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2D graphene with tremendous novel properties is an ideal material for optical 
and optoelectronic applications. Meanwhile, photonic crystal fibers (PCFs) 
have been recognized as next-generation optical fibers that possess a design-
able porous structure, rich functions, and different working mechanisms. 
Recently, the integration of graphene with a PCF has formed a new hybrid 
fiber, a graphene photonic crystal fiber (Gr-PCF), which exhibits an extremely 
strong and tunable light–matter interaction across a broadband spectrum 
range and opens up a new interdisciplinary research direction. In this review, 
recent studies on, and achievements in graphene-traditional fibers and Gr-
PCFs have been summarized from the aspects of the development process, 
preparation method, and device application. First, the graphene proper-
ties and the development and characteristics of PCFs are introduced. The 
discussion is continued with the existing fabrication technologies for hybrid 
graphene-traditional fibers. Next, the chemical vapor deposition method for 
Gr-PCFs is elaborated. Then, fiber devices based on graphene-traditional 
fibers, Gr-PCFs, and other 2D material fibers are presented. To conclude, chal-
lenges and perspectives are presented to encourage advanced Gr-PCF study.
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thickness, including a strong light–matter 
interaction; a broadband light response; 
uniform light absorption across the vis-
ible and near-infrared (IR) spectrum; easy 
electro–optic tunability; strong optical 
nonlinearity; high transparency, electrical 
conductivity, tensile strength, and thermal 
conductivity; and chemical and envi-
ronmental stability (Figure 1).[6–20] This 
incredible breadth of properties allows 
graphene to be a valuable and useful 
nanomaterial, with most of the demand 
arising from research on and development 
of semiconductors, electronics, optics, 
optoelectronics, and composites.[17–33] 
Especially with the rapid development of 
growth technology, the successful prepara-
tion of high-quality and large-scale single-
crystal graphene has further stimulated 
people’s enthusiasm for developing gra-
phene toward practical applications.[34–47]

Optical fibers have been developed into 
the foundation of today’s information 

communication technology since they were first experimen-
tally realized in 1966.[48] Beyond normal optical fibers, photonic 
crystal fibers (PCFs) with rich designable porous structures and 
functions have been one of the most important advances in 
optical fiber history since they were first fabricated in 1996.[49–56] 
Benefiting from the designable structures and special working 
principles, PCFs exhibit many exotic properties, such as the 
ability to be filled, endless single-mode transmission,[50,57–60] 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202202282.

1. Introduction

As the most famous 2D material, graphene has been the hot-
spot and frontier of multidisciplinary research since it was 
first discovered in 2004.[1–5] Due to the quantum confinement 
of electrons in 2D space and the absence of interlayer interac-
tions, graphene has a unique linear electronic band structure 
and many distinctive characteristics irrespective of the atomic 
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tunable dispersion,[61–64] high birefringence,[65,66] controllable 
large effective mode area,[67,68] the photonic bandgap effect,[69] 
high-power transmission,[70,71] and low loss[72–77] (Figure  1). 
Currently, PCFs have become a frontier hotspot providing 
new opportunities for optical and optoelectronic fiber devices, 
including all-optical switches, optical wavelength converters, 
dispersion compensators, supercontinuum light sources, and 
sensors.[78–85]

Driven by the development and extremely valuable potential 
applications of graphene and optical fibers, they have been natu-
rally combined into a new hybrid fiber (called a graphene optical 
fiber, Gr-optical fiber) and developed into various novel func-
tional devices, which opens up a new interdisciplinary research 
direction (Figure 1). In the early stages of development, Gr-optical 
fibers used the traditional optical fiber with graphene on its end 
face and tapered or side-polished optical fibers with graphene 
on the exposed area of the fiber core, realized by the transfer 
methods.[86,87] Those hybrid graphene fibers attract a lot of 
attention that are developed into various prototype fiber devices 
including pulse fiber lasers, fiber polarizers, fiber modulators, 
and fiber sensors. However, these Gr-optical fibers inevitably sac-
rifice the integrity of the fiber structure and transmission mode 
and exhibit a limited light–graphene interaction strength due to 
their limited interaction area size. With the development of gra-
phene growth technology on nonmetallic materials, a graphene 
photonic crystal fiber (Gr-PCF) produced by the chemical vapor 
deposition (CVD) growth method was realized for the first time 
in 2019, where graphene films were grown on the air hole walls 
of a PCF (Figure 2).[88] Such a combination not only avoids the 
destruction of the fiber structure and transmission mode but also 
can achieve an unlimited light–graphene interaction strength by 
adjusting the fiber length.

In this review, we systematically describe the research results 
for Gr-PCFs and related Gr-optical fibers. We first summarize 
the basic properties of graphene, and the progress in optical 
fibers and the hybrid Gr-optical fiber. The discussion is con-
tinued with the existing fabrication technologies for hybrid 
graphene-traditional optical fibers. Next, the CVD growth 
method for Gr-PCFs is particularly reviewed. Then, the device 
applications of graphene-traditional fibers, Gr-PCFs, and related 
2D material-PCFs with attractive performance are presented 
in detail. Finally, we discuss the challenges and opportunities 
for Gr-PCFs and provide our vision on future perspectives and 
conclusions in this field. This review will hopefully help obtain 
a deep understanding and boost the advancement of Gr-PCF 
research.

2. The Concept of a Graphene Optical Fiber

2.1. The Properties of Graphene

Graphene, a real 2D material made of a single layer of carbon 
atoms arranged in a hexagonal lattice, has certainly been one 
of the most important discoveries in the 21st century since it 
was discovered in 2004.[1–4] It is widely called a “super material” 
for its unique and fascinating structural and physical properties 
with incredible breadth, which allow it to play a significant role 
in a vast number of products, processes, and industries and 
have great application potential in semiconductors, electronics, 
optics, electro–optics, and composites.[17–37]

Graphene is the thinnest object ever created, with a one 
carbon atom thickness of ≈0.34  nm, and is arranged in a 
honeycomb lattice structure (a carboncarbon bond length 
of 1.42  Å and a lattice parameter of 2.46  Å) (Figure 3a). It 
has strong sp[2] carboncarbon covalent bonding within 
the layer and weak interlayer bonding via the van der Waals 
force, allowing it to slide and dissociate quite easily. It is 
the strongest material ever tested,  with an intrinsic  tensile 
strength of ≈130 GPa and a Young’s modulus (stiffness) close to  
1 TPa, which is ≈100 times stronger than steel with the same 
thickness.[89,90] It exhibits an exceptionally high in-plane 
thermal conductivity of up to ≈5 × 103 W mK−1,[91,92] which is 
extremely suitable for high-performance electronics and opto-
electronics because keeping the operating temperatures low is 
imperative. It shows surprising chemical and environmental 
stability (theoretical melting point as high as ≈5000 K).[93–95] It 
is hydrophobic unless subjected to surface treatment, such as 
oxygen plasma, and apparently impermeable to most liquids 
and gases.[96]

Figure 1. Concept diagram of a Gr-PCF with tremendous distinctive char-
acteristics of graphene and a PCF. The integration of graphene and PCFs 
perfectly combines the structural properties of PCFs and the material 
properties of graphene, resulting in the new material of a Gr-PCF.

Figure 2. Chronological overview of the breakthroughs in the field of Gr-
PCFs. All events are recorded according to their publication time. The 
abbreviation TMDs represents transition metal dichalcogenides.
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Figure 3. Schematic of graphene along with the basic properties and PCFs with different cross-sectional patterns. a) Atomic structure of 2D graphene 
with a honeycomb lattice. a1) Electronic band structure of graphene. Linear dispersion relation showing the vertically mirrored Dirac cones intersecting 
at the Fermi energy. a2) Uniform absorbance of 2.3% for graphene across the visible and near-IR spectrum for vertically incident light, where the absorp-
tion coefficient is precisely defined by πα ≈2.3%, and α is the fine-structure constant. Inset: light absorption linearly increases with the number of layers.  
a3) Typical resistivity as a function of gate voltage for graphene, showing the ambipolar nature as the conduction switches between the hole (left) and elec-
tron (right) regimes, separated by the charge neutrality (Dirac) point where the resistance reaches its maximum. a4) Modulation of the light absorption of 
graphene by Fermi level shifting. Graphene does not absorb a photon with an energy of ħω when ħω/2 < |EF| due to the Pauli blocking effect in the conduc-
tion band or empty energy level in the valence band. a5) Graphene exhibits an evident saturable absorption effect, in which the light absorptivity decreases 
with increasing incident light intensity. a6) Schematic of the likely processes by which optically excited, nonequilibrium electron and hole distributions 
approach equilibrium. After excitation, the distribution rapidly thermalizes and cools within 10–150 fs. Hot carriers cool further due to intraband phonon 
scattering within 0.15–1 ps. Electrons and holes relax to the equilibrium distribution after 1–15 ps. b) Structure schematic of a PCF with wavelength-scale air 
holes periodically arranged around the core. The cross-sectional patterns of common representative PCFs are those of the b1) total internal reflection PCF,  
b2) photonic bandgap PCF, b3) antiresonant HCF, b4) Bragg fiber, b5) suspended core PCF, and b6) Kagome HCF. c) Structure schematic of a Gr-PCF 
with a graphene film covering the outside surface and the inner hole walls. a1) Reproduced with permission.[7] Copyright 2009, American Physical Society. 
a2) Reproduced with permission.[6] Copyright 2008, AAAS. a3) Reproduced with permission.[3] Copyright 2007, Nature Publishing Group. a5) Reproduced 
with permission.[19] Copyright 2009, Wiley-VCH. a6) Reproduced with permission.[20] Copyright 2008, American Chemical Society.
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Due to the quantum confinement of electrons and the 
absence of interlayer interactions, graphene has a unique 
electronic structure with a linear energy dispersion relation, 
resulting in a series of extraordinary electrical and optical prop-
erties that differ from those of conventional materials. The 
electron of graphene exhibits zero effective mass with a high 
Fermi velocity of ≈106  m  s−1 (≈1/300  the speed of light) near 
the Dirac point,[97–100] which means an unprecedented very 
large carrier mobility and highly efficient electrical conduction 
capability along the 2D plane (Figure  3a1).[7] Specifically, the 
resistivity is very low, ≈1.0  µΩ  cm−1, which is slightly smaller 
than that of silver (≈1.5  µΩ  cm−1).[101] The carrier mobility is 
up to ≈106  cm2  V  s−1  at liquid-helium temperature (≈4  K),[102] 
≈0.6 × 106 cm2 V s−1 at liquid-nitrogen temperature (≈77 K),[103] 
and ≈0.2  ×  106  cm2  V  s−1  at room temperature (≈300  K) due 
to the weak electron–phonon interaction for the suspended 
film.[104–106] These are crucial properties for high-speed elec-
tronics and optoelectronics.

The photonic properties of graphene are equally remarkable. 
Despite being only a single atomic layer thick, graphene exhibits 
a surprisingly strong light–matter interaction, with a uniform and 
high absorbance of ≈2.3% across the visible and near-IR spectrum 
for vertically incident light, where its absorption coefficient is pre-
cisely defined by πα ≈2.3%, with α ≈1/137 being the fine-structure 
constant (Figure  3a2).[6,107] Because each graphene sheet in few-
layer graphene can be seen as a 2D electron gas with little pertur-
bation from the adjacent layers, the optical absorption was experi-
mentally demonstrated to be proportional to the number of layers 
of few-layer graphene, with each layer absorbing 2.3% over the 
visible spectrum and with only 0.1% reflectivity for the monolayer, 
which rises to ≈2% for ten layers.[6,107–109]

Owing to its unique linear band structure, graphene can 
interact with light from the ultraviolet to far-IR and even to 
the terahertz and microwave regions, and the electronic tran-
sition and corresponding optical response (carrier concentra-
tion, electrical conductivity, resistance, light absorption, reflec-
tivity, refractive index, and other physical parameters) can be 
easily tuned by changing the Fermi level (EF) through external 
electrical gating or chemical doping.[22,26–33] Hence, graphene 
exhibits peculiar ambipolar behavior switched by an EF shift or 
a gate voltage (Figure 3a3).[3,12] EF is determined by the carrier 
concentration n = EF

2/(πħ2 vF
2), where π, ħ, and vF are the cir-

cular constant, reduced Planck’s constant, and Fermi velocity, 
respectively. In a field-effect transistor (FET) configuration of 
graphene/SiO2/doped-Si (or ionic-liquid/graphene), EF can gen-
erally be shifted by hundreds of meV (or even up to 1.7 eV) by 
applying a gate voltage across a SiO2 dielectric (or ionic liquid 
electrolyte layer). The doping concentration of carriers is typi-
cally less than 5 × 1012 cm−2, which is limited by the breakdown 
of the SiO2  layer, while electrolyte gating can induce carrier 
concentrations as high as 1014 cm−2.[110,111]

The light absorption of graphene can be easily electro–opti-
cally modulated, which follows the rules below (Figure  3a4). 
The interband transition only occurs above the threshold of 
ħω/2  =  |EF| due to the zero bandgap, where incident photons 
have an energy of ħω (ω is the angular frequency). In other 
words, graphene does not absorb a photon with an energy of 
ħω (electron interband transition is forbidden) when ħω/2 < EF 
due to the Pauli blocking effect in the conduction band or 

empty energy level in the valence band. Therefore, for slightly 
doped graphene (|EF|  <  ħω/2), the high-frequency dynamic 
conductivity is dominated by the interband contribution for a 
wide bandwidth from visible to IR, which covers the telecom-
munication bands and the mid-IR region.[109] Graphene can 
achieve large modulation of optical transitions of ≈2.3  eV or 
≈540  nm (i.e., an EF shift of ≈±1.15  eV) by electrical gating, 
which is extremely rare,[102] although field-effect-modulated 
electrical conductivity has long been the basis of modern elec-
tronics.[11–18,22,112] Undoubtedly, graphene with such an excel-
lent characteristic of a tunable optical response can be widely 
exploited for many novel optical and optoelectronic devices.

Graphene also exhibits strong nonlinearity associated with 
exceptionally high third-order susceptibility within the visible 
and near-IR spectral range, including saturable absorption 
and the Kerr effect. Graphene exhibits an evident saturable 
absorption effect in which the light absorptivity decreases with 
increasing incident light intensity (Figure 3a5).[19–21] Compared 
to semiconductor saturable absorber mirrors (SESAMs, some 
of the most prevalent absorbers), graphene has an ultrashort 
recovery time (<200 fs, that for SESAMs is approximately on the 
picosecond level), low saturable absorption (≈0.6  MW  cm−1,[2] 
one order of magnitude lower than that of SESAMs), great 
relative modulation depth (>60% per layer, two to three times 
larger than that of SESAMs), and wavelength-independent 
operation (ranging from visible to terahertz, SESAMs have 
narrowband operation of <100 nm), allowing it to operate effi-
ciently for the generation of broadband ultrafast laser pulses 
(Figure  3a5,a6).[19–21,113–115] Under more intense laser illumina-
tion, graphene could also possess a nonlinear phase shift due to 
the optical Kerr effect, in which the refractive index variation is 
proportional to the local electric field of the light. It possesses a 
giant nonlinear Kerr coefficient of 10−13–10−7 m2 W−1 (the exper-
imental results are related with the excitation source, sample 
preparation techniques, and substrate materials), almost nine 
orders of magnitude larger than that of bulk dielectrics.[116–124] 
This suggests that graphene may be a powerful nonlinear Kerr 
medium with the possibility of observing a variety of nonlinear 
effects, the most important of which is the soliton.[116–123]

The distinctive properties of graphene allow multiple func-
tions of signal emission, transmission, modulation, and detection 
to be realized in one material, particularly alluring for a variety of 
device applications, such as high-frequency transistors,[22] elec-
tron/light emitters,[125] transparent electrodes,[126] supercapaci-
tors,[15] broadband polarizers,[28] tunable all-optical/electro–optic 
modulators,[26,27] photodetectors,[23–25] sensors,[127] mode-locked/
Q-switched fiber lasers,[18] and terahertz generators,[29,30] and so 
on.[32,33] This incredible breadth of distinctive properties allows 
graphene to be a valuable and useful material, with most of the 
demand arising from research on and development of semicon-
ductors, electronics, optics, optoelectronics, and composites. Gra-
phene, as a new material, is said to have great potential to change 
the future, as in the case of the past history.

2.2. The Progress in Optical Fibers

An optical fiber provides the highest-quality optical waveguide 
for information communication and photon manipulation and 
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has been the hardware foundation of the information age since 
the first low-loss optical fiber was experimentally realized in 
1966.[48] Today’s communication networks are mainly composed 
of single-mode and multimode silica fibers, typically including 
a solid core surrounded by a solid cladding material with 
a lower index of refraction. They can be fabricated into side- 
polished fibers or tapered-fibers where fiber core is exposed and 
the core-guided light can interact with other materials on the 
exposed area via evanescent field. Based on this characteristic, 
they have attracted intense attentions over the past several dec-
ades and found a lot of applications such as power couplers, 
sensors, and lasers.[128–132]

From the late 20th century to the dawn of the 21st cen-
tury, booming development of optical fiber technology was 
witnessed, especially the emergence of PCFs (also known as 
microstructured fibers or holey fibers). A PCF is an optical fiber 
with special structures, in which wavelength-scale air holes are 
periodically arranged around the core (Figure 3b,b1–b6). Com-
pared with traditional optical fibers, PCFs have a completely dif-
ferent principle of light wave propagation, a designable porous 
structure, and rich functions, which has opened a new horizon 
for in-fiber manipulation of optical wavelengths, modes, disper-
sions, polarizations, and nonlinearities[49–56] since such fibers 
were first fabricated in 1996  by Russell and his colleagues.[49] 
The properties of a PCF are determined by its structure, and 
as fiber functions become increasingly prominent, PCF struc-
tures are being designed and fabricated according to their func-
tionalization instead of the strict concept of photonic crystals. 
Until now, PCFs have been one of important progress in the 
optical fiber field and researched in various fields, such as by 
utilizing their ability to be filled, endless single-mode transmis-
sion,[50,57–60] tunable dispersion,[61–64] high birefringence,[65,66] 
controllable effective mode area,[67,68] photonic bandgap 
effect,[69] high-power transmission,[70,71] and low loss.[72–77]

PCFs, according to their structures, can be simply divided 
into solid-core PCFs and hollow-core PCFs (HCFs).[75] According 
to the light transmission mechanism, specific PCF catego-
ries include total internal reflection PCFs (or index-guiding 
PCFs, PCFs guiding light via a higher-index solid core with 
a lower-index cladding modified by the presence of air holes, 
Figure  3b1), photonic bandgap PCFs (PCFs that confine light 
through the photonic bandgap effect, Figure 3b2), antiresonant 
HCFs (some tubes surround an empty central region and form 
a hollow pipe that confines light following the antiresonance 
principle, Figure  3b3), and Bragg fibers (photonic bandgap 
fibers formed by concentric rings of a multilayer film and 
related to the Bragg effect Figure  3b4). In addition, common 
PCFs generally also include suspended core PCFs (a kind of 
index-guiding fiber with a suspended core, Figure  3b5) and 
Kagome HCFs (with an incomplete photonic bandgap, related 
to antiresonant reflection, Figure  3b6). The first PCF demon-
strated in 1996 was a total internal reflection PCF with a solid 
core.[49] The first photonic bandgap PCF was realized in 1998.[51]

Due to the physical limit of Rayleigh scattering and the non-
linear Shannon limit, conventional silica single-mode optical 
fibers have little potential for further improvement.[133] How-
ever, PCFs based on special structures and working mecha-
nisms have great potential to achieve high energy transmis-
sion, low energy loss, and wide single-mode transmission 

range for the applications of high-capacity communication 
and high-energy lasers. Among them, the endless single-mode 
PCFs (a kind of total internal reflection PCF with a solid core, 
Figure  3b1) can only support a single fundamental mode and 
have a large core diameter with a large mode area across the 
full wavelength band, which eliminates the special require-
ments for the core diameter of the traditional single-mode 
optical fiber.[50,57] Its large mode area also means high energy 
delivery without material damage or other adverse effects 
caused by the fiber nonlinear properties. Indeed, a large mode 
area PCF with a mode field diameter larger than 26  µm has 
been commercially available and used for single-mode high 
power delivery,[134] broadband multiwavelength transmission,[49] 
etc. Compared to solid-core fibers, HCFs with guiding of light 
in an air core (ideally in a vacuum) have been extremely more 
appealing since their first realization in 1999[52] because of their 
lower Rayleigh scattering, lower nonlinearity, lower transmis-
sion loss, and higher laser damage threshold in air holes.[135–147] 
In 2018, an antiresonant HCF transmitted a high-power laser of 
up to ≈45 W average power.[148] In 2020, a nested antiresonant 
nodeless fiber was demonstrated to achieve the current record 
loss of ≈0.28 dB km−1 at 1550 nm, while its theoretical loss limit 
is less than 0.1 dB km−1, lower than that of the standard single-
mode fiber.[149–152]

An important feature of PCFs is their ability to act as a sub-
strate capable of hosting novel functional materials (e.g., gases, 
liquids, and solids) inside their air holes. They are usually used 
as low-loss platforms with high aspect ratios and long interaction 
lengths to achieve some functions or devices with unique prop-
erties. 1) Gas-filled PCFs. Gas-filled HCFs offer unprecedented 
opportunities to observe novel nonlinear phenomena because 
they can provide the requirements of a high intensity at low 
power, a long interaction length, and a good quality transverse 
beam profile for efficient nonlinear processes. In addition, in a 
gas-filled PCF, the optical dispersion of the gas can be controlled 
by the pressure and gas species, which is vital in many types of 
nonlinear interactions, including supercontinuum generation, 
soliton-effect pulse compression, self-phase modulation, and 
four-wave mixing.[153–157] For example, the first gas-filled HCF 
was reported in 2002, which demonstrated enhanced stimulated 
Raman scattering of hydrogen gas over a long interaction length 
of 1 m with an ultralow pulse laser energy for the first time.[73] 
In 2013, a rare gas-filled Kagome HCF provided a simple, com-
pact, and widely tunable ultraviolet source for the first time with 
a tunable 176–550 nm ultrafast pulse.[155] 2) Liquid-filled PCFs. By 
varying the external temperature or electric field, the refractive 
index of fluids (e.g., liquid crystals) can be changed, which gives 
the possibility of controlling the optical properties of liquid-filled 
PCFs (such as the location of the bandgaps, thermo–optic coef-
ficient, light intensity, and polarization states) so that they can 
be developed into sensors, switches, tunable bandpass filters, 
fiber probes, and so on.[158] For example, the high-extinction-
ratio optical bandgap position within 1300–1600 nm for a com-
mercially available PCF filled with liquid crystals was thermally 
tuned from 20  to 80  °C, as reported in 2009.[159] 3) Solid-filled 
PCFs. Solid functional materials (including metals, chalcogenide 
glasses, silicon, and germanium) can be filled or deposited in the 
air holes of HCFs by the pressure-assisted melt filling method 
or high-pressure CVD technique for the purpose of directly 
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functionalizing optoelectronic fibers. However, the melting tem-
perature of target solid materials should be lower than that of a 
fused silica fiber of ≈400  °C, which greatly limits the choice of 
materials. Uniform film deposition over long fiber lengths and 
the probable destruction of the air hole pattern are remaining 
challenges for this task. For example, the integration of precisely 
doped semiconductor materials and high-quality rectifying semi-
conductor junctions into PCFs realized high-speed and up to 
3 GHz bandwidth in-fiber functionalities in 2012.[160] Selectively 
filling metal into some air holes brings inherently enhanced 
polarization-dependent transmission, which could eventually be 
used for the development of an in-fiber absorbing polarizer or 
notch filters.[161–164]

The flexible structural designability, ability to fill air holes, 
and diversity of the working principles of PCFs result in dispa-
rate novel properties and wide application prospects in lasers, 
sensors, supercontinuum light sources, optical fiber communi-
cation systems, etc. beyond traditional fibers. With the emer-
gence of new materials and the development of new technolo-
gies, an increasing number of new properties and applications 
will be developed for PCFs and hybrid PCFs, which will con-
tinue to be research hotspots in the future.

2.3. The Hybrid Graphene Optical Fibers

The integration of optical fibers with various functional mate-
rials has greatly expanded the functions and application 
regimes, directly leading to a new scientific research field 
(Figure  3c). The emergence of graphene provides a valuable 
opportunity for the development of optical fibers toward the 
multimaterial and multifunctional path. The integration of 
graphene and optical fibers can perfectly complement both 
advantages. On the one hand, the high-quality waveguide struc-
ture of an optical fiber can greatly enhance the light–graphene 
interaction. On the other hand, the novel optical properties 
of electrical tunability, broad spectral response, and saturable 
absorption effect of graphene can be endowed on optical fibers. 
Consequently, shifting the graphene EF by applying an elec-
tric field or other means can manipulate the photons in the 
optical fiber, such as the intensity, phase, and polarization state, 
which results in many new all-fiber devices based on Gr-optical 
fibers, such as fiber polarizers,[165] pulsed mode-locked fiber 
lasers,[19,21,166–171] optical/electro–optic fiber modulators,[88,172] 
and fiber sensors.[173]

The combination of an optical fiber and graphene requires 
that graphene can interact with fiber core-guided light. There-
fore, according to the structures of Gr-optical fibers, the combi-
nation methods can be summarized into four main categories, 
as shown below (Table 1).

1) The first and most intuitive method is attaching a graphene 
film onto the core position at the fiber end face so that the 
light transmitted in the fiber core can directly interact with 
graphene. Such a structure is easy to be realized where 
the graphene on fiber end face can maintain its high qual-
ity during the transfer process. As early as 2009, utilizing 
this method, Tang et al. for the first time exploited a 756 fs 
graphene-based ultrafast pulsed fiber laser with a 1.79 MHz 

repetition rate at 1565  nm.[19] In 2010, Ferrari  et  al. sand-
wiched a graphene-polyvinyl alcohol mixture between 
two fiber connectors with a fiber adapter and developed a 
713 fs, 19.9 MHz graphene-based mode-locked fiber laser at 
1559 nm.[21,174] However, this method suffers from an obvi-
ous drawback of a relatively weak light–graphene interaction 
as the result of the short interaction length of only nanom-
eters when the beam directly passes through the graphene 
films. In addition, the direct penetration of graphene by a 
laser in the fiber cavity can easily lead to thermal damage of 
graphene, which is not conducive to the generation of high-
energy mode-locked pulses.

2) Therefore, to improve the heat dissipation and the light– 
graphene interaction, the method of attaching graphene onto 
a side-polished optical fiber and a tapered optical fiber has 
been employed. The fabrication technology of transferring 
graphene onto side-polished and tapered optical fibers is rela-
tively simple, so a number of works based on these Gr-optical 
fibers, including pulse fiber lasers and fiber polarizers, have 
emerged. For example, in 2010, Song  et  al. demonstrated 
graphene mode-locked fiber lasers with efficient laser pulsa-
tion and evanescent field interaction between the propagat-
ing light and graphene film sprayed onto the planar region 
of a side-polished fiber in the form of a graphene solution.[166] 
In 2011, Loh  et  al. demonstrated the operation of a broad-
band Gr-optical fiber polarizer with an extinction ratio of 
27 dB in the telecommunication band, in which a graphene 
film was transferred onto a side-polished optical fiber.[165] In 
2014, Tong  et  al. reported an ultrafast all-optical modulator 
at ≈1.5 µm with a response time of ≈2.2 ps, making use of 
a graphene-tapered optical fiber by the transfer method.[170] 
Due to their simple and easy fabrication characteristics, these 
Gr-optical fiber-based devices have greatly promoted the de-
velopment of hybrid graphene optical fibers.

3) The two methods above inevitably sacrifice the integrity of 
the fiber structure and transmission mode, which limits their 
development space and potential in turn. In particular, their 
light–graphene interaction strength cannot be further im-
proved. Although the interaction between graphene and core-
guided light can be enhanced by increasing the lateral di-
mension or longitudinal length of the core leakage area, this 
operation also results in more core-guided light field leaking 
into the air, which also leads to a decrease in the strength 
of the light–graphene interaction and an increase in the 
coupling loss. Therefore, finding a more reasonable way to 
realize a strong light–graphene interaction, under the prem-
ise of ensuring the structural integrity of the optical fiber, is 
necessary. The ideal way is to attach a graphene film onto 
the core surface of an original fiber. Some efforts have been 
made to attach graphene nanoparticles onto PCFs as a satura-
ble absorber in mode-locked fiber lasers.[167–171] However, this 
method still has insurmountable shortcomings; that is, the 
randomly distributed attachment of graphene nanoparticles 
and the introduced impurities can destroy the optical fiber 
transmission mode and optical transmission stability. These 
drawbacks were left as unsolved issues until 2019.[88]

4) To date, the most effective integration is to grow graphene films 
onto the PCF hole walls that surround the core, which provides 
obvious and unique advantages: a) the atomic thickness of 
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graphene keeps the PCF structure and main optical functions 
intact; b) an unlimited light–graphene interaction strength can 
be achieved by adjusting the fiber length. The idea was for the 
first time achieved with the CVD method by Liu and his team 
in 2019,[88] which also demonstrated an efficient and nonharm-
ful manufacturing strategy for mass production at the meter 
scale for Gr-PCFs. In contrast, those attempts mentioned 
above have only been accomplished on the micrometer scale 
and with a small interaction area and harmful effects on the 
fiber modes. Continuing in a similar way, they further realized 
in 2020, growth of the uniform 2D material MoS2 along the en-
tire PCF hole walls via a two-step CVD method, and the MoS2-
PCF showed strongly enhanced second- and third-harmonic 
optical generation of up to ≈300 times.[175]

The different fabrication designs of hybrid Gr-optical fibers, 
including Gr-PCFs, have greatly advanced the development 
of multifunctional and multimaterial optical fibers, as well 
as graphene optoelectronic devices. In particular, the CVD 
growth strategy opens up a new direction for mass production 
of 2D-crystal-based all-fiber devices, targeting next-generation 
optical fibers with various new functionalities.

3. The Growth of Graphene Photonic Crystal Fibers

3.1. The Preparation of Graphene Traditional Fibers

Generally, the widely used methods for preparing Gr-tradi-
tional fibers are the wet transfer method and the dry transfer 
method.[176,177] No liquid solvent is used in the dry transfer 
process, which is usually suitable for transferring small-area 
graphene, and the obtained graphene on fiber surface is high 
quality and less pollution. Liquid solvent is used in the wet 
transfer process which is usually suitable for the transfer of 
large-area graphene by CVD method, but it tends to introduce 
more impurities.

Here, we briefly describe the operation process of the wet 
transfer method by taking the graphene CVD-grown on copper 
foil transferred onto the fiber surface as an example. Because 
large-area self-supporting 2D materials cannot achieve, a 
widely used transfer medium, the polymethyl methacrylate 
(PMMA), is usually needed as the supporting layer. So, the 
first step is to spin-coat PMMA on the graphene on a copper 
foil. Second, the PMMA–graphene–copper foil is placed in 

Table 1. Comparison of different kinds of hybrid graphene optical fibers.

Configurations Preparation  
method

Light–graphene 
interaction way

Interaction  
area/strength

Advantages Drawbacks Reference

Graphene on  
fiber end face

Transfer Penetration The core end face 
with about µm in  
diameter; Weak

Simple structure, 
easy preparation

Short interaction 
length of nanometers; 

graphene is easy to 
thermal damage. low 
preparation efficiency.

[19,21,174]

Gr-side-polished 
fiber

Transfer Evanescent  
field

The exposed core 
region with about 

cm in length; 
Normal

Easy preparation The cracks of 
graphene membrane, 

transfer-induced 
doping, wrinkles and 

surface contamination 
are inevitable; low 

preparation efficiency.

[165,166]

Gr-tapered fiber Transfer Evanescent  
field

The exposed core 
region with about 

cm in length; 
Normal

Easy preparation The cracks of 
graphene membrane, 

transfer-induced 
doping, wrinkles and 

surface contamination 
are inevitable; low 

preparation efficiency.

[170]

Gr-PCF Capillarity Evanescent  
field, reflection  
or transmission

The core region  
with entire fiber 
length; Strong

Easy preparation, 
high preparation 

efficiency

The randomly 
distributed attachment 

of graphene 
nanoparticles and the 
introduced impurities

[167–169]

Gr-PCF CVD Evanescent field 
reflection or 
transmission

The core region  
with entire fiber 
length; Strong

Massive production, 
strong light–

graphene interaction

Complicated 
preparation process; 
Difficult to control 

quality of graphene.

[88]
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FeCl3 solution or ammonium persulfate solution to chemically 
dissolve the copper foil, and then the PMMA–graphene film is 
left floating on the solution. Third, the PMMA–graphene film 
is carefully transferred to the target surface with tweezers, after 
PMMA–graphene film is rinsed with deionized water. Finally, 
the PMMA is dissolved and removed using alcohol or acetone 
vapor, and the remaining graphene is on the surface of the 
fiber. The PMMA, that is, transfer media, can be replaced by 
poly(lactic acid), poly(phthalaldehyde), and poly(bisphenol A 
carbonate). The wet transfer method is suitable for almost all 
2D materials grown on substrate surfaces. But the membrane 
cracks, transfer-induced doping, wrinkles, as well as surface 
contaminations are usually inevitable.

The dry transfer method is usually used for the graphene 
on silicon substrates which is mechanically exfoliated from 
graphite by a tape. First, a small piece of polydimethylsiloxane 
(PDMS) with flat surface is fixed on a glass slide. Second, gra-
phene is pasted on the PDMS surface. In a micropositioning 
system, the glass slide/PDMS/graphene and target substrate 
(optical fiber) are fixed on a multidimensional manipulator 
arm and a 4D translation stage, respectively. Third, under the 
microscope, graphene is precisely shifted to the target posi-
tion and lowered to contact the optical fiber. Finally, after the 
glass slide is raised slowly by manipulator arm, the graphene 
film is left on the fiber surface due to the adhesion between 
the graphene and the target substrate is greater than that 
between the PDMS and graphene film. This method can 
obtain high-quality graphene on the target substrate, but it 
has low success rate, and the size of the transferred graphene 
is not controllable.

The transfer methods have their universal characteristics, 
but also suffer from some limitations of low efficiency and the 
inability to the inner surface of a target object (Table  1). And 
more efficient methods for fabricating graphene-optical fibers 
are in demand for a long time. The CVD method could be a 
good way to improve the efficiency of producing Gr-optical 
fibers. However, it is rarely reported yet, which is probably 
because the transfer method is simpler and of lower cost for a 
fiber device demo in labs so far.

3.2. The Growth of Graphene on Glass

Due to the advantages of low cost, simple preparation pro-
cess, strong controllability, and mass production, together with 
the obvious catalytic effect of a metal substrate on graphene 
growth, the CVD method has become the mainstream method 
for the preparation of large-area, high-quality graphene on 
metal substrates and has been developed to a relatively mature 
stage.[34–47,178–185] However, the CVD growth strategy of Gr-PCFs 
is challenging due to the lack of a metal catalyst and the diffi-
culty in gas flow control along the long micrometer-sized holes 
in a silica PCF. The successful growth of Gr-PCFs benefits from 
extensive experience in the CVD growth of graphene glass/
insulator substrates.[186–196]

In the CVD growth of graphene, the substrate plays a cru-
cial role, participating in the cracking process of the carbon 
source gas and the migration, nucleation, and growth process 
of carbon atoms in it. Therefore, the growth conditions and 

difficulties required for the growth of graphene on different 
substrates are quite different. For example, the commonly 
used metal substrates (Cu, Ni, Pt, etc.) have an excellent cata-
lytic cracking effect on carbon-containing molecules (such 
as methane, ethanol, and ethylene), and carbon atoms more 
easily migrate and nucleate in metal substrates; thus, graphene 
CVD-grown on metal substrates generally has a relatively high 
single crystallinity, a large size, and a faster growth rate. How-
ever, nonmetal substrates, including quartz, sapphire, boro-
silicate glass, and soda lime glass, have very weak catalytic 
performance, which makes carbon-containing source mol-
ecule cracking and carbon species migration on their surface 
difficult. Therefore, the nucleation and growth of graphene on 
a glass surface is difficult. As a result, graphene growth on a 
glass surface generally shows a lower growth rate and a poorer 
crystalline quality. Generally, under typical experimental condi-
tions with the same methane precursor, CVD growth of gra-
phene on glass takes over 1–7 h, while that of graphene on Cu 
foil takes only 10 min.[189,190]

The temperature required for CVD growth of graphene is 
usually above 1000  °C. Therefore, under metal-catalyst-free 
growth conditions, carbon precursors (such as CH4) undergo 
a thermochemical decomposition process rather than a metal-
catalyzed cracking process.[197,198] In this case, a higher tempera-
ture (1000–1120 °C) at atmospheric pressure is usually needed 
to promote more thorough methane decomposition (≈1000 °C 
thermal decomposition temperature) and produce higher 
concentrations of activated carbon species.[199,200] Replacing 
methane with other carbon source gases of acetylene[201,202] and 
alcohol[203] can also improve the quality and growth rate of gra-
phene because the relatively low decomposition temperatures 
of acetylene and alcohol result in a reduced growth temperature 
of graphene on dielectric substrates.

In general, increasing the temperature, changing the carbon 
source gas, varying the gas pressure, using plasma and metal 
remote assistance, etc. can achieve growth of graphene glass 
or improve the growth quality and production rate. These CVD 
growth strategies provide extensive experience for the prepara-
tion of Gr-PCFs.

3.3. The Growth of Graphene Photonic Crystal Fibers

The used PCF (index-guiding type) consisted of a solid silica 
core and a surrounding silica cladding region with four circles 
of air holes only ≈4 µm in diameter (Figure 4). Even when PCFs 
are made of silica, the CVD growth conditions and kinetics pro-
cesses of Gr-PCFs are completely different from those of gra-
phene glass in open space because graphene needs to be grown 
in the confined space of the fiber holes with micron-level diame-
ters and meter-level lengths. Gr-PCFs are grown under the condi-
tions of ≈1100 °C, at atmospheric or low pressure, with methane 
as the carbon feedstock. Graphene films are grown on both the 
outside surface and inside the hole walls of PCFs, which guaran-
tees maintenance of the structural integrity. Because of the very 
weak catalytic effect of silica on cracking methane and the labo-
rious migration of carbon atoms on the silica surface, graphene 
nucleation, and growth on silica surfaces generally exhibit 
lower growth rates and poorer crystalline quality. Consequently, 
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graphene in PCFs is usually polycrystalline with a small domain 
size of ≈50 nm. However, the thickness can be controlled from 
one to ten layers by the growth time.

The atmosphere-pressure CVD and low-pressure CVD (pres-
sure of 0.5–1.0 kPa) growth method can be used to produce dif-
ferent qualities. In atmosphere-pressure CVD, the graphene 
film thickness is increasing along the gas flow as a result of 
the increase in active carbon species during long-time thermal 
decomposition in downstream locations. In low-pressure CVD, 
graphene film with uniform thickness along the fiber axis is 
realized due to the uniform distribution of carbon active mole-
cules when carbon source gas flows in the narrow fiber hole 
approaches a free molecular flow situation.

The CVD method achieves the Gr-PCF with length of up 
to 50 cm. It is convenient and more efficient that one can cut 
them into small sections for mass application because many 
Gr-PCF applications need only centimeter-length fibers.

4. The Application of Graphene Photonic  
Crystal Fibers
4.1. Graphene Traditional Fiber Devices

Motivated by the peculiar properties of the broadband working 
wavelength range, tunable light–matter interaction, and polar-
ization-selective absorption, researchers have developed Gr-
optical fibers into optical fiber polarizers, fiber lasers, and other 
fiber devices.

Most Gr-optical fiber polarizers are based on side-polished 
fibers, because the asymmetric coverage of graphene around 
the fiber core can expediently introduce the different attenu-
ations of two orthogonal polarization modes by the polari-
zation-selective absorption of graphene. The first Gr-optical 
fiber polarizer was achieved in 2011, where graphene film was 
transferred onto a side-polished fiber.[165] Originated from the 
different attenuation of the TE and TM modes, the Gr-optical 
fiber polarizer exhibited TE-pass feature with an extinction 
ratio up to ≈27  dB at 1550  nm wavelength. In 2015, electri-
cally manipulable all-fiber graphene polarizer and saturable 
absorber were demonstrated for the first time where randomly 
stacked multilayer graphene was used.[204] In this tunable fiber 
polarizer, the graphene-based FET was built on a side-polished 
fiber with an ion-liquid dielectric, and the transmission of 
TM mode changes from 87.1%  to 90.8% and TE mode shows 
a more drastic transmission change from 39.2%  to 83.4% by 
gate-voltage adjusting from 0.7 to 1.8 V. Furthermore, the fiber 
polarizer was integrated into a fiber laser system as an elec-
trically tunable in-line nonlinear saturable absorber, where the 
laser operation could be tuned from continuous wave, through 
Q-switched to passively mode-locked regime.

In graphene-side-polished fiber, a high index polyvinyl 
butyral layer that is put on the graphene film can help to draw 
out the evanescent tail of the propagating core mode and 
enhance the light–graphene interaction. Using this method, a 
commercial grade broadband graphene-based fiber polarizer 
with low device loss of ≈1  dB was proposed and fabricated in 
2016.[205] It was a TE-pass polarizer with broadband working 

Figure 4. Schematic of Gr-PCF growth by the CVD method. a) Multiple meter-length PCFs placed in a muffle furnace with a quartz tube for mass CVD 
growth of Gr-PCFs under the conditions of a temperature above 1000 °C and methane as the carbon feedstock. b) Zoomed-in picture with a partial 
cutaway view of the upper figure. Methane molecules are cracked into various carbon source molecules. These particles enter the micron-sized air 
holes of the PCF and are then deposited, forming graphene.
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range of 1425–1600 nm with high extinction ratio of 26–40 dB 
and an additional value of 13 dB at 2000 nm.

PCFs with designable structures and functions are good can-
didate for fiber polarizers. In 2018, a graphene/hBN-coated pol-
ished-PCF was proposed theoretically which could be switched 
between TE- and TM-pass working state by tuning graphene 
EF.[206] The total internal reflection type PCF with six-ring air-
hole was covered by graphene/hBN films on its side polished 
area. Increasing the layer number of graphene, the air hole/
space ratio, and the polishing depth could promote its per-
formance with the extinction ratio of 66.26 dB mm−1, and the 
insertion loss of 9.4 dB mm−1, theoretically.

Most of these reported Gr-optical fiber polarizers have sim-
ilar structures and working principles. Therefore, more and 
more works[9,12,87,207] are focused on how to improve device 
performance, reduce costs, and optimize fabrication processes, 
such as increasing extinction ratio, expanding operating wave-
length range, increasing modulation depth and speed, and 
reducing insertion loss and absorption loss. Although they have 
obvious advantages of being compact and tunable, the coupling 
loss and fabrication difficulties limit their applications in prac-
tical all-fiber systems.

The broadband absorption short recovery time, low satura-
tion fluence, high nonlinearity, and high modulation depth 
of graphene attracts a lot of attention on its pulsed fiber laser 
applications. These fiber lasers are based on the graphene-
fiber end surface, the graphene-side-polished fibers, and the 
graphene-tapered-fibers. Most of them are passive mode-locked 
fiber lasers and passive Q-switched fiber lasers with graphene 
as the saturable absorbers. Actively Q-switched graphene fiber 
lasers are realized based on all-optical modulation effect of gra-
phene. The transmittance of signal light can be modulated peri-
odically by another laser pulse chain through graphene, which 
controls the Q-factor of the cavity.

The first pulsed laser based on Gr-optical fiber was real-
ized by Bao  et  al. in 2009.[19] Graphene film was transferred 
on the end face of a fiber connector as saturable absorbers in 
a fiber laser for generating ultrashort pulses at 1567 nm, with 
a pulse duration of 756 fs, a repetition rate of 1.79 MHz, and 
a maximum average output power up to 2  mW. In a similar 
structure, a passively mode-lock erbium-doped fiber laser 
with 460  fs pulse duration at 1559  nm was demonstrated in 
2010.[21] Since then, graphene-based saturable absorbers have 
been used in fiber lasers of various structures to achieve 
pulse output with different wavelengths, repetition rates, and 
pulse durations, as well as different principles including pas-
sively mode-locked,[208] passively Q-switched,[209] and actively 
Q-switched.[210]

Gr-optical fibers were used in a high-power fiber lasers 
reported in 2014, where the system utilized a low-power seed 
laser mode-locked with graphene saturable absorber emitting 
soliton pulses at 50  MHz repetition rate.[211] Then, the seed 
laser went through the process of temporally stretching, ampli-
fying, and compressing, and finally output 835  fs-short pulses 
with 8.65 W of average power.

Fiber knot resonators can be used to produce ultrahigh 
repetition-rate pulse fiber lasers based on the dissipative four-
wave mixing mode-locking technique. By virtue of the excellent 
nonlinear optical response of graphene, Luo  et  al. proposed 

a  graphene-decorated microfiber knot as the broadband reso-
nator for generation of the four-wave mixing in 2018.[212] An 
ultrahigh-repetition-rate pulses at with 162 and 106.7 GHz were 
generated at 1.06 and 1.55 µm wavebands, respectively.

Graphene-based passively Q-switched dual-wavelength 
erbium-doped fiber laser was demonstrated by Cai  et  al. in 
2010, where graphene was transferred on the fiber end surface 
by optical radiation method in a graphene solution.[213] The 
Gr-optical fiber played the key role of the passive Q switcher. 
The strong optical nonlinearity of graphene was helpful for 
eliminating the mode competition of erbium-doped fiber for 
stabilizing the dual wavelength lasing. This Gr-optical fiber 
laser showed a wide range of pulse-repetition rate from 3.3  to 
65.9 kHz, and pulse duration of 3.7 µs around ≈1566 nm.

In 2015, an actively Q-switched ytterbium-doped fiber laser 
was fabricated with a Gr-tapered-optical fiber as the all-optical 
Q-switcher and ytterbium-doped fiber as the gain medium.[214] 
Based on the cross-absorption modulation effect of graphene, a 
stable Q-switched pulse train of 1060 nm was generated when a 
1550 nm pulse laser was incident into the Q-switcher. The nar-
rowest pulse duration was 2.16 µs and its repetition rate could 
be tuned from 30 to 101 kHz.

In a compact graphene-coated distributed feedback Bragg-
grating fiber laser, a single-frequency actively Q-switching was 
demonstrated and investigated by Wong  et  al. in 2017, which 
was with µs pulse durations and sub-MHz spectral linewidths 
at ≈1544  nm.[209] Part of fiber cladding of distributed feedback 
Bragg-grating was etched away by using buffered oxide etch, 
and monolayer graphene was wrapped around the etched sec-
tion via the wet transfer method. A pump light from a tunable 
980 nm laser module was utilized to periodically modulate the 
optical absorption loss of the graphene at 1544 nm.

Gr-optical fiber pulsed lasers have good tunability, stability, 
compactness, and robustness, with potential impact in optical 
coherent communications, metrology, and sensing. Similar 
to polarizers, all Gr-optical fiber lasers are based on the satu-
rable absorption effect, electro–optic modulation, and all-optical 
modulation effect of graphene, therefore more and more works 
would focus on how to improve fiber laser performance with 
various structure designs.[87,115,215]

The Gr-optical fibers are also widely studied in the fields 
of fiber modulators and fiber sensors, which benefits from 
the various structures of fiber devices including fiber grat-
ings, fiber cavities, and fiber interferometers, and the various 
good properties of graphene including the surface plasmon 
effect, all-optical modulation effect, opto–thermal effect, 
magneto–optic effect, and electro–optic effect. The enhanced 
light–graphene interaction in Gr-optical fibers contributes to 
their application greatly as well. Gr-optical fiber sensors not 
only have the advantages of common optical fiber sensors but 
also can measure more parameters with higher sensitivity and 
resolution.

Although Gr-optical fiber devices have been applied to many 
applications, much work remains to be done before commer-
cial devices can be realized. The transfer methods are still not 
perfect enough. It is difficult to guarantee that graphene is 
uniformly distributed and not damaged, wrinkled, or polluted, 
during the transfer process. In addition, the size and thickness 
of graphene film couldn’t be control well.
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4.2. Graphene Photonic Crystal Fiber Devices

In Gr-PCFs, the core-guided light mainly interacts with the 
graphene films tightly attached to the innermost hole walls 
through the evanescent wave at the interface of graphene and 
silica, in which more of the electric field of the fundamental 
mode is distributed in the graphene layers. Experimentally, a 
strong attenuation of ≈8.3 dB cm−1  is verified, in striking con-
trast to the value of 0.1 dB in suspended monolayer graphene. 
This greatly enhanced light–graphene interaction in Gr-PCFs 
results from the enlarged effective interaction area and length 
during light propagation along the fiber core (Figure 5a,a1).[88]

Because Gr-PCFs inherit the electro–optic tunable properties 
and wide wavelength response of graphene, Gr-PCFs have great 
potential to be exploited as various all-fiber devices, in which 
the unprecedented electrical tunability of the light–graphene 
interaction could not be more appropriate for a modulator, 
which is one of the key devices in optical fiber communication. 
However, structural design of the electro–optic modulator based 
on Gr-PCFs is challenging. Graphene electro–optic modulation 
devices generally consist of a graphene-insulator-metal sand-
wich structure on a SiO2/Si substrate, where SiO2  of 300  nm 
thickness acts as an insulating layer, which usually works at a 
voltage of ≈100  V.[22,216] If the Gr-PCF electro–optic modulator 
adopts such a sandwich structure of graphene/fiber cladding/
metal where the metal is deposited on the outside surface of 
the fiber cladding, then ≈3000 V is estimated to be required to 
drive the fiber modulator for the extremely thick SiO2 cladding 
of ≈100 µm. Such a high working voltage is obviously inappro-
priate for a small fiber modulator. In 2019, an ingenious design 
was developed in which an ionic liquid was injected into the 
Gr-PCF holes to shift the EF of graphene, control the light trans-
mittance, and realize an all-fiber graphene fiber electro–optic 
modulator (Figure 5a). The ionic liquid possesses a large capac-
itance such that a low gate voltage of only several volts can effi-
ciently dope graphene, during which an electrical double layer 
with an ≈1 nm thickness is formed at the graphene–ionic liquid 
interface. As expected, this modulator shows a broadband spec-
tral response from 1150 to 1600 nm, a low operating voltage of 
<2 V, and high modulation depths of ≈13 and ≈20 dB cm−1  at 
the fiber-optic communication O-wavelength (1310  nm) and 
C-wavelength (1550  nm) bands, respectively. Although ionic 
liquid gating technology solves the problem of a high driving 
voltage, it also results in the shortcoming of a low switching 
speed of ≈16 Hz due to the slow response speed (or the large 
time constant) of the ionic liquid (Figure 5a2).

An ultrahigh response speed of ≈500  GHz for graphene 
was theoretically confirmed because of the fast relaxation time 
of excited electrons in graphene (Figure  3a6).[20,26] Therefore, 
there is much room to upgrade the slow response speed of 
the Gr-PCF modulator. A Gr-PCF modulator with a high speed 
and a large modulation depth was theoretically proposed in 
2020, in which graphene/hexagonal boron nitride/graphene 
(Gr/hBN/Gr) films were directly attached to the fiber hole 
walls (Figure  5b–b2).[217] In the sandwich structure, the solid 
2D insulator material of hBN as the spacer in the dual gra-
phene FET can realize a negligible delay effect on the modula-
tion time. Therefore, the bandwidth is mainly limited by the 
response time constant of the equivalent circuit f  =  1/(2πRC). 

On the basis of guaranteeing a broad optical communication 
wavelength (from the O-band to the U-band), the modulation 
depth, modulation speed, and driving voltage can be designed 
when the layer numbers of graphene and hBN and the struc-
ture parameters of the fiber length, hole pitch, and diameter are 
specially designed. In this Gr/hBN/Gr-PCF, the 2D heterostruc-
ture with nanometer thickness does not affect the fundamental 
mode, and the transmitted light is confined in the solid fiber 
core in the form of a fundamental guiding mode, similar to the 
bare PCF.

When the PCF has a hole diameter of Φ = 1 µm, a pitch of 
Λ  =  1.516  µm, and single layer graphene and hBN films, the 
modulator shows a strongly enhanced light–graphene interac-
tion with a large transmission attenuation coefficient of up to 
42.4 dB mm−1 at 1550 nm. It can work with single-mode trans-
mission from 1260  to 1700  nm and a high modulation depth 
from 35  to 50  dB  mm−1  by shifting EF (corresponding to a 
theoretical driving voltage from 28.3  to 15.6 V). Its bandwidth 
is greatly affected by the fiber length and slightly changed by 
the carrier concentration of graphene. The modulator with a 
fiber length from 1  to 0.1 mm can achieve a 1 MHz–0.1 GHz 
bandwidth regardless of the graphene carrier concentration 
varying from 1.5 × 1013 to 8.1 × 1011 cm−2. In brief, the proposed 
Gr-PCF modulator exhibits high electro–optic modulation 
depth and speed (up to ≈0.1 GHz), broad optical communica-
tion wavelength (1260–1700 nm), significant modulation depth 
(e.g., ≈42  dB  mm−1  at 1550  nm), and relatively low driving 
voltage (below 30 V). With the development of low-dimensional 
material manufacturing technology, such Gr/hBN/Gr-PCF 
is expected to be realized by the CVD method in the future 
based on reported technologies with which graphene/hBN 
heterojunctions and Gr-PCFs have both been successfully 
achieved.[88,218]

An all-optical modulator based on Gr-PCF is demonstrated in 
2020, where Gr-PCF is directly CVD-grown using methane as 
carbon precursor at ≈1030  °C under atmospheric pressure.[219] 
In the all-optical modulator experiment, 2  cm long Gr-PCF is 
connected with standard single mode fibers, coupled by two 
light beams at 1550 and 895 nm simultaneously using a wave-
length division multiplexer. The output intensity of 895  nm 
laser is modulated by the different input intensity of 1550 nm, 
where the modulation depth increases with the increment of 
1550 nm laser power, and achieves the maximum of ≈2.58 dB 
under 60 mW.

Similar to traditional optical fibers, Gr-PCFs also have good 
features for sensing. Traditional optical fiber temperature sen-
sors are mainly based on fiber gratings or interferometers, 
where the optical signals are sensed through the grating 
pitch variation or optical path difference caused by the dis-
turbed environment temperature. However, these fiber tem-
perature sensors suffer from complicated structural designs 
and wavelength-resolved measurement systems. To overcome 
this dilemma, a tunable and highly sensitive temperature 
sensor based on a Gr-PCF was theoretically proposed in 2021 
(Figure  5c–c2).[220] The mechanism of this hybrid Gr-PCF 
sensor is directly related to the Fermi–Dirac distribution change 
of the electrons with temperature, which means variation of the 
graphene conductivity (including both the real and imaginary 
parts). When the temperature rises from −100  to 100  °C, the 
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imaginary part decreases, followed by a decrease in graphene 
absorption; at the same time, the real part increases along with 
the increase in the refractive index in the fiber cladding, which 
leads to the consequent enhancement of the normalized light 
intensity. Taking the influences of both the imaginary and real 
parts into account, the change in the transmission attenuation 
of the Gr-PCF is 6.4 ×  10−5  dB  cm−1.  In addition, this all-fiber 

temperature sensor theoretically exhibits a tunable sensitivity 
by modulating the graphene EF, with the highest sensitivity 
of up to ≈3.34  ×  10−3  dB  cm−1  °C−1  at EF  =  0.435  eV when it 
is set to work at a laser wavelength of 1550  nm (Figure  5c2). 
Furthermore, by optimizing the PCF hole diameter to 1  µm 
and subsequently enhancing the light–graphene interaction, 
its sensitivity can be improved by approximately ten  times to 

Figure 5. Schematic of Gr-PCF devices. a) Schematic of a Gr-PCF-based electro–optic modulator. The gate voltage between the ionic liquid and gra-
phene controls light transmission through the Gr-PCF. a1) Top: measured optical attenuation of light propagating in the bare PCF (purple dots) and 
Gr-PCF (cyan dots) with different fiber lengths. The attenuation coefficient is fitted as 8.3 dB cm−1 from the slope. Bottom: schematic of attenuation 
of light with multiple reflections during its propagation along the Gr-PCF core. a2) Modulation curves at 1310 and 1550 nm showing an unambiguous 
transition between the “on” and “off” states with a large modulation depth. b) Schematic illustration of a sandwiched Gr/hBN/Gr-PCF modulator.  
b1) Modulation curve of the modulator at 1550 nm. b2) The modulator bandwidth shows an inverse relationship with the fiber length. In this modulator, 
100-layer hBN and two monolayer graphene films are attached to the hole surface. c) Schematic of the Gr-PCF temperature sensor, where the Fermi–
Dirac distributions of electrons in graphene at different temperatures result in changes in the conductivity and complex refractive index of graphene.  
c1) Relative normalized intensity (ratio of the intensity at the innermost graphene position to that at the fiber core center) ΔI with temperature from 
−100 to 100 °C. Here, Δ represents the difference between the value at a given temperature and that at 0 °C. c2) |ΔA| (difference in light attenuation 
between the temperatures of −100 and 100 °C) changes with EF showing a dip value at EF = 0.4 eV. a,a1,a2) Reproduced with permission.[88] Copyright 
2019, Nature Publishing Group. b,b1,b2) Reproduced with permission.[217] Copyright 2020, Royal Society of Chemistry. c,c1,c2) Reproduced with per-
mission.[220] Copyright 2021, IOP Publishing.
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0.036 dB cm−1 °C−1. The work provides highly sensitive temper-
ature sensors based on a Gr-PCF and broadens the applications 
of all-fiber optoelectronic devices.

The all-fiber devices based on Gr-PCFs have easy electro–
optic tunability and broad spectral response characteristics, 
which have important potential application value. Realization 
of more all-optical devices based on Gr-PCFs with the advance-
ment of growth technology and device processing technology is 
expected.

4.3. The Related 2D Material-Photonic Crystal Fiber Devices

The 2D material-PCFs, in which 2D materials are grown on 
PCF hole walls, have many performance advantages, but the 
technical difficulty of the fabrication is obviously higher than 
that of wrapping them on the surface of tapered or side-polished 
fibers. Therefore, to date, only a few related works have been 
reported on other 2D material-PCFs, such as MoS2-PCFs (and 
other transition metal dichalcogenides, TMDs).

The other 2D materials-traditional fibers by CVD method 
are rarely reported. The reason is likely that transfer method 
is less difficult than CVD method for fiber device applica-
tions. In 2019, Gu  et  al. for the first time grew single-crystal 
monolayer MoS2  on tapered silica optical fibers, and then 
they used a simple photoactivation strategy to obtain strongly 
enhanced and highly stable photoluminescence quantum yields 
in a wide pump dynamic range at room temperature.[221] The 
≈3  cm optical fiber was suspended and fixed on two motor-
driven stages. And taper structures or microbottle structures 
were fabricated by CO2  laser heating. The taper-drawing pro-
cess greatly lowered the activation energy from siloxane bonds 
in bulky amorphous silica. The highly strained siloxane bonds 
could be easily excited to release high-density oxygen dangling 
bonds on the fiber surface under high intensity light irradiation 
of 532 nm laser, which was the key to achieving strong photo-
luminescence enhancement. The photoluminescence quantum 
yields of as-photoactivated MoS2 monolayer on tapered-fiber of 
≈3 µm in diameter was enhanced by two orders of magnitude 
(from ≈30%  to 1% as pump intensity increases from 10−1  to 
104  W  cm−2), compared with the planar monolayer samples 
grown on silica substrates (quantum yields of <0.05%). Based 
on the above conclusions, they made microbottle structures of 
optical fiber as good optical microcavities, and used the 532 nm 
continuous-wave laser to excite an as-activated monolayer 
MoS2  on microfiber to realize a continuous-wave whispering-
gallery mode lasing action with low-threshold at room tempera-
ture. Their strategy provides an exciting direction for efficient 
and stable light sources with low-threshold at room tempera-
ture based on these atomically thin materials.

Direct CVD growth of MoS2-PCFs was demonstrated for 
the first time in 2020,[175] which showed extremely enhanced 
second-harmonic generation (SHG) and third-harmonic gen-
eration (THG) and was further exploited to realize an all-fiber 
mode-locked laser with a MoS2-PCF as a saturable absorber 
(Figure 6).

Unlike the gas feedstocks used in the CVD growth of 
Gr-PCFs, the CVD growth of TMDs, including MoS2, gener-
ally requires solid feedstock precursors, which are very difficult 

to transfer into fiber holes effectively and homogeneously. An 
ingenious two-step CVD method has been employed that alle-
viates this dilemma, in which a solid precursor is predepos-
ited via capillarity and drying of a Na2MoO4  aqueous solution 
to guarantee a homogeneous feedstock along the entire PCF 
holes. Finally, large and uniform monolayer MoS2  films with 
high quality are grown on the hole walls of hollow capillary 
fibers and HCFs. Following a similar method, other 2D TMDs 
of WS2, MoSe2, and MoSxSe2–x alloys have been obtained by var-
ying the feedstocks of the transition metal (e.g., Na2MoO4 and 
Na2WO4) and chalcogen (e.g., S and Se) species with adjusted 
growth temperatures.

Due to the strongly enhanced light–matter interaction and 
the ultrahigh optical nonlinearity of 2D MoS2  in MoS2-PCFs, 
the authors applied these properties to nonlinear wavelength 
conversion and an ultrafast fiber laser. Under 1800 and 2100 nm 
laser excitation in monolayer MoS2-based hollow capillary fibers 
with a length of up to ≈25  cm, both the SHG and THG can 
be enhanced by ≈300  times compared to that obtainable with 
monolayer MoS2 on a flat, fused silica substrate (Figure 6a–a2). 
The MoS2-HCF with six to eight layer-MoS2 and a 3 cm length 
shows a nonlinear absorption modulation depth of 10% with a 
saturation peak intensity of 0.8  MW  cm−2  at 1550  nm, whose 
values are already comparable to those of conventional satu-
rable absorber semiconductors (e.g., a modulation depth of 
≈5% with a saturation peak intensity of ≈2 MW cm−2 for AlAs/
GaAs Bragg mirrors). A stretched-pulse passively mode-locked 
fiber laser was built based on the MoS2-PCF, which output a 
pulse train with an ≈500 fs pulse duration, an ≈41 MHz repeti-
tion frequency, a 1560 nm center wavelength, and a maximum 
output power of ≈6 mW. This work opens up a new regime for 
the design of nonlinear optical materials and demonstrates the 
practical application of 2D material-PCFs (Figure 6b–b2).

A novel electro–optic modulator based on MoS2-PCFs was 
reported in 2020 via external electrical gating of 2D MoS2 bilayers 
deposited within the inner regions of a silica hollow-core antires-
onant PCF with an eight-ring tubular structure.[222] Liquid phase 
deposition techniques were used, in which the single-source pre-
cursor of ammonium tetrathiomolybdate mixed into a solvent 
solution penetrated into the hole regions of the fiber through 
capillary action. After the annealing process at 500 °C in a hori-
zontal furnace, MoS2-PCFs were obtained with an almost con-
stant bilayer film along the 40 cm length of the fiber. The MoS2-
PCF was placed on a metallic slab with a varying DC voltage of 
up to 1500 V and consequently showed an intensity change of the 
output spectrum as the applied voltage changed from 0 to 1500 V. 
This is because the fundamental mode with power focused into 
the center of the fiber at the voltage of 0  V turns into a disor-
dered mode with a reduced output power at high voltages. That 
is, electro–optic modulation of the modal properties of the trans-
mission is implied. The output shows a large intensity drop of 
3.52 dB at a wavelength of 744.2 nm.

In 2020, Eilenberger  et  al. directly CVD-grew monolayer 
MoS2 and WS2 on the core of all-silica microstructured exposed-
core PCFs (Figure 6c).[223] The suspended core PCF where the 
core of 2 µm in diameter was suspended by three struts to the fiber  
cladding of 220 µm in diameter, had been cut open on one side 
to expose one part of the central section of the fiber since it was 
an ultrasonic-drilled silica preform. A modified CVD growth 

Adv. Funct. Mater. 2022, 2202282



www.afm-journal.dewww.advancedsciencenews.com

2202282 (14 of 20) © 2022 Wiley-VCH GmbH

method with a Knudsen-type effusion cell for the chalcogen 
precursors was used to grow MoS2 and WS2 film on the entire 
outer surface of fiber and on the exposed upper surface of the 
core. A green laser at 532  nm was coupled into the MoS2- or 
WS2-PCF which excited excitons of MoS2 or WS2 via the evanes-
cent field of the fundamental modes. The exciton fluorescence 
at 678 nm (MoS2) and 622 nm (WS2) was either emitted into free 
space or coupled back into the fiber mode (Figure 6c1). When a 
pulse laser at λ0 = 1570 nm with a pulse duration of 32 fs was 
coupled into the MoS2-PCF, the enhanced THG signals were 

in a spectral band ranging from 540 to 560 nm rather than at 
exact λ0/3 ≈ 523 nm (Figure 6c2). The reason was that the fun-
damental wave spectrum nonlinearly broadened into a THG 
relevant sub-band between 1620  to 1680  nm before THG was 
generated. Besides, the addition of the MoS2  or WS2  coating 
didn’t enhance the nonlinear interaction for all higher-order 
THG modes equally but it just boosted those that were localized 
close to the surface and with predominant x-polarization. Their 
works may open a novel route to remote sensing and yield a 
new avenue to tailor nonlinear optical processes in fibers.

Figure 6. Schematic of MoS2-PCFs application. a) Greatly enhanced SHG and THG in a MoS2-embedded hollow capillary fiber with a diameter of 
≈5 µm. a1) SHG spectra of a MoS2-HCF, MoS2 on a flat, fused silica substrate (MoS2/silica), and a bare HCF under 1800 and 2100 nm excitation (note: 
HCP is a hollow capillary fiber here). With the strong light–matter interaction in the 25-cm-long MoS2-HCF, both SHG and THG can be enhanced 
by ≈300 times compared with monolayer MoS2/silica. a2) Fiber-length-dependent-SHG and -THG enhancements in the MoS2-HCF with respect to 
MoS2/silica, showing a general monotonic increase and saturation behavior with the fiber length. b) Schematic of an all-fiber mode-locked laser with a 
MoS2-embedded HCF (insert picture) as a saturable absorber (SA). b1) Transmission measurement of the MoS2-PCF for 10% of the nonlinear absorp-
tion modulation depth. The solid curve is fitted according to the experimental data (circles). b2) Output ultrafast pulse train with an ≈24 ns interval 
(i.e., an ≈41 MHz repetition rate) and a pulse duration of ≈500 fs. c) A PL experiment of the CVD-grown monolayer MoS2 or WS2 crystals on the core 
of exposed-core PCF. c1) Normalized PL spectra of MoS2- and WS2-PCFs excited by a 532 nm laser. c2) Third-harmonic spectra of MoS2-PCF. The 
spectral band from 540 to 560 nm is marked in orange. a,a1,a2,b,b1,b2) Reproduced with permission.[175] Copyright 2020, Nature Publishing Group. 
c,c1,c2) Reproduced with permission.[223] Copyright 2020, Wiley-VCH.
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5. Perspectives and Conclusions

In this paper, we have performed a comprehensive review of 
Gr-PCFs. The review primarily covers the introduction of gra-
phene and PCFs with many distinctive characteristics and the 
development of Gr-PCF growth methods and Gr-PCF-based 
devices. From an overall perspective, a Gr-PCF can be consid-
ered a new hybrid fiber with the many excellent properties and 
superiorities inherited from both graphene and PCFs, which 
also provides a new development direction and abundant 
opportunities for graphene and optical fibers.

Gr-PCFs perfectly combine the structural properties of 
PCFs and the material properties of graphene, which greatly 
intrigues scientists, and provides obvious and unique advan-
tages of keeping the PCF structure and main optical functions 
intact, the strongly enhanced and tunable light–graphene inter-
action, the rich designable structures with versatility, and the 
easy mass-production by CVD.

Note that Gr-PCFs as well as Gr-traditional fibers remain at 
proof-of-concept or prototype stages, and many key challenges are 
still waiting to be addressed toward the ultimate practical appli-
cations. Future development of Gr-optical fibers may be divided 
into three directions: growth technology, design and application 
of fiber devices, and system integration of different fiber devices 
where most devices are based on graphene optical fibers with dif-
ferent structures and functions of signal emitting, transmission, 
modulation, and detection. This will inevitably encounter a lot of 
difficult challenges, but also accompanied by opportunities.

The CVD growth method to produce graphene or other 
2D materials in PCF may provide the ultimate solution to most 
of the hybrid fiber devices, because the conventional mechanical 
transfer of 2D materials to fiber structures are time consuming 
and not scalable, and the unintentional doping and structural 
defects are easily introduced to hybrid fiber devices, which will 
significantly influence their optoelectronic performance. This 
requires that large-area single-crystal graphene or graphene 
heterojunctions with uniform layer thickness can be grown in 
fiber holes of different shapes and sizes. And heterojunctions 
consisting of graphene and other 2D materials are likely to be 
CVD-grown in PCFs to form new hybrid fibers. However, the 
kinetic process of the growth of graphene and other 2D mate-
rials in PCF holes with micrometer-diameter is not fully under-
stood. For example, graphene growth is almost impossible to 
achieve in air hole smaller than 2 µm in diameter. The fiber 
becomes more brittle due to the hydrogen used to assist gra-
phene growth during the preparation of the graphene fiber, as 
well as the high temperature and cooling process. This change 
brings great difficulties to the fusion and reprocessing of fiber 
and fiber device. The way to solve this problem is to use high 
temperature resistant silica fiber, improve the fiber preparation 
process, or reduce the growth temperature of graphene fiber, 
but obviously these methods are full of challenges. In addition, 
the accurate characterization still needs to remove the optical 
fiber by etching, but this is time consuming and sacrifices the 
integrity of its overall structure. Therefore, there is another 
pressing issue on how to characterize the thickness accurately 
and efficiently, defects, crystal domain sizes, defects, and other 
physical properties of graphene films on the PCF hole walls, 
which is hindered by a thick quartz fiber cladding.

As for the future development of hybrid fiber devices, the 
novel materials and advanced PCF structures are two impor-
tant ingredients for photonic and optoelectronic integration. 
Graphene can be combined with hBN, TMDs (MX2, M = Mo, 
W; X = S, Se, Te), and other 2D materials to form a heterojunc-
tion with unusual physics and properties.[224,225] For example, 
TMDs with exotic optical and electronic properties are com-
bined with graphene with wide spectral response range, which 
could extend the optical spectra of photodetection and light 
emitting in fibers. Based on the high nonlinearity of graphene 
and hBN, hybrid optical fibers based on graphene-hBN hetero-
structure could be applied to generate supercontinuum white 
light, wavelength conversion, high-harmonic generation, non-
linear parametric amplification, optical soliton generation, and 
other optical effects. Similar to graphene-tapered fibers and 
side-polished fibers, Gr-PCFs could also be used for pulsed 
fiber laser, which has the advantage that graphene is isolated 
from the external environment by the PCF. The advanced 
PCF structures could bring more opportunities for high-per-
formance fiber optic devices, such as two-arm Mach–Zehnder 
interferometer, fiber knot ring resonator, fiber grating, twisted 
coreless PCF, twin-core PCF, and double clad PCF, which 
would be used for all-optical phase shifter and switch, optical 
frequency combs, interferometers, modulators, sensors, or 
others.

Similar to the hybrid PCFs filled with gases, liquids, and 
solids, graphene PCFs and 2D material-PCFs have their own 
unique advantages for application in various fields. Although 
Gr-PCFs are still in their infancy and still confined to the theory 
and laboratory studies, the future for Gr-PCFs and similar 2D 
materials-PCFs look very exciting and have great scientific 
research and application values, from the point of view of the 
development history and potential of graphene and optical 
fibers. In order to achieve the ideal result, the preparation 
methods, the structures, and devices of Gr-PCFs, need to be 
constantly improved. It is hoped that this review can play a role 
in attracting more attention to the preparation and application 
of Gr-PCFs, and promote the development of Gr-PCFs.
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