SPECS XPS system (SPECS 

FlexMod XPS) using a high-resolution PHOIBIS 150 hemispherical analyzer. Measurements were 

taken at a base pressure of 2 × 10−10 mbar with Mg kα excitation source (1254 eV). The takeoff 
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angle was at normal to surface. Energy calibration was established by referencing to adventitious 

carbon C 1s line at 285 eV binding energy.  

For electrochemical testing, half cells were assembled in coin cells (CR2032) in an Ar- 

filled glove box with graphite as anode, Li as the counter electrode, Celgard 2320  and an 

electrolyte of 1.2 M LiPF6 in ethylene carbonate (EC) and ethyl methylcarbonate (EMC) (3:7 in 

wt.). The capacities of all the samples, with or without laser treatments,  were calculated using an 

average active material loading of 5.2 mg/cm2. Cyclic voltammograms (CVs) were carried out on 

a Biologic VSP instrument in the voltage range of 0 – 3 V at a scan rate of 0.1 mV/s. Galvanostatic 

charge/discharge was carried out on a Land CT2001 battery test system at current density of 20 

mAg-1 at room temperature. The schematics of the PLA process is shown in Figure 9.1. 

9.4. Results and Discussions 

We have used nanosecond laser annealing to create C-vacancies (VCn, n ≥ 1). In addition, 

the laser treatment produces steps and grooves for Li+ ions to enter intercalating sites. Figure 9.2 

shows laser profiler images of the samples. The surface optical images are displayed in Figures 

9.2 (a,b,c) for reference and 10 and 80 shot laser annealed samples, respectively. The reference 

samples show the presence of more disordered structures and binder compared to the annealed 

samples. The nanosecond laser removes disordered carbon and inactive PVDF binder from 

graphite anode surfaces and regions in-between the grains. We also observe the creation of more 

grooves, in the thermal images corresponding to Figures 9.2 (e,f) when the sample was irradiated 

with 10 and 80 laser shots, respectively, compared to the reference sample as show in Figure 9.2 

(d). However, one laser shot was not enough to remove the binder and disordered carbon. Figures 

9.2 (g,h,i) show the 3D profile of the sample showing the surface modification after laser 

annealing. The blue regions in the images indicate the creation of multiple grooves. Since the 
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grains are in different shapes and sizes, the average roughness varies from grain to grain and, 

therefore, overall roughness is an average in the sample (Shown in Figure S1 supplementary). 

Furthermore, as confirmed by other characterizations, the laser annealing induces more 

surface steps on the bigger grains of the reference sample. We measured the modified step size on 

average for the graphitic samples. The graphical plot for the biggest step size in each sample is 

shown in Figure 9.3. These data were obtained from various sites and two of them are used for 

the present  analysis. It showed a decrease in the step size from reference sample on annealing. 

This is indicative of the formation of layered structures and steps, which are smaller in height 

compared to one bigger step within a grain. This is analogous to the formation of multiple entry 

points for the entrance of Li+ ions involved in charging and discharging. 

We analyzed the surface morphology of the anode samples using high-resolution Scanning 

electron microscopy. As seen in Figure 9.4 (a), the graphite particles layers are densely covered 

and well distributed with the PVDF binders as shown in the optical images. It has been reported 

that PVDF binder tends to shrink with some residue on graphite particles. This residue blocks the 

migration of Li+ ions during the electrochemical charge/discharge cycle [41]. The typical electrode 

exhibits a dense electrode structure with several closed pores, which disturb the electrolyte wetting 

and Li+ ion diffusion, as shown in Figure 9.4 (b) [42]. However, on annealing the graphitic anode 

with the laser at 0.7Jcm-2, we observe the simultaneous evaporation of the binder and the removal 

of disordered carbon and binder from laser-interaction zone, along with formation of grooves as 

shown in Figures 9.4(c,e). For nanosecond laser radiation, the laser beam of suitable energy gets 

absorbed by the material surface and increases the surrounding temperature as this energy is 

transferred to phonons (heat). The binder material, PVDF (polyvinylidene difluoride) whose 

decomposition temperature is lower (250-350°C), spontaneously evaporates from the surface [43]. 
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This leaves the surface with no contamination and impurities in the anode samples, as shown in 

the Figures 9.4(c-f). There are a lot of grooves created in the laser treated samples for both 10 and 

80 laser shots. These grooves are expected to enhance the wetting ability and ionic diffusion rate 

[44]. Furthermore, the laser annealed samples have a surface morphology with a large degree of 

surface heterogeneity as seen in Figures 9.4 (d,f). There are formation of steps/layers on the 

graphitic surface, which get denser on increasing the number of pulses. The inset image in Figures 

9.4 (d,f) shows the presence of large number of “defects” or steps leading to a certain degree of 

“surface roughness”. It is envisaged that these steps/layers create more active sites for the Li+ ions 

to be stored and released during the discharge cycle. In the final analysis, these surface steps as 

well as grooves result in an increased surface roughness, enhance the interaction sites and lead to 

higher current capacity [45].  

Raman spectroscopy was used to study the crystalline and defective regions of graphite 

samples. Figure 9.5 shows Raman spectra from untreated reference graphite and laser-treated 

samples with increasing number of laser pulses. The reference graphite sample shows 

characteristic D, G, and D* peaks. The G peak related to E2g symmetry at 1582 cm-1 arises from 

crystalline graphite, and it corresponds to LO branch at Γ point [46]. The D peak related to A1g 

symmetry at 1350 cm-1 arises from disordered carbon mostly on the surfaces of graphite crystals, 

and it corresponds to branch near K-point. The D* at 2700 cm-1 is the second-order peak, which 

results from double resonant Raman scattering by two phonons [47]. It is interesting to note that 

the second-order D* peak is stronger than the first-order D peak.  This is possible because D*peak 

intensity is determined by double-resonant scattering by two phonons, instead of a phonon and a 

defect. These double resonances lead to a higher intensity in the second-order peak.    
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With laser annealing using 10 and 80 shots, the D peak intensity decreases because of the 

removal of disordered amorphous carbon by laser evaporation from surfaces of graphite grains. 

The decrease in G peak intensity indicates the creation of defects, such as vacancies, in the graphite 

lattice. The creation of vacancies by pulsed laser annealing is consistent with shifts in XRD 

analysis as discussed later. The intensity ratio (R) of the ‘D’ peak (ID) to the ‘G’ peak (IG) provides 

an indication of the degree of structural ordering in the carbon material [48]. The ID/IG ratio for the 

reference graphitic sample is 0.83 while for the laser treated sample increases to 0.91 for 10 laser 

shots and 0.99 for 80 laser shots, respectively. The increase in this ratio indicates that the edges 

and defects are well developed, causing an increase in lattice disorder in the annealed samples 

[49]. 

The concentration of Raman-active defects ND (cm-2) in graphite layers can be estimated 

using the ID/IG ratio [50,51]: 

                       ND  = (1.8 ±0.5) x 1022 λ-4 (ID/IG)                                          (9.1) 

where λ is the Raman excitation wavelength in nm. It is found that defect concentration 

increases by 8.6% and 19.5% after 10 and 80 shots respectively. The presence of defects appears 

to be advantageous for the anode materials [52]. These defects due to edges and vacancies in 

graphite improve the capacity and cycling stability as will be shown later. 

The XPS analysis provides the elemental composition and the bonding information near 

the surface regions. Figure 9.6(a) highlights the XPS spectra acquired from the three samples 

which show the presence of carbon, sodium, and oxygen in all the samples. There is quite a 

noticeable difference in the content of these elements, before and after laser annealing. The table 

next to the graph summarizes the atomic ratio (atomic %) of carbon, sodium, and oxygen present 

on the surface of the samples. The intensity of O1s peak decreases with laser annealing, indicating 
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the removal of oxygen containing groups. Previous reports also indicate that laser irradiation 

treatment causes oxygen loss [53]. This result can be confirmed by the C and O contents listed in 

table next to the plot. 

The high-resolution C 1s and O 1s spectra of the samples from XPS results reveal the 

bonding information of the samples. Figures 9.7 (a-c) shows that the C 1s XPS. The Shirley model 

is used for the background subtraction, and the Gaussian distribution model is performed following 

the literature [54] to appropriately establish the deconvoluted peaks. The deconvoluted bonds 

observed at 284.2, 285, 286.4, 287.9, 289.3, 290.8 eV are attributed to sp2 -hybridized carbon 

bonds, sp3 -hybridized carbon bonds, C-O bonds, C=O bonds, carboxyl groups O-C=O bonds, and 

CO3 bonds respectively [55]. There is a significant rise in the carbon peak at 284.2 eV from 

51.58% to 69.74% on annealing the graphite sample, signifying enhanced sp2 C=C bonding on 

annealing, whereas the   sp3 C=C bonds decrease from 24.2% to 17.96% post laser annealing. The 

content (%) of each bond is displayed in Table 4. From Table 4, it is also clear that the oxygen-

carbon content decreases. This is due to the removal of amorphous carbon and increase in the 

number of sp2 carbon content of the surface [56]. It has been reported that variation in the sp2 

content from 70%-85% and sp3 content from 30% to 15% yields layered graphite material which 

enhances the heterogeneous electron transfer (HET) rates [57]. Our values lie in favorable range 

and agree well with the literature.  

Figure 9.8 shows the X-ray diffraction (XRD) patterns of laser annealed (10 shots) and 

reference graphite films. The non-annealed graphitic film and the annealed film showed similar 

pattern resembling the hexagonal crystalline phase of graphite. The peaks were identified to 

at 2θ = 26.4°, 42.2°, 44.4°, and 54.6° corresponding to the (0002), (101�0), (101�1), and (0004) 

planes, respectively in the reference graphite sample, with a small upshift after annealing, as seen 
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in figure 9.8(b). (JCPDS No. 00-008-0415) [58]. The intensity of the PLA treated samples was 

higher than the reference sample, indicating the decrease in the amount of amorphous phase after 

annealing. This seemed different from the Raman ‘R’ ratio results owing to the increase in ID/IG 

ratio, however, as mentioned earlier, this increase was a result of creation of defects in the laser 

annealed sample. We saw the removal of the binder and other impurities and more crystalline 

graphite after annealing in Raman and SEM images which is in agreement with the XRD results. 

The average interlayer spacing of the graphitic sample (d0002) was calculated to be 0.338nm. The 

annealed samples showed a smaller interlayer spacing of about 0.336 nm, compared to pristine 

graphite (d0002 = 0.335nm), indicating the graphitic layers are closer [59]. The PLA treatment leads 

to formation of carbon vacancies (VCn, n ≥ 1).  From above planar spacing, the vacancy 

concentration is estimated to be 1.0%. In graphite anode, an optimum concentration of vacancies 

may lead to a maximum in current enhancement. 

Atomic fraction of vacancies (Nv = ∆H
H

 ) is directly calculated from XRD 2θ plots by using 

the following formula (derived later): 

∆H
H
= −3 ∆I

I
                                                                                    (9.2) 

Since d = I
√(3DK3D-3

	, 

 ∆H
H
= −3 ∆5

5
= 3w1 − $.<<L

$.<<,
x = 	1.0%                                              (9.3) 

Where d is interplanar distance, ∆𝑑 is change in interplanar distance,  θ1 and θ2 are 

diffraction angles before and after the PLA treatment. So, we have created 1.0% of vacancies after 

annealing with 10 shots, which results in higher performance of the LIB in terms of increased 

current capacity. Figure 9.8(c) shows the elemental distribution within the sample. The sample 
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contains carbon without any impurity. There is a 1.3% copper detected as graphite sample is 

deposited on copper substrate. 

The equation (2) is obtained by equating the change in unit cell volume to the atomic 

fraction of vacancies in the unit cell. For the unit cell of length, a, with n atoms and effective nv 

vacancies in the unit cell, we have: 

𝑎<(1 +	1I
I
)< = (M?M5

M
)𝑎<                                                    (9.4a) 

1+ <1I
I

 = 1- 1H
H

                                                                     (9.4a) 

1H
H

 = - 	<1I
I

                                                                            (9.4c) 

 

Figure 9.9 shows 10µm × 10µm AFM topographic images of graphite film before laser 

treatment and after laser annealing at 10 shots and 80 shots. AFM images confirm the presence of 

binders and chunked graphite particles as shown by the bumpy and highly uneven grain texturing, 

before annealing in Figure 9.9 (a). This is due to the presence of binders and other carbon 

impurities. On annealing with 10 laser shots as in Figure 9.9 (b), we see more stepped surfaces. 

The bumps are no longer observed. With further increasing the number of shots to 80, the surface 

becomes planar with pronounced layered structures as in Figure 9.9 (c). It is consistent with the 

fact that we have created a layered structure and grooves by laser annealing.  

The electrochemical performance of the cells made with laser annealed anodes is shown in 

Figure. 9.10. Herein, the electrochemical performance of the laser treated anodes at the different 

laser parameters is compared with the standard (non-treated) anode. Non-treated graphite 

sample(S0) shows the maximum specific capacity of 360 mAh/g in the first cycle and then, there 

is a subsequent decay. The graphite (0001) sheets have covalent σ bonding in the plane and π 
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bonding normal to the sheets, wherein, π bonds are delocalized, providing the source for 

conductivity in graphite along the sheets. These free π electrons can be trapped by Li+ during 

charging to form Li0 and promote lithium clustering and plating, which reduces current capacities. 

All the laser annealed samples show a comparative increase in initial specific capacity. This is 

because excimer pulsed laser annealing provides suitable non-equilibrium conditions for the 

removal of excess binder and creation of defects and surface steps in graphite. These defects and 

surface steps provide more sites for Li+ ion storage, which can be used during the discharge cycle 

for obtaining enhanced current capacity. Formation of pits and creation of vacancies lead to 

enhanced trapping and detrapping of Li+ ions, thus increasing the concentration of mobile Li + ions 

during cycling. However, if the vacancy concentration is too high, then trapping of electrons by 

Li+ may occur, which can lead to Li0 formation and Li plating causing reduction in current capacity 

eventually, as can be seen in non-optimized samples S1 and S3. Therefore, it is important to 

optimize laser parameters for surface and defect engineering.  Sample S2 is the optimized laser 

treated graphite with 10 laser shots and shows an enhanced specific rate of 430 mAh/g, with an 

overall stability compared to the reference non-treated graphite anode owing to the extra binder 

removal from the top surface, pits formation, surface steps and optimized vacancies. The sample 

S1 treated with one laser shot, shows an initial increase of the capacity followed by a rapid decline 

in the performance presumably due to the redistribution of binder covering the graphite active sites 

in this sample, which results in reduction of available Li sites for interaction during lithiation and 

delithiation. Similarly, the sample S3 treated with 80 shots shows a slight increase in the initial 

capacity but eventually suffers a decrease in performance over the cycles due high surface disorder 

at such high influences and creation of more defects than optimal resulting in the reduction of the 

capacity. The inset of Fig .10 shows the electrochemical performance of another cell made with 
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optimized parameters as in S2, which is cycled for 100 cycles compared to non-treated graphite. 

It shows the consistent increase in the cyclic capacity rates and overall improved performance over 

the cycles. 

The good performance of PLA graphite for 10 and 80 shots can be further confirmed by 

Figure 9.11(a) and (b), respectively, wherein we observe capacity versus the cycle number for 

the repeated time and we get highly stable and consistent results. The results from the reference 

sample are included in the supplementary information (Fig. S2). This also shows that on annealing 

the graphite with 10 shots, we see a higher rate performance due to higher active steps and more 

grooves, which act as networks in the composite which can provide pathways for the transportation 

of lithium ions. Since Li+ diffusion length under two-dimensional diffusion is equal to L = 2√𝐷𝑇 

(D is the lithium-ion diffusion coefficient), we can enhance the charge transfer rate by reducing 

the diffusion length, thereby enhancing the current carrying capabilities [60]. In the laser annealed 

graphite, many pathways (the layered step and grooves in graphite) can be filled in by the 

electrolyte solution and the diffusion distance of lithium ions in these graphite lattices is greatly 

shortened. The steps created in graphite particles can greatly increase the number of sites for Li-

ion intercalation-deintercalation, which can facilitate the rapid diffusion of lithium ions in graphite 

particles. This favors the overall diffusion kinetics of lithium ions. Moreover, the creation of 

grooves and the steps between the particles acts as a buffer for volume change when batteries are 

in charge-discharge cycles (because graphite exhibits a volume change of approximately 10% 

during the battery charge-discharge cycles) [61]. Therefore, the batteries prepared from the laser 

modified graphite exhibits excellent cycling stability at high charge-discharge rates. The higher 

surface area modified surface composition and the existence of carbon vacancies in laser treated 
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samples can provide more active sites for the storage of lithium ions and facilitate mass diffusion 

and ion transport [62]. 

To better understand the initial increase of the capacity, cyclic voltammograms (C-V) were 

carried out for the reference graphite and laser treated graphite for three cycles in the voltage range 

of 0-3 V, which are shown in Figure 9.12. There are several apparent features worthy of 

mentioning for these two CVs. First, the current densities of the laser treated graphite are much 

higher than those of the pristine graphite, consistent with the observed higher capacities of the 

laser treated graphite electrode in Figs. 9.10, 9.11. Second, during the first CV cycle, the pristine 

graphite shows one irreversible cathodic peak  at 0.73 V, which is associated with the formation 

of solid electrolyte interphase (SEI) [63]. However, this peak becomes negligible in the laser 

modified sample (Figure 9.12b). The SEI peaks disappear in the subsequent cycles for both 

samples, indicating that the SEI formation has finished. Third, the two-stage Li+ insertion and 

extraction peaks can be clearly observed in the laser treated graphite sample at 0.12/0 and 0.28/0.34 

V, respectively (Figure 9.12b and inset) [64].  However, only one Li+ insertion at 0 V and one 

major Li+ extraction peak at 0.34 V as well as an apparent shoulder peak at 0.28 V can be observed 

in the pristine graphite sample (Figure 9.12a and inset). All these facts confirm that Li+ can be 

easily inserted/extracted in the laser treated graphite sample. Because of the reduced SEI peak in 

the laser treated graphite sample, its first cycle Coulombic efficiency is as high as 97.9%, whereas 

that of the pristine sample is only 84.6%. The coulombic efficiencies of the second and third cycles 

are 99.2, 99.5% and 99.5, 99.7% for the pristine and treated graphite samples, respectively. The 

increase in the capacity of laser treated sample could be due to more exposed edges in the graphite 

particles, as it has been reported that nanopores creation can accumulate extra lithium ions leading 

to observed increase in intercalation-deintercalation capacity [65]. 
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Further to understand the nanosecond laser interaction with graphite films and subsequent 

transformation, thermal profile simulations were performed using SLIM [66-68] The laser 

irradiation on crystalline structure of graphite was simulated by introducing an imaginary node at 

the overlayer-substrate interface to derive finite difference equations of interface node. The 

boundary conditions of the simulation cell were approximated as adiabatic, with conductive heat 

losses incorporated across the melt front. The vertical trajectory of melt front during melting and 

regrowth incorporates phase transformation at the solid/melt interface, propagating forward with 

the influx provided by the latent heat of fusion and heat conduction. The penetration depth of the 

193 nm nanosecond laser pulse (20ns) is significantly shorter than the lateral laser pulse 

dimensions (1 cm), and therefore column approximation was used to model the laser-solid 

interactions. The laser parameters λ = 193 nm and full width half-maximum = 20ns were the input 

parameters utilized to simulate the laser annealing process. The melt dynamics and surface 

temperatures were calculated as shown in Figure 9.13(a). It is seen that the surface temperature 

rises rapidly until it reaches the melting point of the material, where it pauses momentarily until 

the change in reflectivity upon melting is compensated. The melt profile is shown in Fig. 12(b), 

wherein, the melt depth is about 25Å. This shows with 0.7 J/cm2 energy density, we have surface 

melting, but the energy is not sufficient to penetrate and melt the bulk graphite (size~𝜇m). This 

energy density was, therefore, suitable for the surface defect engineering in the film. Theoretically, 

minimum threshold energy (Eth) required for surface melting is given by [66]: 

𝐸'( =	𝐾)𝑇*𝔨$.,	/(1 − 𝑅-)𝐷$.,                                            (9.5) 

Where Ks is thermal conductivity, Tm is the melting temperature difference, Rl is the 

reflectivity and D is thermal diffusivity, 𝔨 is the pulse duration. This equation shows that this value 

depends on the substrate temperature and pulse duration. Using the above equation and values for 
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graphite, for 20ns excimer laser pulses, the threshold value was found to be 0.7 J/cm2, in agreement 

with our experimental results. 

9.5. Conclusion 

 
We have carried out microstructural and defect engineering of graphite anodes in LIBs by 

using high-power nanosecond pulsed laser annealing. The laser pulse with 20ns pulse duration 

raises the surface temperature > 4000K for 50ns. This leads to the formation of vacancy defects, 

creation of the surface steps in (0001) plane, and removal of inactive PVDF binder from the top 

of graphite grains to improve Li+ ion charging and intercalation. It is surmised that the creation of 

vacancies and surface steps lead to enhanced trapping and detrapping of Li+ ions, thus increasing 

the concentration of mobile Li+ during the lithiation and delithiation cycles. We estimate the 

concentration of vacancies about 1.0% for our optimized laser parameters, from the upshift in 

(0002) X-ray diffraction peaks and R-values of Raman spectroscopy. This concentration of 

vacancies is far higher than estimated equilibrium concentrations. We have obtained about 20% 

increase in the current capacity of graphite anodes along with improved cyclability after the 

optimized pulsed laser annealing treatment. The C-V results show a significant reduction in SEI 

formation after laser treatment. The concentration of vacancies and the surface steps can be 

optimized to enhance mobile lithium-ion concentration without promoting Li0 formation leading 

to lithium plating and reduction in current capacity. Prolonged plating can lead to formation of 

lithium dendrites causing short-circuiting and fire hazard. In view of these results, pulsed laser 

annealing can be used for surface modification of graphite anodes to obtain desired defect and 

microstructural engineering for improved current density, power, performance, and battery 

lifetime. It should be mentioned that nanosecond pulsed laser annealing was pioneered by Narayan 
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et el.32,69 to manipulate defects and microstructures in semiconductors to create new materials and 

devices. Recent results on the performance enhancement of LIBs with high-voltage spinel 

LiNi1.5Mn1.5O (LNMO) and NMC 811 cathodes and graphite anodes have been submitted for 

publication.70  

9.6. Figures 

 

Figure 9.6.1Schematic of a) PLA process on the Graphite sample; b) The ArF laser hitting the 
reference sample with inset the zoom schematic of how grains looked like with binder and 
contaminants. The spaces between the grains are filled with binder.  c) After PLA, the grains 
morphology changed. The zoom schematic shows creation of layers within the grains and 
grooves between the grains with no binder contaminants on the surface, which acts as readily 
available active sites for lithium ions 
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Figure 9.6.2 Laser profiler optical images of (a) non-annealed sample, (b) 10 shots laser 
annealing sample, (c) 80 shots laser annealing sample, thermal profile images of (d) non-
annealed sample, (e) 10 shots laser annealing sample, (f) 80 shots laser annealing sample, 3D 
imaging of (a) non-annealed sample, (b) 10 shots laser annealing sample, (c) 80 shots laser 
annealing sample. 
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Figure 9.6.3 Laser profiling for Step size measurement at two different sites (same grain site in 
all the sample) in (a,d) reference non-annealed sample, (b,e) 10 laser shots annealed sample, (c,f) 
80 laser shots annealed sample. 
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Figure 9.6.4 SEM images of a) reference graphite on copper at 40um and b) at 1um with inset 
showing lower magnification surface features, c) 10 shots laser annealed sample with red marked 
groove structures and d) at 1µm with inset showing surface defects at lower magnification and 
layers, e) 80 shots laser annealed sample with red marked groove structures and d) at 1um with 
inset showing lower magnification 
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Figure 9.6.5 (a) Raman spectra of the reference graphitic anode sample and laser annealed anode 
sample at 10 shots and 80 shots. (b) Lower magnification showing ‘D’ and ‘G’ peaks of all the 
samples. 

 
Figure 9.6.6 Full survey XPS spectra acquired from the graphite and laser annealed graphite at 
10 shots and 80 shots, along with the elemental composition highlighted next to the plot. 
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Figure 9.6.7 High resolution (a-c) 1 Cs XPS for Graphite, 10 shots annealed, and 80 shots 
annealed samples, respectively. 

 

 

Figure 9.6.8 (a) XRD spectra showing the presence of graphitic phases. (b) High resolution 
XRD result at (0002) showing the difference in intensity and slight shift in 2θ value post laser 
treatment with 10 laser shots, (c) EDS of the laser treated sample. 
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Figure 9.6.9 AFM images of (a) reference graphitic anode sample, (b) laser treated anode at 10 
shots, (c) laser treated anode at 80 shots. 
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Figure 9.6.10 Cycle performance of reference graphite(S0) and laser annealed graphite at 
optimized parameters(S2) for anodes in LIB. It shows enhanced capacity in the annealed sample 
compared to the original graphitic sample in LIB. S1, S3 are laser treated samples prior to 
optimization. Inset shows the specific capacity of the optimized laser annealed samples and 
reference graphite for 100 cycles 
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Figure 9.6.11 Cycle performances (repeated twice) for laser annealed graphite as anode for LIB 
with (a) 10 laser shots, (b) 80 laser shots. 

 

 

Figure 9.6.12 Cyclic voltammograms of (a) reference graphite sample and (b) optimized laser 
annealed graphite as anode for LIBs(10shots). 
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Figure 9.6.13 SLIM measurements showing melt dynamics and surface temperature. (a) Plot 
shows the variation of surface temperature with time. (b) Plot shows the melt depth achieved 
with time 

 
9.7. Table  

Table 4 Atomic % concentration in non-annealed, laser annealed 10 shots and 80 shots graphite 

 

 

  

Graphite (sp2) C-C (sp3) C-O C=O O-C=O CO3
BE (eV) 284.2 285 286.4-286.6 287.9 289.3-289.5 290.8-291.1
Sample % Conc.
Ref 51.58 24.2 15.51 4.94 1.79 1.97
Annealed 10 shots 61.25 23.96 8.19 3.36 1.57 1.68
Annealed 80 shots 69.74 17.96 6.16 2.56 1.68 1.89
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9.8. Supplementary Information 

S1. Figures 

 
Figure S 1 Surface roughness of (a) the reference graphitic anode sample, and laser annealed 
anode sample at (b) 10 shots and (c) 80 shots, for different grains. 
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Figure S 2 Cycle performance (repeated twice) for reference graphite as anode for LIBs 
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10.1. Abstract 

High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is a promising next-generation cathode 

material due to its structural stability, high operation voltage, and low cost. However, the cycle 

life of LNMO cells is compromised by detrimental electrode-electrolyte reactions, chemical 

crossover, and rapid anode degradation. Here, we demonstrate that the cycling stability of LNMO 

can be effectively enhanced by a high-energy laser treatment. Advanced characterizations unveil 

that the laser treatment induces partial decomposition of the polyvinylidene fluoride binder and 

formation of a surface LiF phase, which mitigates electrode-electrolyte side reactions and reduce 

the generation of dissolved transition-metal ions and acidic crossover species. As a result, the solid 

electrolyte interphase of the graphite counter electrode is thin and is composed of fewer electrolyte 

decomposition products. This work demonstrates the potential of laser treatment in tuning the 

surface chemistry of LNMO cathode for lithium-ion batteries. 

 

10.2. Introduction  

The massive growth in the electric vehicle (EV) market has catalyzed the advancement of 

rechargeable lithium (Li)-ion batteries.[1,2] Since the cathode electrode is limiting the energy 
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density, cost, and safety of a Li-ion cell, increasing efforts are being devoted to developing next-

generation cathode materials with acceptable performances.[3,4] Recent advances in cobalt-free 

materials, such as high-nickel layered oxides LiNixM1-xO2 (M = Mn, Al, Ti, etc.), Li-rich 

manganese (Mn)-based layered oxides, olivine LiFePO4, and spinel LiMn2O4 have attracted much 

attention with respect to developing cost-effective high-energy-density Li-ion batteries.[5–14]  

On top of that, the high-voltage spinel LiNi0.5Mn1.5O4 (LNMO) is regarded as another 

promising cathode candidate with a high operating voltage of ~ 4.7 V (vs. Li+/Li), high energy 

density (> 650 W h kg–1), robust structural features, good rate capability, and low cost.[15–17] The 

cycle life of graphite||LNMO full cells, however, is greatly compromised by adversarial electrolyte 

oxidative decomposition reactions at high voltages and generation of dissolved transition-metal 

(mainly Mn) ions and acidic glycolic acid/formic acid/HPO2F2/HF species.[18,19] The Mn-bearing 

and acidic species migrate to the graphite (Gr) anode (commonly referred to as the crossover 

effect), resulting in a reduction of electrolyte, growth of thick solid electrolyte interphase (SEI), 

and loss of active lithium.[20,21] 

To date, lattice doping and surface decoration are regarded as the most effective ways to 

ameliorate cathode-electrolyte reactivity and reduce the generation of crossover species and their 

accumulation on the graphite anode. Elements, such as Al, Fe, Cr, Mg, etc., have been proved to 

improve the stability of LNMO cathode and examined extensively to uncover the underlying 

composition-structure-interphase-performance relationships.[22–25] However, most elemental-

doping in LNMO cathodes share the common drawbacks, including lowered capacity, possible 

inhomogeneous dopant distribution, and insufficient surface passivation. In comparison, surface 

engineering is proposed to be more beneficial due to its ability to reduce cathode-electrolyte 

reactivity and transition-metal dissolution and crossover.[26,27] For instance, surface Al2O3 coating 
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on LNMO cathode through atomic layer deposition (ALD) can extend the cycle life of high-mass-

loading (over 3 mA h cm–2) Gr||LNMO full cells to almost 300 cycles.[28] The cost, scalability, and 

uniformity of surface coating, however, need to be considered. Overall, more approaches are 

needed to realize the practical viability of high-voltage LNMO cathodes.  

 In this work, surface decoration with LiF is realized by a simple laser treatment on an iron-

doped LiNi0.476Mn1.475Fe0.049O4 (Fe-LNMO) cathode electrode through an elimination reaction of 

the polyvinylidene fluoride (PVDF) binder. The laser-treated Fe-LNMO cathode, with a 

reasonable active-material loading of 2 mA h cm–2, exhibits a capacity retention of 88% after 200 

cycles in full cells with graphite as the anode electrode, greatly outperforming the full cells with 

pristine Fe-LNMO cathode (77% retention). Advanced characterizations, including X-ray 

photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR) spectroscopy, and Fourier-

transform infrared spectroscopy (FTIR) provide insight into the role of surface fluorine decoration 

in tuning the oxidative decomposition reactions of the electrolyte at the cathode side and reducing 

the generation of acidic and Mn-bearing crossover species. Furthermore, the morphological and 

chemical degradations of the graphite anode that are greatly influenced by the crossover effect are 

studied in detail with the help of XPS with Ar+ sputtering. Overall, our work presents a novel, 

viable, and effective method for surface modification with fluorine, enabling a stable high-voltage 

spinel cathode.  

 
10.3. Experiment Procedure 

Synthesis: The Ni0.244Mn0.756(OH)2 precursor was synthesized by a co-precipitation 

method. Specifically, NiSO4·6H2O and MnSO4·H2O salts were dissolved in deionized (DI) water 

in an appropriate molar ratio to form a 2 M solution. Afterward, the transition-metal solution, a 
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NH4OH solution, and a KOH solution were pumped separately into a 10 L tank reactor for the co-

precipitation reaction until the diameter of particles reached 10 - 12 μm. During the synthesis, the 

pH value, temperature, and stirring rate were carefully controlled at 10.6, 50 ℃, and 700 rpm. 

After the co-precipitation, the material was washed with deionized water, filtered, and dried at 100 

℃ for use. To synthesize the LiNi0.476Mn1.475Fe0.049O4 (Fe-LNMO) cathode material, LiOH·H2O 

was first mixed with the Ni0.244Mn0.756(OH)2 precursor and Fe2O3 (nanoparticle) in a Li/transition-

metal ratio (i.e., Li/(Mn + Ni + Fe)) of 0.51 to form a uniform mixture. Then, the mixture was 

calcined at 850 ℃ for 10 h under an ambient atmosphere to obtain the Fe-LNMO active material.  

Electrode Preparation and Electrochemical Tests: To prepare the Fe-LNMO cathode electrode, 

the active material, carbon fiber, conductive carbon black, and polyvinylidene fluoride (PVDF) 

binder (the mass ratio is 94:1:2.5:2.5) were first mixed in N-methyl-2pyrrolidone (NMP) solvent 

by a Thinky Mixer at 2,000 rpm for 10 min. The slurry was then cast onto a piece of aluminum 

foil and dried in an oven at 120 ℃ overnight. The obtained electrode was cut into small disks with 

a diameter of 12 mm. The active material loadings were ~ 1 mA h cm–2 and 2 mA h cm–2, 

respectively, for half-cell and full cell fabrication.  

Coin cells were fabricated in an argon (Ar)-filled glovebox. The Li||Fe-LNMO half cells 

were assembled by stacking a cathode electrode, a Celgard 2300 separator, a Li-metal chip, and 

nickel foam with an injection of 150 μL of LP57 electrolyte (Gotion, 1M LiPF6 in EC/EMC = 3:7 

wt./wt.). The graphite||Fe-LNMO full cells were assembled by stacking a stainless-steel spacer, a 

graphite electrode (Gr, MTI Corp.), a DreamWeaver Gold separator (DreamWeaver Corp.), a 

cathode electrode, a stainless-steel spacer, and a spring with the injection of 150 μL of LP57 

electrolyte. Two cells were tested for each sample to ensure repeatability.  
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The Li||Fe-LNMO cells were evaluated at 3.5 − 4.85 V for the rate capability test. The 

Gr||LNMO full cells were cycled at 3.5 − 4.8 V at a C/10 rate for two cycles and a C/2 - 1C rate 

for 200 cycles with constant-voltage steps at the end of both charge and discharge. 1 C equals 147 

mA g–1. Electrochemical impedance spectroscopy (EIS) measurements were performed on a 

Solartron 1260 A equipment from 100 kHz to 10 MHz with a 10 mV potential perturbation. 

Laser-treatment Procedures: Fe-LNMO cathodes were annealed with nanosecond ArF 

excimer laser (wavelength = 193nm, pulse duration = 20ns) at variable pulse number and energy 

density to enable optimization. Focusing lens was used to control the annealing energy density. 

The samples LT1 and LT2 were annealed at 0.3 J cm-2 for 10 shots and 0.4 J cm-2 for 5 shots, 

respectively. 

Material Characterizations: The morphologies of the electrodes and active materials 

were explored by scanning electron microscopy (SEM, Quanta 650 ESEM field-emission scanning 

electron microscope) equipped with energy-dispersive X-ray spectroscopy (EDS, Bruker). X-ray 

diffraction (XRD) patterns of the cathode electrodes were collected with a Rigaku MiniFlex 600 

(10−80 °, 1 ° min–1). Scanning transmission electron microscope (STEM) images were collected 

with a JEOL NeoARM transmission electron microscope at 80 kV. The XPS data were collected 

with an Axis Ultra DLD spectrometer (Kratos) with Al Kα radiation (hυ = 1486.6 eV). The Ar+ 

sputtering (0.5 kV and 45° incident angel) rate was calibrated as about 5 nm min–1. Two locations 

were tested on the graphite anode paired with untreated baseline Fe-LNMO due to its ununiform 

morphology. To prepare electrode materials for the XPS test, the electrodes were first washed with 

dimethyl carbonate (DMC) three times to remove the residual electrolyte and then transferred into 

the XPS instrument via an Ar-filled, air-tight interface. Nuclear magnetic resonance (NMR) 

spectroscopy was performed on a Bruker Avance III 500 MHz NMR spectrometer. To prepare the 
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NMR sample, the cycled separator was first rinsed in 600 μL DMC solvent for 10 min. Afterward, 

100 μL of D6–DMSO as an external standard and 500 μL of the DMC solution were transferred 

into the NMR tubes. The tubes were sealed with rubber caps and Parafilm for the following NMR 

test. Fourier-transform infrared spectroscopy (FTIR) tests were conducted on a NICOLET iS5 IR 

spectrometer (Thermo Fisher Scientific) with an iD5 ATR (attenuated total reflectance) component 

installed. To prepare the aged electrolytes for the FTIR test, fresh Fe-LNMO and laser-treated Fe-

LNMO cathodes were charged to 4.8 V in full cells with graphite as the anode. Afterward, the cells 

were disassembled and washed twice with the dimethyl carbonate (DMC) solvent. The as-cleaned 

electrodes were put into a 10 mL vial with 1 mL fresh LP57 electrolyte injected for a 2-week 

storage at room temperature. The residual lithium titration test was performed on an 

OrionStarT910 auto-titrator (Thermo Fisher Scientific). Specifically, 1.5 g of Fe-LNMO cathode 

powder was first added to 100 mL of deionized water. The mixture was then stirred for 10 min, 

filtered, and titrated with a 0.1 M HCl standard solution twice (each test is based on a 45 mL 

filtered solution) to determine the surface residual lithium content on the Fe-LNMO cathode. 

10.4. Results and Discussions 

The morphologies of the pristine (referred to as baseline) and laser-treated Fe-LNMO 

cathode electrodes were explored with scanning electron microscopy (SEM, Figure 10.1a,b). 

Note that to test the effectiveness and repeatability, the laser treatments were carried out under two 

conditions (termed as LT1 and LT2). As seen, the edges of laser-treated primary particles are not 

as sharp as the baseline sample, indicating the laser energy applied to the cathode particles is high 

enough to alter the primary particle morphology, which could induce changes in the structure 

and/or surface properties of the cathode electrode. XRD results (Figure S1) further confirm that 

the laser treatment induces no structural change on the Fe-LNMO cathode.  
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With respect to the surface chemistry evolution, XPS data were collected on the fresh 

baseline and LT1/LT2 electrodes before the electrochemical test. As shown in Figure 10.1c, the 

PVDF peaks at 286 eV and 290.3 eV (C1s spectra) of LT1 and LT2 are weaker than those of the 

baseline electrode, and such a decrease in the PVDF peak after the laser treatment can also be seen 

in the F 1s spectra, illustrating that the high energy laser treatment can induce the decomposition 

of the PVDF binder. Interestingly, a new LiF peak at about 685 eV in the F 1s spectra appears after 

the laser treatment. Theoretically, the formation of LiF should result from the reactions between 

the PVDF binder and Fe-LNMO active material, which are, respectively, the only source of 

fluorine and lithium in the electrode. Due to the formation of the LiF phase on the surface, the 

content of O-TM bonding in the O1s spectra (no sputtering) of LT1 and LT2 is less concentrated 

than that with the baseline sample. After 30s of Ar+ sputtering, however, the O-TM content of LT1 

and LT2 increases sharply and shows a concentration similar to that of the baseline sample. This 

indicates that the thickness of the surface LiF phase is only about 3 - 5 nm. To understand the 

formation mechanism of the LiF phase, residual Li titration on fresh Fe-LNMO powder was first 

conducted to identify the Li source. As shown in Figure 10.1d, the pH of deionized water increases 

to about 9.5 after rinsing the fresh Fe-LNMO powder, clearly demonstrating the existence of 

surface residual Li species (LiOH/LiHCO3/Li2CO3). Based on the titration result, it is determined 

that the concentration of surface residual Li is 174 ppm. Combining the XPS and titration data, a 

LiF formation mechanism is proposed in Figure 10.1e. Specifically, under the illumination of a 

high-energy laser, an elimination reaction may happen where the basic surface residual Li species 

(e.g., Li2CO3) attack the proton on the PVDF binder, resulting in the formation of LiF as a 

product.[30,31] In addition, it is also possible that some of the PVDF and its de-fluorination products 

can undergo combustion decomposition due to the high-energy nature of the laser.[30] 
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Electrochemical performance tests were performed to understand any benefit that can be 

brought about by the laser treatment. The first cycle charge-discharge curves are displayed in 

Figure 10.2a and Figure S2 in, respectively, full-cell and half-cell configurations. As seen, the 

LT1 and LT2 cells show capacities and coulombic efficiencies similar to the baseline cell, in great 

accordance with XRD and TEM results, which displayed no structural changes induced by the 

laser treatment of Fe-LNMO. Furthermore, the rate performance was conducted in cells with Li-

metal anodes to avoid active Li loss on the anode side. As shown in Figure 10.2b, the rate 

capability of the Fe-LNMO cathode is slightly worsened by the laser treatment. This is because of 

the loss of inter-particle contact in Fe-LNMO caused by the decomposition of the PVDF binder 

(Figure 10.1c).[32] In this regard, further research on the laser treatment of cathode can focus on 

the optimization of binder content and laser energy to improve the rate performance.  

The cycling performances of LT1 and LT2 cells were evaluated in a full cell configuration 

with graphite as the anode. As shown in Figure 10.2c, the LT1 and LT2 cells show consistently 

and remarkably enhanced cycling stabilities compared to the baseline cell. Specifically, the LT1 

and LT2 cells can deliver, respectively, 88% and 87% of their initial capacity (119 mA h g–1 at a 

C/2-1C rate) after 200 cycles; while the baseline cell with an initial capacity of 116 mA h g–1 (C/2-

1C rate) only has a capacity retention of 77 %. The discharge profiles of LT1, LT2, and baseline 

cells are plotted in Figure 10.2d. During cycling, the voltages of the phase transformation plateaus 

of the LT1 and LT2 cells only slightly decreases; in contrast, the voltage of those plateaus of the 

baseline cell fades much faster. As a result, as illustrated in Figure S3, the LT1 and LT2 cells 

show a much smaller voltage hysteresis than the baseline cell, and the energy density retention of 

the Gr||Fe-LNMO cell is significantly improved by the laser treatment (Figure S4). 
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Electrochemical impedance spectroscopy (EIS) data in Figure 10.2e further demonstrate a lower 

interfacial impedance for the LT1 and LT2 cells compared to the baseline cell, as shown clearly 

with a higher magnification. 

10.5. Conclusion 
 

In summary, we have demonstrated in this work that the cycling stability of the high-

voltage spinel LNMO cathode can be enhanced remarkably by a simple high-energy laser 

treatment on the cathode electrode. Comprehensive structural and interphasial analyses unveil that 

the laser treatment induces a partial decomposition of the PVDF binder and the formation of a 

protective surface LiF phase on the cathode electrode. Such a surface LiF phase serves as an 

artificial CEI and helps reduce the electrochemical oxidative reactions of carbonate solvents, 

decomposition of LiPF6, and generation of transition-metal and HPO2F2 crossover species. As a 

result, the graphite counter electrode is prevented from being seriously poisoned by the hazardous 

crossover species and hence it has a thin SEI with less electrolyte decomposition products. We 

believe the laser treatment strategy can be extended to other cathodes, such as Mn-based spinel 

LiMn2O4, high-Ni layered oxides LiNi1-x-yMnxCoyO2/LiNi1-x-yCoxAlyO2 (NMC/NCA), and Li-rich 

Mn-based layered oxides xLi2MnO3·(1-x)LiNi1-x-yMnxCoyO2 to boost their cycle stability. The 

nanosecond pulsed laser annealing to engineer defects and control dopants was pioneered by 

Narayan et al.,[49,50] and the performance enhancement with other materials, such as 

LiNi0.8Mn0.1Co0.1O2 and graphite anode, will be published soon.[51] Future studies on the laser 

treatment can focus on the optimizations of laser energy and PVDF content, respectively, to tune 

the thickness of the surface LiF phase and improve the rate performance. Finally, our methods for 

probing the chemistry and thickness of electrode-electrolyte interphases, detecting soluble 

electrolyte decomposition products, and delineating chemical and electrochemical reactions of 
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electrolyte through XPS with the Ar+ sputtering capability, rational NMR experiment design, and 

FTIR test on the aged electrolyte provide deep insights into understanding the degradation 

pathways of high-voltage Li-ion cells. 

 
10.6. Figures 

 
Figure 10.6.1(a) Scanning electron microscope images of the pristine (baseline) and laser-treated 
(LT1 and LT2) Fe-LNMO cathode electrodes at 5um. (b) 10um (c) C1s, F1s, and O1s XPS data 
of baseline, LT1, and LT2 cathode electrodes before the electrochemical test. (d) Residual Li 
titration curve of Fe-LNMO cathode to determine the surface residual Li content. (e) Schematic 
illustration of a possible mechanism for the formation of surface LiF phase on the Fe-LNMO 
cathode. The scale bars in (a) and (b) are 5 μm and 5 nm, respectively. 
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Figure 10.6.2 Electrochemical performance comparison of baseline, LT1, and LT2 cells. (a) First 
cycle charge-discharge curves, (b) rate capability test (based on Li||Fe-LNMO half cells), (c) cycle 
stability evaluation, (d) evolution of discharge curves, and (e) EIS plots of baseline, LT1, and LT2 
full cells with graphite as the anode. The Li||Fe-LNMO and Gr||Fe-LNMO cells were operated at 
3.5 - 4.85 V and 3.3 - 4.8 V, respectively. 1C equals 147 mA h g–1. 
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10.7. Supplementary Information 

S1 Figures  

 

 

Figure SS 1 XRD patterns of the pristine (baseline) and laser-treated (LT1 and LT2) Fe-LNMO 
cathode electrodes before the electrochemical test. 

 

 

Figure SS 2 First cycle charge-discharge curves of baseline, LT1, and LT2 cells with Li-metal as 
the anode. 1C equals 147 mA h g–1. 
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Figure SS 3 Voltage hysteresis of baseline, LT1, and LT2 full cells with graphite as the anode. 
The full cells were operated between 3.3 and 4.8 V at a C/2-1C rate for 200 cycles. 1C equals 
147 mA h g–1. 

 

 
Figure SS 4 Energy density performance of baseline, LT1, and LT2 full cells with graphite as 
the anode. The full cells were operated between 3.3 and 4.8 V at a C/2-1C rate for 200 cycles. 1C 
equals 147 mA h g–1. 
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 Nanosecond laser annealing of NMC 811 cathodes for enhanced performance[*] 
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annealing of NMC 811 cathodes for enhanced performance”(2022) Journal of The 
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11.1. Abstract 

Improved performance of lithium-ion batteries (LIBs) plays a critical role in the future of 

next- generation battery applications. Nickel-rich layered oxides such as LiNi0.8Mn0.1Co0.1O2 

(NMC 811), are popular cathodes due to their high energy densities. However, they suffer from 

high surface reactivity, which results in the formation of Li2CO3 passive layer. Herein, we show 

the role of nanosecond pulsed laser annealing (PLA) in improving the current capacity and cycling 

stability of LIBs by reducing the carbonate layer, in addition to forming a protective LiF layer and 

manipulating the NMC 811 microstructures. We use high-power nanosecond laser pulses in a 

controlled way to create nanostructured surface topography which has a positive impact on the 

capacity retention and current capacity by providing an increased active surface area, which 

influences the diffusion kinetics of lithium-ions in the electrode materials during the battery 

cycling process. Advanced characterizations show that the PLA treatment results in the thinning 

of the passive Li2CO3 layer, which is formed on as-received NMC811 samples, along with the 

decomposition of excess polyvinylidene fluoride (PVDF) binder. The high-power laser interacts 

with the decomposed binder and surface Li+ to form LiF phase, which acts as a protective layer to 

prevent surface reactive sites from initiating parasitic reactions. As a result, the laser treated 

cathodes show relative increase of the current capacity of up to 50%, which is consistent with 

electrochemical measurements of LiB cells.  
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11.2. Introduction  

Lithium-ion batteries (LIBs) have revolutionized portable electronics in the last three 

decades, as they are able to deliver higher energy per unit volume or mass than other rechargeable 

battery systems [1]. The higher energy is derived from high cell voltage and specific capacity, both 

of which depend upon materials chemistry and microstructural characteristics of cathode and 

anode materials. The oxide cathode materials, which have shown the highest performance in terms 

of energy density so far can be classified into the following three  categories: (1) 2-D layered 

LiCoO2 related materials; (2) 3-D spinel LiMn2O4 related materials; and (3) 1-D olivine LiFePO4 

related materials [2].  

The layered LiCoO2 cathode, originally commercialized by Sony Corp., has played a 

central role in portable electronics including cell phones and laptop computers. However, the high 

cost associated with cobalt, availability, toxicity, chemical instability, and safety concerns have 

prevented its usage in transportation and stationary storage applications[3]. In LiCoO2, Li+ and 

Co3+ are ordered in the alternate (111) planes of the NaCl structure with a cubic close-packed array 

of oxide ions. This structure is referred to as the O3 structure, where large differences in charge 

and size between Li+ and Co3+ cations lead to two-dimensional cation ordering, which is critical 

to fast two-dimensional lithium-ion diffusivity and ionic conductivity. The lithium-ion diffusion 

in the (111) plane occurs from one octahedra site to another via neighboring tetrahedra which share 

faces with three octahedra, providing low diffusion migration energies [4]. The chemical 

instability results from the overlap of the Co3+/4+:3d band with the top of the O2-:2p band, which 

leads to oxygen release on Li+ ion charging beyond 50%. This also limits the current capacity in 

LiCoO2 to about 140 mAhg-1. On the other hand, Ni and Mn doping lower chemical instability and 
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safety concerns, because the Ni3+/4+:3d band barely touches the top of the O2-:2p band, and 

Mn3+/4+:3d band lies well above the top of the O2-:2p band. These considerations have led to the 

development of LiNixMnyCo(1-x-y)O2 cathodes, which offer better safety, in addition to lower cost 

of Ni and Mn than Co [5]. 

Here, we focus on LiNixMnyCozO2 cathode with x=0.8, and y = z = 0.1, which is known as 

NMC 811. The NMC 811 can reach a theoretical specific current capacity of 200 mAhg-1 with 

upper cut off voltage of 4.3V vs Li/Li+ . However, it suffers from the following limitations: (1) 

They are reported to show structural changes from the layered phase (R3̅ m) to the spinel-like 

phase (Fd3̅ m) and rock salt phase (Fm3̅ m) during high voltage cycling and at high temperatures 

[6-9]. This structural degradation and electrolyte oxidation at the cathode surface results in poor 

cyclability [10]. (2) During cycling, the migration of transition metal ions (Ni2+) to the lithium ions 

sites results in oxygen and lithium ions loss from the surface, which damages the structure, 

resulting in the capacity loss [11]. (3) There is a significant Li/Ni cation mixing because of similar 

radii of Li+ (0.076 nm) and Ni2+ (0.069 nm), which slows lithium diffusion [12]. (4) In addition, 

the cathode surface is easily contaminated by the LiOH and Li2CO3 layer formation due to its high 

surface reactivity, which reduce its performance [13-15]. So far various techniques like coatings, 

doping, electrolyte additives, have been used to overcome these issues to improve the cathode 

performance [16-22]. Previous studies on laser processing involved surface restructuring and 

patterning to enhance electrolyte interaction with modest increase in current capacity [23-26]. In 

this work, we focus on nanosecond pulsed laser annealing (PLA), which was pioneered by Narayan 

et al. [27,28] for defect engineering and surface modification. Recently, we have used PLA to 

improve current capacity and long-term cyclability in LMNO cathodes and graphite anodes 

[29,30]. 
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This paper addresses microstructural and defect engineering of currently used NMC 811 

cathodes by using nanosecond pulsed laser annealing (PLA) to improve their performance and 

current capacity. Herein, we use PLA treatment for thinning and removal of the carbonate layer, 

which is generally formed on the cathodes surface due to the high reactivity of surface Li2O with 

exposure to oxygen and CO2, and removal of excess polyvinylidene fluoride (PVDF) binder. 

During the laser treatment,  the surface Li reacts with the decomposed binder to form LiF, which 

acts as a protective layer to prevent the unwanted side reactions with the electrolyte [6]. Such a 

surface LiF phase helps in reduction of the electrochemical oxidative reactions of carbonate 

solvents, and generation of transition-metal ions and acidic crossover species, which in turn 

improve the performance of cells [30]. We also created nanostructured surface topography on the 

laser treated samples, which has a positive impact on the capacity retention and current capacity 

by providing an increased active surface area. An increased active surface area by nanostructuring 

influences the diffusion kinetics of lithium-ions in the electrode materials through the electrolyte. 

Furthermore, PLA treatment also creates both cation and anion vacancies, where cation vacancies 

promote lithium-ion mobility, which outweigh harmful effects related to anion vacancies 

promoting cation mixing. For future battery manufacturing, a balanced combination of defect 

engineering and microstructure optimization, will enable the development of a new generation of 

high power and high energy lithium-ion cells.  

 
11.3. Experiment Procedure 

The NMC 811 samples were annealed using nanosecond ArF excimer laser (wavelength = 

193 nm, pulse duration = 20 ns) at 0.2-0.4 J/cm² laser energy density with variable (5-10) shots. 

However, the optimized pulse energy density was found to be 0.3 J/cm², therefore, we present 
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results for 0.3 J/cm². There was a significant change in the morphologies observed in laser 

annealing samples compared to the reference samples. The samples were characterized by 

Scanning electron micrograph (SEM), X-ray Diffraction (XRD), for structure and surface 

morphology. HR-SEM for surface morphology was performed using FEI Verios 460L SEM. The 

XRD 2θ scans were performed using a Rigaku SmartLab X-ray diffractometer in Brag diffraction 

operating mode, using a Cu-Ka 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. The X-ray 

photoelectron spectroscopy (XPS) was performed for atomic bonding analysis. Surface chemical 

analysis was carried out using X-ray photoelectron spectroscopy (XPS) was done on a SPECS 

XPS system (SPECS FlexMod XPS) using a high-resolution PHOIBIS 150 hemispherical 

analyzer. Measurements were taken at a base pressure of 2 × 10−10 mbar with Mg kα excitation 

source (1254 eV). The takeoff angle was at normal to the sample surface. Energy calibration was 

done by referencing to adventitious carbon C 1s line at 285 eV binding energy. 

Electrode was prepared by mixing the NMC811 powder with C45 (carbon black:CB) and 

PVDF in NMP in a 90:5:5 (NMC811:CB:PVDF) ratio to form a well homogenized slurry, which 

was then cast onto Al foil by the doctor-blade method and left under a UV light to allow the solvent 

(NMP) to evaporate. The electrode was then dried in a vacuum oven overnight at 110 °C. The 

electrode was cut into circular discs with an area of 1.27 cm2 and transferred to an Ar filled glove 

box. The electrodes have an active material loading of approximately 3-4 mg cm-2. Coin cells were 

assembled with NMC811 as the cathode, Li as the anode, Celgard 2320 as the separator and 1.2 

M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) at 

a weight ratio of 3:7 as the electrolyte inside an Ar filled glovebox with the oxygen and water 

levels below 0.5 ppm. Cyclic voltammograms (CVs) were recorded on a Biologic VSP instrument 
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in the voltage range of 3.0 – 4.5 V at a scan rate of 0.1 mV s-1. Electrochemical impedance spectra 

(EIS) were tested on the same instrument with AC signal amplitude of 10 mV in the frequency 

range from 200 kHz to 10 mHz. Galvanostatic charge/discharge was carried out on an Arbin 

instrument at C/10 (1C = 200 mAh g-1) for three cycles, followed by cycling at C/2 for 300 cycles 

at room temperature. 

11.4. Results and Discussions 

We carried out high-resolution SEM studies to study the microstructural changes and 

surface morphology. Fig.11.1(a) shows that as-received NMC 811 samples consist of 

LiNi0.8Co0.1Mn0.1O2 phase having primary average grain size of about 500 nm over a large area. 

These NMC 811 grains are mixed with carbon additive and PVDF binder to enhance electrical 

conductivity and facilitate cell manufacturing. At a higher magnification in as-received samples 

as shown in Fig. 11.1(b), we see a primary NMC 811 phase and a secondary phase of residual 

lithium grains, in addition to lithium carbonate (Li2CO3) thin layer. These lithium grains have an 

average grain size about 100nm on the top of the primary 500 nm grains samples. It is envisaged 

that Li2CO3 thin layer forms after the oxidation of lithium to form Li2O (4Li(s) + O2(g) → 

2Li2O(s), 2Li(s) + H2O(g) → 2Li2O(s)) and its subsequent reaction with CO2 during processing 

(Li2O(s) + CO2 (g) → Li2CO3 (s)). The formation of this carbonate layer (denoted by arrows in the 

Fig.11.1(d)) is attributed to the degradation of cathode performance. A severe accumulation of 

surface carbonates, which are poor conductors, is responsible for electrolyte consumption, Li 

depletion and thicker SEI (Solid Electrolyte Interphase) which results in deterioration of cell 

capacity [31]. 

After the laser treatment (energy density = 0.3Jcm-2), we see pits (dark regions), where 

PVDF binder is evaporated off, as shown in Fig. 11.1(c). It is surmised that the creation of pits is 
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useful in enhancing the electrolyte interactions as more Li-ion pathways are available from the 

electrolyte phase to active material due to the presence of nanopores, thereby, increasing the 

performance of cells. At a higher magnification (Fig. 11.1(d)), we see that the lithium grains and 

the lithium carbonate layer have been mostly evaporated in the laser treated samples. On exposing 

the samples with high-energy laser (ArF, bandgap = 6.4eV), the Li2CO3 (3.55eV indirect and 

5.10eV direct bandgap) [32] layer decomposes resulting in the thinning of the carbonate layer. 

Furthermore, the PLA treatment initiates the reaction between the surface residual Li+ species and 

decomposed PVDF binder, causing the formation of a surface LiF phase[30,33]. This LiF acts as 

a passive protective layer. Interestingly, we find nanostructuring of LiNi0.8Co0.1Mn0.1O2 grains into 

finer grains with an average size of 15 nm. It is suggested that the excimer laser melted the top 

surface of the grains and with ultrafast quenching at the room temperature, it was recrystallized.  

The nanostructuring of NMC 811 particles increases the surface area and provides more available 

surface reaction area and consequently the availability of more active sites for the electrolyte 

interaction. 

The structural ordering of the samples was quantitatively analyzed using the XRD 

measurements.  The XRD spectra indicate that both the reference NMC 811 and laser annealed 

NMC 811 are single-phase layered rhombohedral Li(NiCoMn)O2 with R-3M space group (JCPDS 

reference number: 01-080-7011) [34]. No other peaks are detected in the annealed sample, 

indicating that PLA treatment did not alter the bulk NMC811 structure. The structure of 

nanostructured NMC811 also has the same structure, but stoichiometry and defect content are 

different from the (reference) as-received sample. We did not detect the presence of Li and Lithium 

Carbonate layer in the XRD because of low scattering efficiency from Li and the carbonate layer 

may be too thin to be detected. Furthermore, in Ni-rich cathodes, cation mixing between Li and Ni 
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may occur, resulting in the heavier Ni cations occupying Li sites, which causes a weaker intensity 

of (003) peak as seen in Fig. 11.2. [35,36].This cationic disordering in the layered structures of 

Ni-rich oxides is attributed to the rapid quenching due to the melt, oxygen vacancies, and migration 

of reduced Ni2+ ion into the lithium layers because of the similar ionic radii of Ni2+ (0.69 Å) and 

Li+ (0.76 Å) [37]. The ratio of the integrated intensity for the (003) and (104) reflections, I003/I104, 

signifying cation mixing [38] and Ni/Li disordering is 1.35, and 1.31 for the reference and 

0.3J/cm2, respectively. It is envisaged that the laser annealing results in the formation of anion and 

cation vacancies. These cation vacancies provide extra pathways for Li+ ions for charging and 

discharging. It should be mentioned that anion vacancies contribute to disorder [39-41]. However, 

this disorder is not that significant. There is an optimum balance between the defect concentration 

and cation mixing [42]. In addition, clear splitting of the (108)/(110) diffraction peaks for all the 

samples show that the highly ordered layered structure was not influenced with this small amount 

of substitution. 

The reference and laser annealed NMC 811 samples were further characterized by X-ray 

photoelectron spectroscopy (XPS) to understand surface chemistry evolution. Figs. 11.3(a,b) 

shows the C 1s spectra of the reference and 0.3J/cm2 laser annealed sample.  There is an 

adventitious carbon peak at 284.9 eV [43] along with a dominant carbonate peak at 290.8 eV and 

PVDF peak 286.9 eV observed in the reference sample as shown in Fig. 11.3a. It is reported that 

NMC 811 has very high surface reactivity. Due to the reduction of Ni3+ to Ni2+, active oxygen 

species are generated at the cathode surface, which react in the presence of air and moisture to 

form carbonate and hydroxide impurities [44], as observed in SEM images as well. As mentioned, 

these Li2CO3 impurities are responsible for degradation phenomena and capacity fade in NMC 

811 cell. The XPS results, further confirm the thinning of carbonate and the PVDF binder in the 
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laser annealed samples as shown in Fig. 11.3c. This decrease of fluorine from the surface, which 

acts as a blockage for Li+ ions to interact during the charging, is also seen in F 1s spectra in Fig. 

11.4(b), suggesting that PLA results in decomposition of the PVDF binder. Furthermore, the 

presence of LiF peak at 685 eV in Fig. 11.4(b) reveals the formation of this new surface phase by 

the reaction between the residual surface Li and PVDF binder during laser annealing. This peak is 

absent in the reference sample (Fig. 11.4(a)). 

The electrochemical performance of the baseline and laser treated NMC811 samples were 

evaluated by first cycling under a low current rate of C/10 for three cycles, followed by cycling at 

a high current rate of C/2 between the voltage range of 3.0 and 4.3 V. Fig. 11.5a & 11.5c show 

the long cycling performance of the pristine and laser treated NMC 811 at 0.3 J/cm2 while Fig. 

11.5b & 11.5d  compare the charge (delithiation)/discharge (lithiation) profile of the 1st, 2nd cycle 

at C/10, and the 1st, 100th, 200th and 300th cycle at C/2 for the pristine and laser treated NMC 811 

at 0.3 J/cm2. The initial charge/discharge capacities of the baseline NMC811 at C/10 (1C = 200 

mAhg−1) are 220.8/185.1 mAh g-1, whereas those of the laser treated NMC 811 at 0.3 J/cm2 at C/10 

are 291.5/242.0 . The laser annealing is seen to increase the capacity of the treated NMC811 

samples significantly. It is envisaged that the near surface nanostructuring and creation of cation 

vacancies play a critical role in enhancing the capacity of the cell. Recent results proved that during 

discharging the lithium concentration at cathode side is significantly increased on the top and along 

the contour of the free-standing microstructures, providing additional Li pathways and capacities 

[45,46]. The initial charge/discharge capacities at C/2 are 177.1/164.1 and 228.7/207.3 mAh g-1 

for the pristine and laser treated NMC 811 samples at 0.3 J/cm2, respectively, which decrease to 

76.0/75.3 and 113.6/111.7, mAh g-1 after 300 cycles, representing capacity retentions of 45.9% 

and 53.9%, respectively. These results indicate that the laser treatment exposes more reactive sites 
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and shortens the Li+ diffusion length and thus, enhances the capacities of the treated samples. The 

sample treated at 0.3J/cm2 with 10 shots offers the best combination of higher reversible capacity 

and better capacity retention. Thus, the laser treatment effectively increases the current capacity 

of the LIB compared to the non-treated samples.  

It should be mentioned that the prolonged storage of these electrodes results in a severe 

accumulation of surface carbonates. The carbonate species produced during ambient exposure of 

NMC 811 are electrochemically inactive with poor electronic conductivity [47], which hinders Li 

diffusion significantly [48], resulting in the capacity fade as seen in Fig. 11.6. Fig. 11.6 shows the 

long cycling performance of 8 months old NMC 811 sample vs. its performance after the laser 

treatment. As suggested by the reports, it is seen that the cell performance degrades. The initial 

charge/discharge capacities of the baseline NMC811 at C/10 (1C = 200 mAhg−1) are 192 and 142  

mAh g-1. However, post laser treatment at C/10, the charge/discharge capacities are 221 and 181 

mAh g-1, respectively.  This is in agreement with the proposed effect of laser annealing the NMC 

811 samples in improving the performance of LIB cathodes for longer cycles due to the removal 

of carbonate layer, which leads to increase in resistance, impeding the charge transfer and the 

mobility of lithium ions and electrons for the electrochemical redox reaction. The laser treatment 

in terms of pulses can be varied based on the storage conditions and thickness of the carbonate 

layer in the samples. 

11.5. Conclusion 
 

We have successfully demonstrated the role of Pulsed Laser Annealing in improving the 

performance of NMC 811 cathodes. On treating the cathode samples with ultrafast laser pulses of 

optimum energy density, the traditional carbonate layer, which is rapidly formed due to high 

surface reactivity of the cathode in presence of moisture and CO2, is significantly reduced. As a 
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result, we see higher capacity rates and capacity retention in the laser treated cells. Additionally, 

this treatment initiates reaction between the partial decomposition of PVDF binder, which interacts 

with the lithium to form LiF layer. This layer reduces generation of dissolved transition metal ions 

and acidic cross-over species, which prevent the structural degradation of the cell. Also, the laser 

treated cells have nanostructured topography within individual grains which provides enhanced 

surface area for electrolyte interaction, thereby, increasing the Li+ diffusion kinetics of the cell. 

The initial charge/discharge capacity in the reference NMC 811 sample is only 177.1/164.1 mAhg-

1, which drops to 76.0/75.3 mAhg-1 after 300 cycles. Remarkably, in the laser-treated NMC 811 

samples, the initial charge/discharge capacity improves to 228.7/207.3 mAhg-1 and it decreases to 

113.6/111.7 mAhg-1 after 300 cycles. This improvement after 300 cycles is over 48% suggesting 

significant enhancement in the NMC 811 performance. Since the NMC 811 electrodes are highly 

unstable, therefore it is important to vary the number of laser pulses and density accordingly. For 

future battery manufacturing, a balanced combination of defect engineering and microstructure 

optimization, will enable the development of a new generation of high power and high energy 

lithium-ion battery. 
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11.6. Figures 

  
Figure 11.6.1 SEM images of the (a) as-received NMC 811 at a low magnification; (b) formation 
of Li and Li2CO3 at higher magnification; (c) formation of pits after laser annealing; and (d) 
removal of Li and Li2CO3 and formation of nanostructured grains on the top of original 
micrograins in laser annealed NMC 811 sample. 
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Figure 11.6.2 XRD spectra of the reference sample and multiple shots laser annealed sample at 
0.3J/cm2   
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Figure 11.6.3 C1s fitted XPS spectra of the (a) as-received ref sample and (b) 5 shots laser 
annealed sample at 0.3J/cm2, (c) Comparison of C1s spectra showing the decrease in carbonate 
peak post laser annealing NMC 811sample 
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Figure 11.6.4 F1s fitted XPS spectra of the (a) ref sample showing significant PVDF peak and 
(b) laser annealed sample at 0.3J/cm2 showing decrease in PVDF peak and origination of LiF 
peak at 685eV. The inset shows higher magnification of LiF peak. 
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Figure 11.6.5 Charge/discharge capacities and profile of NMC 811 (a,b) baseline and (c,d) laser 
annealed at 0.3J/cm2. 
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Figure 11.6.6 Charge/discharge capacities of the 8 months aged (a) baseline (reference 
NMC811) and laser treated samples at 0.3J/cm2. 
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 Conclusions 

This thesis is based upon a novel approach based upon diamond tetrahedron for the 

formation of Q-carbon and diamond related materials, followed by microstructural analysis and 

structure-property relationship for novel solid-state device applications. The Q-phases are of 

significant interests as they consist of randomly packed diamond tetrahedra, with packing fraction 

> 50% higher than crystalline diamond, which results in its superior properties. Herein, we focus 

on ultrafast phase transformation of carbon into Q-carbon and diamond by non-equilibrium laser 

processing. We show the formation of room-temperature ferromagnetic nanoballs by rapid melting 

and quenching of the amorphous carbon layers at ambient pressure in air by nanosecond laser 

annealing. The formation of Q-carbon nanoballs is confirmed by HRSEM, HRTEM, EELS and 

Raman spectroscopy. These nanoballs are self-organized in the form of strings and rings by 

aligning diamond tetrahedra along <100> and <110> directions, respectively. We observe the 

variation in magnetic properties with the size of these nanoballs. The size of these Q-carbon 

nanoballs can be varied from 5-100nm by manipulating laser, carbon film and substrate 

parameters. The origin of intrinsic ferromagnetism is ascribed to the presence of unpaired electrons 

in the Q-carbon structure, which also cause spin-orbit interaction. The interaction between 

bacterial cells and carbon nanomaterials results in direct contact between the cells and carbon 

nanomaterials, which in turn leads to cell’s death. In view of these properties, ultrahard Q-carbon 

nanoballs are expected to find novel applications ranging from targeted drug delivery and 

biomedical applications.  

We address the long-standing processing challenges of phase-pure metastable phases of 

carbon by showing the formation of Q-carbon tailored as 2D films and 3D nanoballs with 

embedded nanodiamonds, and pure diamond structures on a single-crystal r-sapphire substrate. 
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This is accomplished by changing the annealing energy density to melt and quench the amorphous 

carbon films, while keeping the same initial thickness. The laser annealing energy density is used 

to modify the sp3 content in a DLC film of constant thickness to form these structures, wherein the 

choice of these parameters was guided by SLIM modeling.  Since the subsequent liquid-phase 

regrowth is a function of undercooling, we show that there is a decrease in undercooling with 

increase in pulse energy density.  On minimizing the undercooling at even higher energy density, 

we form homogeneous film comprising of densely packed nanodiamonds (5–20 nm) which can 

serve as active N-V sites upon doping with N. We rationalize the phase transformation of these 

microstructures using a framework showing that undercooling and quenching rate can generate a 

pressure pulse which is the key to the formation of these nonequilibrium structures.  This ability 

to selectively tune between diamond or Q-carbon or their composites is highly desirable for various 

applications ranging from targeted drug delivery, field emission, protective coating and 

nanosensing applications.  

We investigate the role of Q-carbon to grow high-quality, large area diamond films. Since 

Q-carbon consists of diamond tetrahedra, it acts as a seed in itself to nucleate diamond films. Using 

this property of Q-carbon, we show enhanced diamond growth on non-diamond substrates by 

HFCVD. It is observed that the Q-carbon nanoballs are more effective as seeds, since they provide 

higher number of active nucleation sites and result in stress-free, denser, and adherent films. The 

ballas type of diamonds formed on r-plane sapphire are reportedly harder and stronger and its 

combination with Q-carbon composite as seeds make them a suitable candidate in wear and display 

applications. The nucleation mechanism of Q-carbon was studied by using it as a template to grow 

large-area crystalline faceted diamonds on a-plane sapphire and highly dense microneedles on r-
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sapphire. The <100> faceted diamond microneedles formed are ideal for field emission and display 

device applications. The heteroepitaxial relationships in this thesis are established using DME. 

The application of Q-carbon in biomedical field is explored as well. Si-Q-carbon films 

show hydrophilic character and significant inhibition in the growth of S. epidermidis biofilm. The 

enhanced antibacterial activity of the thin film is attributed to its hydrophilicity and tunable surface 

characteristics. Since a large number of periprosthetic infections result from complex interactions 

among the host, the pathogen, and the implants, Q-carbon as a biomaterial is of great importance 

for reducing periprosthetic joint infections (PJIs).  

To scale up the fabrication of Q-carbon, we show the wafer-scale formation of Si-Q carbon 

by PECVD. The low-energy ion bombardment through a negative bias during the PECVD is used 

to transform the low sp3-content amorphous carbon structure into a Q-carbon structure. The energy 

of these ions during low-energy ion bombardment should be high enough to contribute to the 

formation of Frenkel pairs and the generation of five-atom tetrahedron units. However, with a 

further increase in the energy of the ions during ion bombardment, the defect density induced by 

the ions is much higher and this damage causes graphitization and an increase in the sp2 content. 

Using this technique, we are able to form uniform Q-carbon a 6” silicon wafer, which is envisaged 

to be increased to 12” silicon wafer by the same process. 

Rapid melting and quenching of Si-Q layer on (100) Silicon by ArF excimer laser shows 

the formation of crystalline cubic phase of SiC. We successfully show the role of pulsed laser 

annealing technique to form nanosized 3c-SiC and nano diamonds. The crystalline phase of 3c-

SiC is confirmed by the signature LO and TO peaks observed in Raman spectra. We show that 

laser annealing is suitable for forming the cubic polytype, whereas the hexagonal polytype is 

formed by the conventional HFCVD process on similar Si (100) sample. We used hot filament 



 

253 
 

chemical vapor deposition to directly grow 6H-SiC films on Si (100). This is confirmed by SEM, 

Raman spectroscopy and EBSD. Further, we used these phases of 3c-SiC and Q-

carbon/nanodiamonds as interlayer to show superiority of these phases to nucleate diamond 

compared to bare Silicon by Hot filament CVD process. The SEM images confirm the formation 

of large-area faceted diamond film at 3c-SiC and Q-Carbon sites. Octahedron diamonds growing 

in [100] direction, surrounded by (111) planes are observed. However, the nucleation in 3c-SiC is 

lower than Q-carbon but higher than on Si. This is because of sp3 bonding of Si-C bonds, which 

lowers the surface energy (γ) and hence the critical size of diamond nuclei.  The higher nucleation 

density over large area with Q-carbon interlayer shows that Si-Q interlayer provides higher 

nucleation sites than carbide layer. These interesting results are further confirmed by Raman 

spectroscopy. Raman spectra show crystalline and high-quality diamond films. A little upshift of 

1.5cm-1 is observed in the carbide interlayer spectrum indicating some stress. However, diamond 

films are very much stress-free and phase-pure on Q-carbon interlayer. To understand such high 

nucleation and growth, HRTEM studies were performed, which suggested the superiority of Si-Q 

carbon interlayer to nucleate nanodiamond sites. These sites resulted in effectively dense and 

faceted octahedral diamond rich film. The presence of native oxide layer impeded the epitaxial 

relationship. However, if this layer is removed prior to Si-Q deposition, we can get stress free large 

area epitaxial diamond films on suitable substrates for high power and high temperature device 

applications.  

 We further show that high-power nanosecond pulsed laser annealing is helpful in 

improving the performance of anode and cathode by surface modifications and defect engineering. 

We show that on laser annealing the graphite anodes, the laser pulse with 20ns pulse duration 

raises the surface temperature > 4000K for 50ns. This leads to the formation of vacancy defects, 
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creation of the surface steps in (0001) plane, and removal of inactive PVDF binder from the top 

of graphite grains to improve Li+ ion charging and intercalation. It is surmised that the creation of 

vacancies and surface steps lead to enhanced trapping and detrapping of Li+ ions, thus increasing 

the concentration of mobile Li+ during the lithiation and delithiation cycles. The vacancy 

concentration is estimated to be about 1.0% for our optimized laser parameters, from the upshift 

in (0002) X-ray diffraction peaks and R-values of Raman spectroscopy. This concentration of 

vacancies is far higher than estimated equilibrium concentrations. PLA results in 20% increase in 

the current capacity of graphite anodes along with improved cyclability after the optimized pulsed 

laser annealing treatment. The C-V results show a significant reduction in SEI formation after laser 

treatment.  

The cycling stability of the high-voltage spinel LNMO cathode is also enhanced 

remarkably by ultrafast high-energy laser treatment on the cathode electrode. Comprehensive 

structural and interphase analyses unveil that the laser treatment induces a partial decomposition 

of the PVDF binder and the formation of a protective surface LiF phase on the cathode electrode. 

Such a surface LiF phase serves as an artificial CEI and helps reduce the electrochemical oxidative 

reactions of carbonate solvents, decomposition of LiPF6, and generation of transition-metal and 

HPO2F2 crossover species. As a result, the graphite counter electrode is prevented from being 

seriously poisoned by the hazardous crossover species and hence it has a thin SEI with less 

electrolyte decomposition products. Our methods for probing the chemistry and thickness of 

electrode-electrolyte interphases, detecting soluble electrolyte decomposition products, and 

delineating chemical and electrochemical reactions of electrolyte through XPS with the Ar+ 

sputtering capability, rational NMR experiment design, and FTIR test on the aged electrolyte 

provide deep insights into understanding the degradation pathways of high-voltage Li-ion cells. 
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We show that Pulsed Laser Annealing is also helpful in improving the performance of 

NMC 811 cathodes. On treating the cathode samples with ultrafast laser pulses of optimum energy 

density, the traditional carbonate layer, which is rapidly formed due to high surface reactivity of 

the cathode in presence of moisture and CO2, is significantly reduced. As a result, we see higher 

capacity rates and capacity retention in the laser treated cells. Additionally, this treatment initiates 

reaction between the partial decomposition of PVDF binder, which interacts with the lithium to 

form LiF layer. This layer reduces generation of dissolved transition metal ions and acidic cross-

over species, which prevent the structural degradation of the cell. Also, the laser treated cells have 

nanostructured topography within individual grains which provide enhanced surface area for 

electrolyte interaction, thereby, increasing the Li+ diffusion kinetics of the cell. 

The initial charge/discharge capacity in the reference NMC 811 sample is only 177.1/164.1 mAhg-

1, which drops to 76.0/75.3 mAhg-1 after 300 cycles. Remarkably, in the laser-treated NMC 811 

samples, the initial charge/discharge capacity improves to 228.7/207.3 mAhg-1 and it decreases to 

113.6/111.7 mAhg-1 after 300 cycles. This improvement after 300 cycles is over 48% suggesting 

significant enhancement in the NMC 811 performance. Since the NMC 811 electrodes are highly 

unstable, therefore it is important to vary the number of laser pulses and density accordingly. For 

future battery manufacturing, a balanced combination of defect engineering and microstructure 

optimization, will enable the development of a new generation of high power and high energy 

lithium-ion battery. 

  


