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Directly-Grown Graphene can be achieved through transfer-free graphene synthesis methods. 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.
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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 . 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 sp -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 p  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 . Nevertheless, graphene is an ideal

photonic and optoelectronic material due to the broadband optical properties . The

aforementioned characteristics forge the path for graphene to be a potential material for optoelectronic and

photonic applications .
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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 . Synthesis of monolayer graphene on a larger scale was achieved by

large improvements to the CVD technique . 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 . 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.

2. Application of Directly Grown Graphene

2.1. 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 . Several studies have proven that

graphene can be an excellent SA for both mode-locking and Q-switching pulse generation in infrared wavelengths

. 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 .

A SA device, made of in situ grown graphene on the fiber end facet, as shown in Figure 1a, 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 1b. The pulse repetition

rate was determined to be frep = 15.06 MHz with a pulse duration of 2.6 ns for sech -profile as shown in Figure 1c.
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Later, as presented in Figure 1d, 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 1e), where the pulse repetition rate was determined to be 8.93

MHz (see inset of Figure 1e); the generated pulse was found in the fs scale with a measured duration of 910 fs

(see Figure 1f). 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.

Figure 1. (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 . Copyright WILEY-VCH Verlag[63]
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GmbH & Co. KGaA, Weinheim, 2015. (g–i) Reproduced with permission from . Copyright WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim, 2020.

2.2. Ultrafast Optical Switching

In FWM, new frequency components can be generated either by using two strong pumps (ω  ≠ ω ), which is called

the non-degenerate case, or one strong pump (ω  = ω ), 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 . 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 λ  = 1552.4 nm and

λ  = 1559 nm, respectively . The resulting wavelengths of the newly produced optical channels were λ  =

1545 nm and λ  = 1566 nm for the aforementioned pump channel and signal channel (see Figure 2a),

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 2b, than that of the bare D-shaped fiber.
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Figure 2. (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 .

Copyright American Chemical Society, 2018; (c,d) Reproduced with permission from . Copyright WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim, 2020.

2.3. 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 . 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 3a. Consequently, the photo response speeds of three kinds of photo detectors, as shown in Figure 3b,

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.

Figure 3. (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 . Copyright American Chemical Society, 2019.

3. Conclusions
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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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