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Abstract

:

In the past two decades, extensive research and studies have been performed on graphene because of its exceptional physical properties. Owing to its ultrahigh carrier mobility, quantum Hall effect and unique optical transmittance, graphene is considered to be a multi-functional component for realizing next-generation optoelectronic and photonic devices. Significant efforts have been made towards efficient synthesis, transfer, and integration of graphene for use in device scale. However, the critical hurdles lie in developing 3D and conformal graphene, which are ideal for integrated hybrid photonic systems. Here, we review different methods of synthesizing graphene, specifically recent advances in the synthesis of direct, conformal, 3D graphene. In addition, we comprehensively summarize the latest progress made towards directly grown, 3D, conformal graphene-based photonic and optoelectronic applications. Finally, several important challenges for large-sale implementation of directly grown graphene-based optoelectronic and photonic devices are discussed.
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1. Introduction


In the recent past, silicon technology has dominated the electronic-to-data communication system of modern society. However, the industry is currently striving to meet the demand of faster and more efficient data processing, as the potential of silicon-based components seems to have reached a limit [1,2]. Accordingly, there have been recent discoveries in 2D materials and related studies to match the requirements of modern times. Hence, in the intense competition for the next dominant technology, graphene is considered to be a competent candidate.



Graphene is an exquisite 2D material comprising a one-atom-thick planar sheet of sp2-bonded carbon atoms. The structural configuration of graphene is a hexagonal honeycomb crystal that contains six carbon atoms. These atoms form strong σ-bonds and additional π–π* bonds by hybridization of the pz orbitals of the immediate carbon atoms in the hexagon. Graphene acts like a metal with a vanishing Fermi surface or a semiconductor having zero bandgap. This is due to its conduction and valance bands being symmetrical at the Dirac point where π–π and π*–π* overlap and result in a Fermi surface pin. The π electrons of graphene are compelled to have a low-energy band structure that resemble two symmetric cones representing valence and conduction bands that contact at the Dirac point at energies lower than 1 eV. Electron diffusion in this energy zone is known to be linear to a larger extent, akin to that of light, and unlike other conventional 2D materials with parabolic dispersion. The low-energy electronic arrangement is a spinor characteristic of graphene that regulates the inhibition of backscattering, which is a dominating factor for graphene with excellent transfer properties [3,4,5,6,7]. Nevertheless, graphene is an ideal photonic and optoelectronic material due to the broadband optical properties [8,9,10,11,12,13,14]. The aforementioned characteristics forge the path for graphene to be a potential material for optoelectronic and photonic applications [15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30].



Graphene synthesis was first accomplished by applying techniques such as micro- mechanical rift and epitaxial growth on SiC at elevated temperatures. For practical utilization, it is imperative to use synthesis methods that produce defect free, high quality graphene. Therefore, only limited approaches, such as mechanical exfoliation, carbon nanotube unzipping, epitaxial growth, self-assembly of surfactants, chemical vapor deposition (CVD), and chemical conversion, have been employed by researchers to synthesize graphene to meet the conditions of practical utilization [31,32,33,34,35,36,37,38]. Synthesis of monolayer graphene on a larger scale was achieved by large improvements to the CVD technique [39,40,41,42,43,44,45]. However, these approaches cannot ensure direct use of graphene in devices for many notable reasons, such as the use of metal catalysts, chemical etching of catalytic materials, transfer or exfoliation, complex chemical reactions, and high operational temperatures.



More importantly, it has been seen that optoelectronic and photonic devices are usually compact and not always planar; therefore, the transfer of 2D graphene synthesized by the prevailing methods onto practical non-planar, curvilinear, or customized substrates has critical limitations and disadvantages. Additionally, graphene is usually damaged under the mechanical and chemical stress of post-transfer treatment [46,47,48,49]. Therefore, a transfer-free, direct synthesis of graphene on arbitrary surfaces is highly anticipated for the development of optoelectronic and photonic devices. Furthermore, in the case of optoelectronic and photonic devices, it is not possible to exploit the efficient light-graphene interaction because 2D graphene cannot cover 3D devices in a conformal manner. Accordingly, an advanced study of graphene synthesis that promises to be more direct, less complex, cost-efficient, and readily applicable to 3D structures for device manufacturing is highly demanded, confirming the utilization of the potentials that graphene offers.



In this review, we present a brief summary of growth of graphene on metal catalysts and dielectric substrates through CVD. Additionally, transfer-free and direct synthesis of graphene realized in most recently adopted processes, in situ growth, and atomic carbon spraying (ACS) are discussed in this review. The demonstration of the excellent optical properties of the resultant graphene derived from the direct synthesis methods for use in optical devices is also discussed.




2. Growth Mechanism of Graphene


2.1. Conventional Methods of Graphene Synthesis


Since the discovery of graphene, extensive research has been conducted regarding the synthesis of graphene. Amongst all the conventional methods of graphene production, CVD on catalytic metal substrates seems to be one of the better prospective strategies. There are several available reports on the synthesis of graphene with Ni and Cu catalysts [40,42,43,50,51], as well as various other metal catalysts, such as Co [52], Ru [53], Ir [54], Pt [55], Re [56], and Pd [57] that have been employed for CVD-based synthesis of graphene.



In the case of the Ni-catalyst-based synthesis, polycrystalline Ni films are annealed at 900–1000 °C under an Ar/H2 atmosphere to increase the grain boundaries, facilitating the growth of graphene with larger grain size [43,58]. The Ni films were then exposed to hydrocarbons to initiate the growth process. The hydrocarbon gas is decomposed into C atoms, which dissolve in bulk Ni. Because Ni possesses high carbon solubility [59], the dissolved C atoms continue to form Ni–C solid bonds until the C atoms reach a super saturation state in the Ni film. Consequently, monolayer graphene forms by C segregation, which can be observed on the surface [60]. The outcome of CVD-based synthesis of graphene using Ni catalysts is highly dependent on the temperature used. The higher the temperature, the more the carbon solubility Ni possesses. When the temperature is cooled down, more C atoms start diffusing from the solid Ni-C solution and start precipitating out to the Ni surface, thereby forming a graphene film of a certain thickness [61,62,63]. In addition to temperature, the microstructure of Ni plays a vital role in graphene formation [43,50,51]. The grain boundaries in polycrystalline Ni substrates lead to the formation of multilayer graphene, whereas the Ni (111) substrate renders a smooth surface, which results in graphene uniformity.



In an experiment to produce graphene [43], the synthesis was performed over Ni films. The Ni films were deposited on a SiO2/Si substrate by e-beam evaporation, as shown in the optical image in Figure 1a and then was annealed at an elevated temperature before the synthesis process in CVD. After exposure of the polycrystalline Ni film to highly diluted CH4 flow under ambient pressure at 900−1000 °C, an atomically thin (1–10 layers) graphene film was grown on the Ni surface. Formation of single- and multi-layered films bridge together yielding a continuous film of graphene crystal. Figure 1b presents the optical image of the transferred resultant graphene, demonstrating the preservation of the geometry of the transferred film. Furthermore, the grain size at micrometer scale from the transferred graphene film calculated by Raman spectroscopy (as presented in Figure 1c) shows the advantages of annealing the Ni film in the synthesis process.



Another study reported that [58] multilayer graphene domain formation is influenced by the concentration of Ni boundaries based on the precipitation of carbon atoms [64]. Single-crystalline Ni (111) film favors the growth of mono/bilayer graphene with higher uniformity, which hinders the growth of multilayer graphene. In contrast, polycrystalline Ni facilitates the growth of multilayer graphene. The researchers synthesized graphene on both single-crystalline (in Figure 1d) and polycrystalline Ni (in Figure 1e) surfaces. The growth temperature was elevated up to 900 °C under H2 ambience.



After the CVD growth process, micro-Raman spectroscopy verified the uniform formation of graphene layers on both of the Ni surfaces; formation of monolayer/bilayer graphene accounted for 91.4% of the area for single-crystalline Ni contrasting to 72.8% for that of polycrystalline Ni (as portrayed in Figure 1f) under comparable growth condition. The Raman peaks of Ni (111) and polycrystalline Ni are assigned to the G and G’ (D band was negligible) bands of the graphene layers, respectively, confirming that the graphene produced on both surfaces have low defects [58].



The CVD process on polycrystalline Cu foils was performed by Rouff et al. in a similar setup like that used for Ni [42]. However, unlike Ni, Cu has no partially filled d-orbital that can interact with C atoms; therefore, Cu possesses ultralow carbon solubility. Furthermore, the graphene formation on Cu is not a case of segregation and precipitation but a surface reaction process. This means that the graphene growth process is controlled by surface-absorption growth in the case of Cu, where the carbon decomposes from the hydrocarbon on the Cu surface. From the beginning of nucleation, the formation of graphene domains continues progressively until the decomposition of the precursor hydrocarbon becomes super-saturated. Therefore, the growth mechanism is a self-limiting process, generally resulting in high surface coverage by a monolayer. This mechanism has been verified with isotope variant precursor molecule-based growth and Raman characterization [65].



Because graphene and Cu have different thermal expansion coefficients, graphene “wrinkles” can be seen in Figure 1g (SEM image) and Figure 1h (optical image). The “wrinkles” can also go across Cu grain boundaries, indicating that multilayer graphene is not formed in the grain boundaries and the transferred graphene film is continuous. Further speculation with Raman spectra can be made based on Figure 1i, in which the peaks assigned as D, G, and 2D bands carry information, such as defect density and film thickness. In addition, the D map proves the uniformity of the as-grown graphene, except for the regions where wrinkles are visible that are close to the multilayer regions. The G and 2D maps clearly show the existence of multilayer graphene in the flakes. By analyzing all the SEM characterizations, the amount of monolayer graphene was found to be 95%, less than 1% of monolayer/trilayer graphene and 3–4% of bilayer graphene [42].




2.2. Interfacial Growth


A considerable number of issues, such as wrinkles, cracks, contamination, low efficiency in the growth process, and complex transferring procedures, are undeniable in metal-catalyst-based conventional CVD-grown graphene [66,67]. Therefore, transfer-free graphene synthesis methods attracted significant attention among researchers. Interfacial growth process enables the growth of a patterned graphene layer between the substrate and catalyst layers; it is a method conceived to avoid the transferring process by optimizing critical growth factors that affect the synthesis mechanism [68,69,70].



A study confirmed that synthesis of graphene can be obtained at the interface of the substrate and Ni film inside a generic CVD furnace [71]. Figure 2a–d provide a pictorial presentation of the synthesis procedure. There was no external carbon source fed to the furnace, and no transfer process was required after the synthesis.



In this process, an electron beam (e-beam) evaporator was used for Ni deposition, where the substrates were heated at 1000 °C and then cooled to room temperature to sustain nucleation and growth of the graphene crystals. Large grain boundaries were obtained after applying high-temperature heat treatment, which can be controlled by optimizing the thermal conditions. According to the study, no external carbon sources were required as high carbon density near the grain boundary (GB) and the high-speed diffusion paths for the carbon atoms were confirmed by the duplicated weak patterns of Ni-GB on the graphene layer [72].



The Raman spectrum of the as-grown graphene presented in Figure 2e illustrates that a few layers of graphene were grown at the interface that corresponded well with the TEM analysis. In another study [73], high carbon density and diffused carbon atoms were obtained from the Ni grain boundaries in the resultant graphene, which advances the process without any external carbon source [71,73]. The prepared graphene was studied by Raman spectroscopy; the graphene grown at 710 °C was found to be more crystalline than that grown at 700 °C.



Another study revealed a diffusion-assisted synthesis (DAS) method, in which graphene was synthesized on SiO2/Si substrate, plastics, or glass [74]. A Ni film was employed as a catalyst, and solid carbon was used as a carbon source to form a graphene layer under an electron evaporator within a wide range of working temperatures (from 25 °C on PMMA and glass to 400 °C on SiO2/Si (100)). In this work, thermally oxidized Si (100), poly(methyl methacrylate) (PMMA)-covered SiO2, and commercially available glass were used as substrates. For the catalyst material, a thin Ni film (~100 nm) was deposited on the substrates, and then annealed at 1000 °C in an H2 atmosphere to yield a strong 111-texture and micrometer-sized grains with smooth surfaces. Ni is used for possessing high carbon solubility, and Ni (111) is nearly lattice-matched with the basal planes of graphite; these two important factors provide equal epitaxial growth of graphene [64,75]. The source was solid C, which was supplied from a paste made of graphite powder dispersed in ethanol. The molybdenum holding stage was used for applying a homogeneous pressure (<1 MPa) to the C-Ni/substrate. This ensured efficient contact at the C–Ni interface and stimulated the C–C bond breaking on the catalytic Ni (111) surface [76,77]. Subsequently, the sample was sealed in a quartz tube, which was filled with inert argon gas and heated for a short time between 25 and 260 °C. The C-Ni film was treated using an FeCl3 solution to obtain the resultant graphene layer. From the Raman spectra, it was confirmed that a few layers of synthesized graphene were found on SiO2 and the as-synthesized graphene films were wrinkle-free and smooth over large areas. The average grain size was found to be approximately 5–20 μm for the Ni/SiO2 arrangement and 40–50 nm for the Ni on plastic and glass substrates. Furthermore, the estimated carrier (hole) mobility of the graphene-enabled field-effect transistor was found to be 667 cm2 V−1 s−1 at room temperature.



Transfer-free growth of multilayer graphene using the self-assembled monolayers (SAM) method was reported in [78], which is efficient and promising because the amount of carbon can be easily controlled [79,80,81]. In this process, SiO2/Si, quartz, GaN, and textured Si were used as substrates. First, the targeted substrates were cleaned thoroughly with acetone/isopropyl alcohol and piranha solutions (1:3 mixture of hydrogen peroxide and sulfuric acid). Later, the substrates were immersed in 0.1 M trimethoxyphenylsilane (PhSi(OMe)3, Sigma-Aldrich solution in hexane overnight followed by thermal annealing at 120 °C for 20 min to prepare the phenyl-SAM/substrate structure. Then an electron-beam evaporator was used on top of the SAM for Cu (200 nm) or Ni films (300 nm) deposition. To form a Cu/graphene/substrate structure, a low-vacuum furnace was loaded with the prepared samples at 600−1000 °C. Subsequently, 1 wt. % ammonium persulfate was used to wet-etch the Cu films. High-quality graphene was produced on SiO2/Si and quartz substrates, although further optimization of growth conditions is required for GaN and textured Si. The transfer-free growth method for graphene proposed in this study uncovers new possibilities for industrial graphene-based device applications. Raman spectroscopy further shows the effect of flow rates of Ar and H2 on the quality of the synthesized graphene, as shown in Figure 2f. Raman analysis revealed that a high flow rate of Ar is required for the optimal growth of graphene under certain conditions.




2.3. In-Situ Growth


To synthesize graphene on an optical device under ambient conditions, a transfer-free, in-situ growth process has been proposed that can grow graphene directly onto single-mode optical fiber end facets [82] and on the flat surface of a side-polished single-mode fiber (SMF) under ambient atmospheric conditions [83] as schematicized in Figure 3a,b, respectively. In this method, on the end facet and polished region, a polycrystaline Ni film was pre-deposited, which acted as a catalyst for interfacial growth as well as a host for the C atoms. The authors first deposited a 100 nm thin film of polycrystalline Ni on the ferrule end facet and on the flat surface of a side-polished SMF using the electron beam evaporation method. Two CW lasers at 1552 (pump) and 1539 (probe) nm were coupled such that the incident pump and probe laser could be reflected back from the Ni layer or interacted with the Ni layer and monitored accordingly. During light irradiation, the optical power of the pump laser was tuned from 0 to 7 dBm by a 0.5 dB step every 30 min, while the power of the probe laser was fixed at −1.26 dBm. With the absorption of the light-induced heat, carbon atoms will segregate and precipitate on the grain boundaries of the Ni film [66,67,68,69,70,84,85,86]. After light irradiation, a 0.2 M iron (III) chloride (FeCl3) solution was used to etch out the Ni layer by placing the laser-exposed parts in the solution for 30 min. This process yielded the SMF parts grown with interfacial graphene. The graphene-incorporated device was employed for ultrafast pulse generation and optical switching in furtherance.




2.4. Metal-Free Growth Technique


Direct growth techniques on metal oxide substrates are encouraging, as these substrates avoid deleterious transfers and exhibit an insulating nature. Catalytic graphene growth has been analyzed on sapphire [87,88], quartz [89,90], and SiO2 [90], but these are considered to be high-temperature reactions. Although using MgO [91,92] or ZrO2 [92] substrates reduced the processing temperature (~350 °C), high surface diffusion barrier of C atoms, small band gaps, uneven growth of graphene [91,92], and high leakage current density (~1 × 10−4 A cm −2) [93,94] are considered to be limitations.



The fabrication of a ready-to-use graphene sticker comprising a polymer spin-coat and separated by peeling off the polymer film [95] are shown schematically in Figure 4a,b. Then, graphene/γ-Al2O3 is scaled off from the additional layers. Atomic layer deposition (ALD) is used to deposit the initial amorphous Al2O3, which later transforms into gamma phase at elevated temperatures. The transformed γ-Al2O3 acted as a substrate inside the CVD furnace where dehydrogenation of CH4 occurred.



Another study [96] introduced the generation of nanographene (nGr) on γ-Al2O3, where a weak adhesion was observed between the graphene and substrate; therefore, the synthesized nGr film was easily separable, and no conventional chemical [60,97,98] etchant was required. The sheet resistance (Rs) was found to be increased in the grown nGr [90,99,100], which is an indication of a reduction in the grain population.



The outcome of oxygen being present during graphene synthesis on a ceramic catalyst has been inspected in a study [101], which observed the effect of graphene grown at distinct oxygen exposures with altering positions inside the CVD furnace. This inspection confirmed that the O2 influx from the system leakage acted as a growth inhibitor for graphene. Oxygen leakage in CVD systems has adverse effects, as it leads to defects in the grown graphene [99,102]. The presence of oxygen modifies the contact resistance and sheet resistance; these were found to directly influence the device performance [103,104,105]. In this experiment, the highly reactive tri-coordinated Al(III) sites on γ-Al2O3 surfaces acted as catalytic sites because they possess strong reactivity [101,106,107]. Leaked oxygen reacted on these Al(III) sites, as schematicized in Figure 4c.



By increasing the distance between the inlet and substrate, the oxygen and sp3 portions declined from 25.76% to 10.59% and from 21.15% to 14.70%, respectively. Meanwhile, the values of IG/ID, which is the ratio of the G-peak intensity (corresponding to the graphene crystal) to the D-peak intensity (corresponding to the defect), have been found to be inversely functional to the distance from the inlet, as shown in Figure 4d. By examining the sample grown at different positions, different values of sheet resistance (Rs) were found. Within the 0–6 cm position from the inlet, the value of Rs approached infinity, whereas the samples at the 12, 18, and 24 cm positions had Rs values of 6.64, 1.06, and 0.64 kΩ sq−1, respectively.




2.5. Conformal Graphene Growth on Silicon Nanostructures


A recent report [108] describes the conformal growth of graphene on SiNH structure that worked as a photo-detecting device. In their process, silver-assisted etching method along with discretely distributed silver nanoparticles (AgNPs) was employed to form the SiNH structures as shown in Figure 5a. Low-pressure radio frequency (RF) PECVD technique was used to grow conformal graphene on the SiNH structures. Finally, photolithography, vacuum evaporation, and dry etching were performed to fabricate the conformal graphene/SiNH-based photodetectors. After characterization by TEM, layers of graphene of 10 and 5–7 folds were found on the apexes and the sidewalls of the SiNH nanocones, respectively. In addition, as seen from Figure 5b, the Raman spectra also show the growth of graphene with some defects on the SiNHs morphologies.




2.6. Synthesis of Graphene by the ACS Method


Despite striving persistently to grow 3D graphene, which is in demand for practical electronic, optoelectronic, and optical devices, the inadequacy of synthetic methods and the practice of conventional transfer approaches have limited its realization. Accordingly, a metal-free, etching-free, transfer-free, direct synthesis method of functional graphene that contours 3D-structured surfaces of nonlinear optical devices has been proposed in [109]. In this method, first, the catalytic effect of γ-Al2O3, i.e., the ceramic material employed as the growth catalyst, was verified by synthesizing graphene on it. Inside the CVD furnace, dehydrogenation of CH4 occurs on the surface of γ-Al2O3, resulting in the generation of C atoms at lower activation energies. As the density of C atoms increases, the concentration gradient of C atoms between the catalyst and the target surfaces evolves gradually. The increasing concentration gradient leads to the development of a driving force for C atoms to flow through air towards the neighboring surface via surface diffusion and undergo graphitization. Accordingly, the graphene clusters on the neighboring surface resemble the “sprayed” C atoms from the catalyst. This mechanism has been defined as the ACS method and is graphically presented in Figure 6a.



To fabricate a practical 3D structured optical device coated with conformal 3D graphene by the ACS method, a V-shaped groove pre-deposited with a γ-Al2O3 thin film and covered with a SiO2 substrate from the top was employed, as shown in Figure 6b. The grown graphene around the fiber was further analyzed by evaluating both ID/IG and I2D/IG peak ratios, as presented in Figure 6c. The region nearest to the fiber from the γ-Al2O3 surface during synthesis (from −90° to +90° in Figure 6b) was coated with higher-quality graphene compared to other regions, which indicates the impact of a longer distance between γ-Al2O3 and the number of O2 atoms on the growth of graphene. This method requires no metal catalyst, has less complexity, and yet produces high quality graphene growth. Owing to the ability to control semiconducting properties by tuning the growth condition, this process has a higher potential for further functional systems than the conventional techniques.





3. Application of Directly Grown Graphene


3.1. Ultrafast Fiber Laser


The excellent optical properties of graphene, such as its broadband saturable absorption, ultra-wide spectral range because of the straight scattering of Dirac electrons, unique energy band gap, and ultrafast recovery time, makes it suitable for ultrafast pulse generation and a powerful element for fiber lasers [110]. Several studies have proven that graphene can be an excellent SA for both mode-locking and Q-switching pulse generation in infrared wavelengths [111,112,113,114,115,116,117,118,119,120,121]. However, directly synthesized graphene contouring the surfaces of the 3D-structured optical devices is highly anticipated to maximize the nonlinear interaction with guided light. Here, we have discussed two processes, in situ and ACS, that enable growing graphene directly on the optical devices so that no further transferring is required. Accordingly, by providing maximum surface coverage and eliminating the interstices that frequently have been found for the suspended graphene cases, maximum light-matter interaction can be ensured [109].



A SA device, made of in situ grown graphene on the fiber end facet, as shown in Figure 7a, was employed to generate soliton pulses. The central wavelength and full width at half maximum (FWHM) of the generated ultrafast pulses were found to be λ = 1571.96 nm and 0.75 nm, respectively, as shown in Figure 7b. The pulse repetition rate was determined to be frep = 15.06 MHz with a pulse duration of 2.6 ns for sech2-profile as shown in Figure 7c. Later, as presented in Figure 7d, the in situ grown graphene on the polished surface of a D-shaped fiber device was employed in the same cavity to achieve femtosecond pulses. In this case, the generated pulse was centered at 1559 nm with a FWHM of 3.44 nm (see Figure 7e), where the pulse repetition rate was determined to be 8.93 MHz (see inset of Figure 7e); the generated pulse was found in the fs scale with a measured duration of 910 fs (see Figure 7f). The time-bandwidth product (TBP) value of 0.386, indicating the output pulses were slightly chirped, was calculated from the pulses. These results indicate the stability of the soliton pulses generated by in situ graphene.



Thereafter, another work reveals generating ultrafast pulses by a metal-free, transfer-free, directly synthesized conformal graphene synthesized by the ACS method [109]. Figure 7g schematically illustrates how the ACS-grown graphene can maximize the nonlinear interaction, compared to the case of graphene transferred by conventional methods. In this study, the central wavelength of the pulses from an ACS grown graphene-enabled SA device reported to be λ = 1555.82 nm with an FWHM of 3.75 nm. The solitonic operation was found until 16.15 mW of intracavity power, beyond which the pulses were found to be stretched (see Figure 7h). The pulse duration in the temporal domain and TBP was 770 fs (see Figure 7i) and 0.35, respectively.




3.2. Ultrafast Optical Switching


In FWM, new frequency components can be generated either by using two strong pumps (ω1 ≠ ω2), which is called the non-degenerate case, or one strong pump (ω1 = ω2), which is called the degenerate case.



FWM is a nonlinear optical Kerr effect derivative that occurs if two waves propagate through a nonlinear medium simultaneously and generate one or two new waves. However, by attaching an optically nonlinear material to the polished surface of an optical fiber, the newly produced signal, based on the FWM concept, can be enhanced to enable ultrafast optical switching for ultra-high-speed optical communication systems. It has already been demonstrated by previous studies that various nonlinear 2D materials, such as carbon nanotubes and black phosphorus (BP) are suitable for FWM [122,123]. However, considering all the new features in the electronic and optical realms, such as nonlinear optical switching, FWM with graphene could be a new pathway for the computational design of systems and applications.



To investigate the FWM process with in situ grown graphene, two CW lasers were employed for the demonstration: one for launching the pump channel and another for the modulated signal channel (tunable) at λp = 1552.4 nm and λs = 1559 nm, respectively [83]. The resulting wavelengths of the newly produced optical channels were λChg1 = 1545 nm and λChg2 = 1566 nm for the aforementioned pump channel and signal channel (see Figure 8a), respectively. The in situ graphene-coated D-shaped fiber had a 2 dB (58.5% nonlinear increment) higher value of ER, as indicated in Figure 8b, than that of the bare D-shaped fiber.



To exploit ultrafast optical switching with ACS grown graphene demonstrated the values of pump and signal channel wavelengths of λp = 1551.92 nm and λs = 1555.46 nm, respectively. Due to the optical nonlinearity derived from ACS grown graphene, the newly generated signal channels were found at 1559.01 nm and 1548.39 nm, respectively, by the ultrafast FWM process. By employing an ACS graphene-coated nonlinear device, 2.23 dB (an increase of 67% of the nonlinear process) nonlinear enhancement at 20 GHz modulation frequency was recorded by calculating the extinction ratio (ER) difference between with and without ACS graphene cases [109]. Figure 8c shows the evolution of the spectral broadening in the produced channels with the separation of the sidebands as the modulation frequency is increased for ACS grown graphene. To evaluate the detuning experiment using an ACS-grown-graphene-enabled optical device, the pump channel was fixed at 1551.92 nm, while the modulated launched signal channel wavelength was tuned up to 11.828 nm with a resolution of 0.2 nm. Additionally, the negligible phase mismatching issue in the FWM experiment was confirmed by analyzing the ER curves of the detuning data with (blue curve) and without (gray curve) the ACS graphene cases, and similar trends were found at the local maxima and minima points, as displayed in Figure 8d.




3.3. Photodetection


A technique of explicit growth of graphene coatings on the surface of silicon nanoholes (SiNHs) through plasma enhanced chemical vapor deposition (PECVD) was projected to accomplish transfer-free conformal graphene/SiNH photo detectors for the first time [108]. The conformal graphene/SiNH structures were found to have an exceptional light absorption pursuance with absorptions risen up to 90%, and also consist high power absorption densities, that results in more photo carrier procreations per unit volume in the SiNHs than planar silicon. It was found that the photocurrent of the conformal graphene/SiNH photo detector is likely to be 34 μA, which is definitely much higher than the other fellows: planar graphene/Si (17 μA) and SiNHs (10 μA) as shown in Figure 9a. Consequently, the photo response speeds of three kinds of photo detectors, as shown in Figure 9b, were evaluated with respect to the light modulation frequencies at 1, 100, and 2500 Hz, and the results for the conformal graphene/SiNH photo detector were found to be satisfactory. For all switching frequencies, the photo detectors can switch swiftly between “on” and “off” states. Hence, the conformal graphene/SiNH photo detectors are quicker than the other two detectors because the carriers originated in SiNHs can infuse into the nearby conformal graphene more promptly. These consequences emerge from the lower reflections, higher absorption densities, and shorter carrier transport paths in conformal graphene/SiNH detectors.





4. Future Perspectives


Despite the long history of graphene and its unique electronic and optical properties, practical demonstration and production methods for synthesizing a promising quality of graphene have not yet been achieved. The conventional methods of graphene synthesis have faced difficulties, resulting in reduced process efficiency. Graphene synthesis, as a result, has not yet reached its full potential. The most important development driving research of direct graphene growth has been in the area of transfer-free growth. Directly grown graphene is a favorable solution, as it could elevate the performance of chip-scale integration for graphene-based optical devices with a minimum footprint. In addition, it can be applied to both ultrafast optical and nanoelectronic device manufacturing, and thus develop prevailing technology in the fields of nanoelectronics, photonics, optical communications, and optical computing.



The critical challenge for realizing optoelectronic and photonic devices with directly synthesized graphene is its quality. The current methods for direct growth of graphene are not sufficiently precise to apply industrially, as the quality of the resultant graphene is inferior to that of the quality of conventionally synthesized graphene. Thus, a breakthrough to develop high-quality graphene from direct growth mechanisms, as well as further related studies, is required. Furthermore, the controllability of the nano-graphene nucleation dynamics during synthesis is an engaging area of development.



Another major issue is the growth temperature for graphene synthesis; the available reports on directly synthesized graphene discuss high temperature growth, while low temperature growth results are poor in quality and insufficient for implementation on a device scale. Further, application-based investigations on the synthesis of directly grown graphene are scarce. The progress towards growing graphene directly in the required quality and size at low temperatures on a non-catalytic substrate is therefore painstaking. It might be possible to reduce the production cost of graphene by reducing the growth temperature; however, crystallinity, uniformity, quality, and size of the resultant graphene are the major points to be considered. Therefore, developing new schemes to achieve the ultimate goal of a direct, defect-free graphene-based optical device should be the primary focus point. Efficient light-graphene interaction is another crucial factor in the production of ultrafast photonic devices, which cannot be achieved from 2D graphene structures. Moreover, to minimize scattering loss during the light-graphene interaction, a high-quality thin film of graphene is desired.




5. Conclusions


We present a brief review of recent advancements in the development of directly synthesized graphene-based optoelectronic and photonic devices. In addition to the exciting electronic and optical properties, we have first discussed the current state of the art for synthesis of graphene. Then, we presented a summary of directly synthesized graphene on optical fiber-based substrates that exploit its nonlinear optical responses. Combined with facile direct growth and no requirements for transferring the resultant graphene, these methods are promising for applications in electronics and nonlinear optical ultrafast photonic devices. In addition to the superior coverage of graphene by the direct method, conformal growth is a great benefit that nullifies interstices frequently observed in suspended graphene cases. Nevertheless, the distance (distance from catalyst to the target substrates) functional growth of graphene exhibits tunable semiconducting properties that can be exploited for nanoelectronic devices. Demonstrations of ultrafast optical pulses in both Q-switching and mode-locking domains with in-situ and ACS grown graphene-enabled devices were possible. Ultrafast optical switching up to 20 GHz modulation frequency has been demonstrated by graphene grown in situ, and ACS methods indicate that the optical nonlinearity is sufficiently high. In addition to their excellent electronic and optical properties, these direct growth methods strengthen the candidacy of graphene for optoelectronic and photonic devices. The verified optical nonlinearity with direct growth methods on fiber devices can pave the way for implementation in futuristic graphene-enabled hybrid optoelectronic and photonic devices.



The in situ and ACS methods, evidently different from other conventional methods, can develop transfer-free, directly synthesized graphene on optical devices. Furthermore, the ACS method has exhibited potential as a practical solution for direct synthesis of graphene on arbitrary 3D substrates. This method is a breakthrough for future on-chip optical signal processing and optical interconnects along with the chip-scale integration of electro-optic hybrid devices. In recent studies, the possibility of graphene-based integrated devices has been analyzed. Thus, graphene can also be used in broad-ranging optical control schemes. Therefore, the fabrication of silicon-based integrated optical circuits, which are expected to be used in numerous operations, such as pulsed light generation, routing, modulation, computing, and detection, can be enabled. Moreover, the integration of graphene into hybrid silicon photonics could be possible by direct deposition of graphene onto silicon. Therefore, graphene research may spawn a technological revolution that could possibly turn into a paradigm shift for ultrafast optics.
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Figure 1. Metal catalyst assisted growth of graphene: (a) Micrograph of a patterned Ni film on SiO2/Si; (b) Micrograph of the grown graphene transferred to targeted SiO2/Si substrate; (c) Raman spectroscopy of the transferred graphene film; (d) Schematic presentation of graphene growth mechanism on Ni (111); (e) Schematic diagrams of graphene growth mechanism on polycrystalline Ni surface; (f) The IG′/IG intensity ratio versus the FWHM of G′ peak of graphene grown on Ni (111) and polycrystalline Ni; (g) SEM image of the transferred graphene; (h) Micrograph of the transferred graphene; (i) Raman spectra taken from different points of the transferred graphene film. (a–c) Reproduced with permission from [43]. Copyright American Chemical Society, 2009; (d–f) Reproduced with permission from [58]. Copyright American Chemical Society, 2010; (g–i) Reproduced with permission from [42]. Copyright Science, 2009. 
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Figure 2. (a–d) Graphical representation of the experimental procedure of interfacial growth of graphene without any source feeding; (e) Raman spectrum of as-grown graphene on SiO2/Si substrate from (a–d); (f) Temperature functional growth of graphene on SiO2/Si substrate and evolution of Raman spectra. (a–e) Reproduced with permission from [71]. Copyright American Chemical Society, 2012; (f) Reproduced with permission from [78]. Copyright American Chemical Society, 2016. 
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Figure 3. (a) Schematic representation of the laser induced synthesis of graphene by the in-situ method onto SMF end facet; (b) Schematic illustrations of in-situ synthesis of graphene onto the flat surface of a D-shaped fiber. (a) Reproduced with permission from [82]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2015. (b) Reproduced with permission from [83]. Copyright American Chemical Society, 2018. 
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Figure 4. (a) Graphical representations of preparing readily detachable graphene sticker; (b) Photograph of processing of graphene sticker; (c) Molecular dynamics during adsorption process on Al(III) sites; (d) Distance dependent Raman intensity ratio indicating change in sp2 formation; (a,b) Reproduced with permission from [95]. Copyright Scientific Reports, 2015. (c,d) Reproduced with permission from [101]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2017. 
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Figure 5. (a) SEM image of the conformal graphene/SiNHs structure; (b) Raman spectra of graphene on SiNHs (red) and Si (black); (a,b) Reproduced with permission from [108]. Copyright American Chemical Society, 2019. 
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Figure 6. (a) Schematic representation of graphene growth on the targeted surface by spatial diffusion; (b) Schematic of the setup for synthesizing graphene around the 3D structured fiber by the ACS process; (c) Raman intensity ratio of ID/IG (red curve) and I2D/IG (blue curve) acquired from the fiber perimeter. (a–c) Reproduced with permission from [109]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2020. 
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Figure 7. (a) Schematics of the mode-locker device made from in-situ grown graphene on SMF end facet; (b) Output characteristics of pulse spectrum in wavelength domain mode-locked with device shown in (a); (c) Pulse duration with the mode-locker device shown in (a); (d) Schematics of mode-locker device made from in-situ grown graphene on the flat face of a D-shaped fiber; (e) Output characteristics of pulse spectrum in wavelength domain mode-locked with device shown in (d); (f) Pulse duration with mode-locker device shown in (d); (g) Superiority of ACS-grown graphene over transferred graphene; (h) Intracavity power dependent optical spectra of the pulses; (d) Duration of the mode-locked pulses. (a–f) Reproduced with permission from [82]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2015. (g–i) Reproduced with permission from [109]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2020. 
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Figure 8. (a) Generated signal corresponding to original signal; (b) Extinction ratio (ER) comparison for without and with in-situ graphene cases; (c) Modulation frequency dependent sideband separation in FWM demonstration with ACS graphene; (d) Wavelength detuning dependent conversion efficiency (red curve) and ER (blue curve) for confirming negligible phase-mismatch during FWM experiment. (a,b) Reproduced with permission from [83]. Copyright American Chemical Society, 2018; (c,d) Reproduced with permission from [109]. Copyright WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, 2020. 
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Figure 9. (a) Photoresponse of the graphene/Si, SiNHs, and conformal graphene/SiNH photodetectors; (b) Photoresponse of the proposed photodetectors at 1, 100, and 2500 Hz of frequencies. (a), (b) Reproduced with permission from [108]. Copyright American Chemical Society, 2019. 
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