

  crystals-12-00615




crystals-12-00615







Crystals 2022, 12(5), 615; doi:10.3390/cryst12050615




Article



Fabrication of Q-Carbon Nanostructures, Diamond and Their Composites with Wafer-Scale Integration



Nayna Khosla[image: Orcid] and Jagdish Narayan *





Department of Materials Science and Engineering, North Carolina State University, Raleigh, NC 27695-7907, USA









*



Correspondence: j_narayan@ncsu.edu







Academic Editor: Giuseppe Prestopino



Received: 26 March 2022 / Accepted: 23 April 2022 / Published: 26 April 2022



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 as a result of 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 at a higher energy density and 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 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.
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1. 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 a record BCS (Bardeen, Cooper, and Schrieffer) superconducting transition temperature exceeding 57 K and higher [1]. In addition, it demonstrates 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 (Hot Filament Chemical Vapor Deposition) and MWCVD (Microwave Plasma-assisted Chemical Vapor Deposition) diamond 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 crust 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 nonequilibrium components such as hot-filament and microwaves to create diamond and c-BN, which are the 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 the p-type, making the 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.



Here, we show the formation of Q-carbon layers, nanoballs, nanodiamonds, and microdiamonds on r-sapphire by controlling the undercooling through the manipulation of laser variables with guidance from the 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 such as the 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 the 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 varying 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 (pulsed laser annealing) by keeping the constant thickness of the DLC film and using 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 observed 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 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 [21,22,23]. 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 doors for exciting frontiers in quantum computing [24], nanosensing, field-emission, target drug delivery, and novel solid-state devices [25].




2. Experiment Section


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 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 the 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 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 conducted using the SLIM [19]. This software considers the thermal- and temperature-dependent optical properties of the film and the substrate material, and the 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 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; 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 4 mm 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 characterizations 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 the 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 LENXEYE XE detector. We performed the grazing incidence XRD analysis at different grazing incidence angles, which reduced the diffraction peak intensities from the substrate. The XRD spectra were obtained at a 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, the 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.




3. Results and Discussions


3.1. 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 the Clausius Clapeyron equation (  d P / d T   =   Δ H / T Δ V )   to relate the change of pressure with time to the quenching rate       d T   d t       and the undercooling (  Δ T  ):


    d P   d t   =     d P   d T       d T   d t   = − Δ T     Δ H m   Δ T m . T . Δ V           d T   d t     = − C . Δ T     d T   d t      



(1)




where  Δ Hm is the change in enthalpy of the melt,   Δ V   is the volume change during the transformation, T is the temperature of transformation close to the melting point Tm,   Δ T   is undercooling and C is the constant       Δ H m   Δ T m . T . Δ V        .



By increasing the quenching rate (    d T   d t    ), and controlling the undercooling (  Δ T  ), it is possible to achieve direct conversion of carbon into diamond or novel phases of Q-carbon. There is a rapid increase in     d P   d t       with a large undecooling   Δ T   and the increasing quenching rate, which control the formation of Q-carbon and diamond phases. With an undercooling of the order of 1000 K, the 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 2a 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 the surface melting occurs, the melt-front propagates downwards 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 the 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 determine the phase that grows. We investigate the melt depth profile beyond the onset of melting in Figure 2b, 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 2) 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 crystalline nanodiamonds.



Figure 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 3a), we see the formation of Q-carbon layer near the substrate interface with the 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 3b). These samples also contain embedded nanodiamonds, which nucleate and grow from these Q-carbon structures. This agrees with previous reports demonstrating that the 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 the <110> direction, where these tetrahedra can pivot along the <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 the 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 the diamond, each unit cell has four tetrahedra with a 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 3c shows a uniform distribution of nanodiamonds throughout the sample. The inset shows a large-area nanodiamond coverage, whereas Figure 3d 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 a <100> direction with respect to the 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 from 5 nm to 20 nm. Our previous studies have demonstrated that it is possible to trap a single NV center in a 5 nm nanodiamond within the bulk rather than at the 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 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 4a. 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 of roughly ~81% with the flatter curve with peaks between 1340 cm−1 (D) and 1560 cm−1 (G). A small peak near 1140 cm−1 is associated with strained sp2 carbon at the interface of the sp3 nanoclusters, as shown in Figure 4b. 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 4c. Diamond is a monoatomic system, with a 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 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 3d. The growth orientation depends on DME (Domain Matching Epitaxy) and the substrate having 2-axis symmetry, which promotes <100> growth for the r-sapphire. These microdiamonds are all oriented in a similar direction with respect to the substrate, which corelates to the DME growth of the <100> diamond on r-sapphire.



The Q-carbon demonstrates 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 shows the magnetization vs. the magnetic field plot of the Q-carbon sample. Controlled samples containing only diamond, diamond-like carbon, and sapphire substrate exhibit 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 (10 K, 100 K, and 300 K), as shown in Figure 5. The room temperature ferromagnetism is observed in Q-carbon with a finite coercivity of 57.5 Oe. The coercivity at 10 K is 76 Oe, which decreases with the increase in temperature. DLC film shows the diamagnetic behavior before laser annealing [1].




3.2. HFCVD Samples Analysis: Formation of Nano- to Microdiamonds on R-Sapphire


The films formed in the PLD/PLA process are very adherent because of the formation of liquid carbon that reacts with the sapphire to form a couple of monolayers of aluminum carbide, which stitches to the film, making it adherent. The reaction is:


  2 A  l 2   O 3     s  + 6 C    l  = A  l 4   C  3      s  + 3 C  O  2      g   



(2)







Therefore, the use of these films for CVD diamond growth provides the 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 a diamond nucleation site. Thus, the Q-carbon provides the template for the continuous diamond growth, as observed in the SEM images in Figure 6a. 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 6c. However, these samples exhibited a bigger diamond of average size about 2.5 μm for the nucleation, as the precursor isolated microdiamonds, as 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 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 candidates for wear applications. Ballas type diamond containing nanodiamonds could also be of interest for flat panel displays. Figure 6b,d show the FESEM micrographs of the microdiamonds at lower magnification in the sample with Q-carbon and nanodiamonds as a seed, respectively. The results demonstrate the growth rate of ~0.6 μm/hr. The diamond formed has <111> and <100> growth orientation on the films, which is confirmed later by XRD characterizations. At the Q-carbon-sapphire interface, we see the diamond nucleation as shown in Figure 6b. The growth orientation depends on DME and the substrate orientation. By the Domain matching epitaxy, we see the epitaxial growth of diamond, as the diamond nucleation originates at the interface with the substrate [12].



Figure 7a 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 7b shows the EBSD pattern at 70° and Figure 7c shows the corresponding orientation relationship diagram to confirm the crystal structure of the <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 the domain matching epitaxy, where the integral multiples of the film and the substrate planes match across the interface [36]. The Figure 7d shows the wafer-scale integration by the 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.



Figure 8 shows Raman spectra of microdiamond films after CVD growth. We observe the characteristic T2g peak of diamond from the Q-carbon seeded sample at 1332.5 cm−1, which is indicative of fairly stress-free diamond films. In the case of the 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 demonstrate a much higher fraction of disordered amorphous carbon, at ~1500 cm−1, which forms in between the seeds. The stresses in thin films are due to the differences in the coefficient of thermal expansion between the film and the substrate, which causes a shift ( Δ 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 the DME paradigm. The shift in the Raman peak and the associated stresses in the films can be expressed as:


  Δ v =  v s    –    v 0  = α σ  



(3)




and


  σ = 2 µ   1 + v     Δ α .   Δ T /   1 − v    



(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,   Δ α   is the difference in the coefficient of thermal expansion between the diamond film and the substrate, and   Δ T     is the difference between the growth and the ambient temperatures. Equation (3) indicates a Raman peak shift of −1.2 cm−1 in the case of the diamond seeded sample. The calculated stress from the Eqiation (4) in the film is ~3 GPa for the diamond-seeded sample, whereas negligible stress is observed in the Q-carbon-seeded samples. A decrease in stress is useful for the formation of crack-free and highly adherent films. The type of microdiamond formed here are (100) ballas diamond, as shown in previous studies [38]. During the structural changes, it is observed that the intensity of the diamond T2g peak decreases because of enhanced micro-twinned regions. Moreover, also observed is the rise in the 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 the stress value averaged over the entire film [39]. Figure 9 shows the XRD results of the films. In the Q-carbon sample, we see (111) a characteristic diamond peak at 2θ of 43.9°, and (220) peak at 75.4° [40]. We observe a relatively lower intensity of the (111) peak in the diamond sample showing the peak at 43.88°. The relative intensity of the (111) diamond peak is related to the coverage in the film in agreement with the SEM results. A (220) peak is observed at 75.38° in the diamond-seeded sample. We performed a grazing incidence XRD analysis to account for small intensity peaks from the substrate. We observe tiny sapphire peaks at 25.8° and 52.9° from the (1  1 ¯  02) and (2  2 ¯  04) planes. To find the average crystallite size, we use the Scherer equation:


  L     c r y s t a l l i t e   s i z e   =  K λ  /    β cos θ       



(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 full width half maxima (FWHM) of the diamond 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 such as fracture toughness, decohesion energies, and electrical conductivity vary greatly in this crystallite size range. Previous studies have demonstrated a higher diamond content at the grain boundaries in the nanocrystalline diamond [41].





4. Conclusions


In summary, we demonstrate the formation of Q-carbon tailored as 2D films and 3D nanoballs with embedded nanodiamonds, and pure diamond structures by changing the annealing energy density on a single substrate, and further use 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 of 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 them a suitable Q-carbon/diamond composite. Minimizing the undercooling at even higher energy density, we form a 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 demonstrating that the 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, as they provided a higher 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. We can form and selectively tune between these structures based on laser parameters for a variety of biomedical applications, nanosensing and other quantum devices operating at room temperature.
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Figure 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. 
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Figure 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 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 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, and (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. M-H curve showing room temperature ferromagnetism in Q-carbon composites with finite coercivity. The inset shows the coercivity of the intercepts with field at 300 K. 
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Figure 6. SEM (secondary electron mode) micrographs of diamond film grown by HFCVD method at different magnifications using (a,b) Q-carbon seeds, and (c,d) diamonds seeds. 
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Figure 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. 
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Figure 8. Raman spectra obtained from different regions in the CVD microdiamond film grown on (a) Q-carbon/nanodiamond seeds at 1332.5 cm−1 and (b) nanodiamond seeds showing peak at 1333.3 cm−1 on r-sapphire substrate. 
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Figure 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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