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ABSTRACT: The graphene photonic crystal fiber (Gr-PCF), with graphene coated onto the inner hole walls of the fiber, has shown
its superiority in various photonic and optoelectronic applications ranging from electro-optic modulators to environmental sensors.
However, these applications mainly utilize the linear optical properties of graphene, and its potentials in the nonlinear optical regime
are still waiting to be explored. As for the nonlinear applications, the structure and property of Gr-PCF must be precisely
manipulated for the tradeoff between nonlinear enhancement and linear absorption loss of graphene. Here, we propose a pressure-
controllable chemical vapor deposition strategy to precisely control the uniform fiber length and graphene thickness, realizing the
strong and tunable optical nonlinearity of Gr-PCF with acceptable optical loss. Based on the as-fabricated fiber, the nonlinear
harmonic generations exhibit nearly one order of magnitude enhancement compared with those of graphene on planar quartz.
Moreover, an ultrafast all-fiber laser employing the nonlinear Gr-PCF as a saturable absorber is demonstrated with ~8 mW output
power, ~2 ps pulse width, and ~37 MHz repetition frequency. Our results can technically open up an infusive way to precisely
engineer the nonlinear properties of graphene optical fibers and broaden their applications in all-fiber photonic and optoelectronic
devices.

KEYWORDS: graphene, optical fiber, pressure-controllable chemical vapor deposition, nonlinear harmonic generation, all-fiber laser

B INTRODUCTION crystals and thus expands its functionalities in surface plasmon
generation, stimulated Raman scattering, and optical iso-
lation."*™"” Recently, the emergence of two-dimensional (2D)
graphene has attracted a lot of attention in the integration with
PCF. In the previous studies, the chemical vapor deposition
(CVD) method has been proven to be a plausible route to
synthesize graphene PCF (Gr-PCF), which demonstrates
enormous potentials in electro-optic modulators and temper-
ature and fluid sensors.'®™>° However, these applications are
mainly based on the linear optical properties of graphene. As
for the nonlinear applications of Gr-PCF, it requires further
advances in realizing the balance between the strong nonlinear
light—matter interaction and the undesirable broadband linear

Graphene, with an optical nonlinear susceptibility three orders
of magnitude higher than conventional bulk optical crystals,l_4
has shown a promising potential for optical nonlinear
applications, such as optical harmonic generation, frequency
conversion, and mode-locked laser.”~” However, considering
the atomic thickness, the absolute light—matter interaction
strength for planar graphene is too weak to fulfill the demand
of practical applications.” To enhance the interaction, great
efforts have been made via integrating graphene with an optical
fiber, a well-known optical waveguide, such as injecting
graphene dispersion into the holes of fiber,”'" spinning
graphene flakes, or transferring graphene films on D-shaped
or tapered fiber."' ™'? Nevertheless, those graphene-integrated
optical fibers are still constrained with the short light—matter Received: November 29, 2021
interaction length, the distortion in the waveguide capacity, or
the low production scalability.”~"*

The porous structured photonic crystal fiber (PCF) provides
an advanced platform for integration with versatile functional
materials, such as gases, semiconductors, polymers, and liquid
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Figure 1. Synthesis of Gr-PCF by the PCCVD method. (a) Schematic of the Gr-PCF structure. (b) Optical image of the Gr-PCF (upper panel)
and bare PCF (lower panel). (c) HR-TEM image of the collapsed graphene tube after etching the fiber silica. (d,e) Raman spectra of graphene at
different positions (with a distance of 20 cm) of a collapsed graphene tube along the gas flow under the growth pressure of 1 Torr (d) and 20 Torr
(e). (f) Variation of uniform fiber length vs the growth pressure. Error bars represent standard deviations from measurements of five samples. (g)
AFM image of the collapsed graphene tube. (h) Thickness of graphene tubes along the fiber axis under different growth pressures. The blue star,
orange triangle, and dark yellow square represent the fiber sample synthesized under 1, 1.5, and 2 Torr, respectively. Error bars represent standard
deviations from measurements of five samples. (i) Average thickness of the graphene changing with the increase of the growth pressure. Error bars
represent standard deviations from the measurements of five 50 cm-long samples and 10 different positions with an interval of 5 cm.

absorption loss of graphene, which are significantly influenced
by the graphene thickness and the fiber length.”’ When the
graphene thickness and fiber length increase, nonlinear light—
matter interaction of Gr-PCF increases with the simultaneous
increase of the linear absorption loss, leading to the saturation
and even degradation of the nonlinear signal. However, precise
manipulation of these properties of the as-fabricated Gr-PCF is
still challenging, especially considering the difficulties of gas
flow control inside the micrometer-sized PCF holes.

Here, we provide a pressure-controllable CVD (PCCVD)
strategy to precisely control the uniform fiber length and
graphene thickness. As a key parameter for graphene growth,
the system pressure can influence the mean free path and fluid
state of the reactant molecules inside the microholes. As
system pressure increases, the mean free path of the flowing
gas decreases with the gradual increase of the molecular
collisions in the gaseous phase and the decrease of gas flow
velocity, leading to the decrease of the uniform fiber length
along the fiber axis. Meanwhile, the concentration of active
carbon species also increases, resulting in an increase of
graphene thickness.””™>” Thus, the strong and tunable
nonlinearity of Gr-PCF with acceptable linear absorption was
achieved for nonlinear optical applications.

B RESULTS AND DISCUSSION

Gr-PCF with a solid core and regular arranged air holes of
~2.6 ym (Figure la) was manufactured by using methane as
the carbon precursor under the growth temperature of 1100
°C. The growth of the graphene film inside PCF was directly
evinced by the darker contrast of Gr-PCF (Figure 1b, upper
panel), compared with the bare PCF (Figure 1b, lower panel).
Meanwhile, the intact structure of the as-fabricated Gr-PCF
was maintained after the growth, confirmed by the cross-
section scanning electron microscopy (SEM) image (Figure
S1). Furthermore, the collapsed graphene tubes were obtained
after etching the fiber silica, which demonstrated the full
coverage of graphene inside the PCF holes (Figures S2 and
S3). The high-resolution transmission electron microscopy
(HR-TEM) image (Figure 1c) exhibited the regularly arranged
crystalline structure with regular Moiré patterns, confirming
the high crystallinity of the as-fabricated graphene films.

To clarify the influence of pressure during graphene growth,
the pressure-controllable experiments were carried out in the
Gr-PCF synthesis. With the increase of growth pressure, the
nonuniformity along the fiber axis became much severer
(Figure 1d,e). In order to evaluate the uniformity of Gr-PCF,
the uniform length of Gr-PCF was defined by Raman
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Figure 2. Fluid simulations in the PCF holes. (a) Schematic of graphene growth inside the holes of PCFs with the increase of growth pressure.
(b,c) 2D simulated distribution of the gas flow velocity (b) and the calculated average gas flow velocity (c) along the central fiber axis with respect
to the growth pressure. Error bars in (c) represent standard deviations of gas flow velocity along the central fiber axis. (d,e) Corresponding
simulated methane concentration distribution (d) and its concentration (e) under different growth pressure. Error bars in (e) represent standard
deviations of the simulated methane concentration inside the microhole.
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Figure 3. Nonlinear harmonic generation of Gr-PCF. (a) Schematic of third and fifth harmonic generations in Gr-PCF. The different directions are
only for better distinguishing the fundamental-mode light, the third- and fifth-order harmonics, which do not represent the real directions of the
light. (b) Third and fifth harmonic spectra of Gr-PCF, Gr-quartz, and bare PCF under the excitation of 1330 nm. The fifth harmonic spectra are
magnified by 20 times for clarity. (c) Fiber length-dependent third and fifth harmonic generation enhancements compared with that on the plane
quartz. (d) Excitation power-dependent third and fifth harmonic intensity of Gr-PCF.
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Figure 4. Ultrafast all-fiber laser based on Gr-PCF as a saturable absorber. (a) Schematic of an all-fiber mode-locked laser. (b) Transmission
measurement of Gr-PCF with a nonlinear absorption modulation depth of 6.5%. (c) Length-dependent modulation depth of Gr-PCFs. (d—f)
Spectrum (d), pulse train (e), and autocorrelation trace (f) of the output laser. The full width at half-maximum of the autocorrelation trace (A7) is
~2.8 ps, corresponding to a pulse width of ~2 ps, considering the Gaussian convolution factor of 1.414.

characterization, where the variations of the intensity ratio of
the 2D- to G-mode Raman peak (I,,/I;) and full width at half-
maximum of the 2D-mode peak (FWHM,,) are supposed to
be less than 10%.'”*® As system pressure increased from 1 to
20 Torr, the uniform length of Gr-PCF significantly decreased
from ~50 to ~11 cm (Figures 1f and S4). Besides, we
specifically manipulated the graphene thickness under pressure
ranging from 1 to 2 Torr. The slight variations of I,/I; (the
intensity ratio of the D- to G-mode Raman peak) and I,,/I; in
Raman spectra (Figure SS) along the fiber axis demonstrated
the high uniformity of the as-fabricated Gr-PCF within the
uniform length. Atomic force microscopy (AFM) character-
izations revealed that the thickness of the etched graphene
tube can be uniformly tuned from ~2.0 to ~3.4 nm with the
variations of growth pressure in this range (Figure 1gh). The
corresponding graphene layer number increased from the
quasi-monolayer to four to five layers by TEM character-
izations (Figure S6). When the growth pressure further
increases to 20 Torr, the thickness of the graphene tubes can
thereby increase to ~17.4 nm (Figures 1i and S7).

The graphene growth atmosphere was further investigated
by the fluid simulation, and the graphene growth behaviors are
schematically presented in Figure 2a. With the growth pressure
changing from 1 to 20 Torr, the fluid state of the reactant gas
would transform from the free molecular flow to viscous-
molecular transition state (Supporting Information, Note 1),
leading to the decrease of the mean free path of the reactant
molecular and the gas velocity in the fiber hole (Figure 2b,c),
which gave rise to the thus-shortened uniform fiber length
(Figure S8)."””” Besides, the concentration distribution of the
carbon precursors in the microholes significant increases along
the central fiber axis from ~0.01 to ~0.21 mol/m* with the
growth pressure increase from 1 to 20 Torr (Figure 2d,e),
resulting in the increase of graphene thickness. In brief, the
PCCVD strategy can facilitate the precise manipulation of the
uniform fiber length and graphene thickness for the fine
integration of graphene and PCF.

On the basis of the perfect integration capacity, the Gr-PCF
can maintain the intact light waveguide mode and exhibit

strong and tunable light—matter interaction, and it has various
potential applications in nonlinear optics. Generally, optical
nonlinear applications include the following two parts: (i)
nonlinear frequency conversion related to the real part of
nonlinear susceptibility, such as nonlinear harmonic gener-
ation, parametric process, and supercontinuum generation and
(ii) nonlinear absorption related to the imaginary part, such as
saturable absorption and related mode-locked pulse gener-
ation. By using the as-fabricated Gr-PCF, we synchronously
yield the applications in a nonlinear harmonic generation and
all-fiber mode-locked laser, providing the potential develop-
ment direction of Gr-PCF.

As a representative nonlinear application related to the real
part of optical nonlinear susceptibility, the nonlinear harmonic
generation, such as third and fifth harmonic, was utilized to
clarify the excellent optical nonlinearity of Gr-PCF (Figures 3a
and S9). Considering the used PCF with endlessly single-mode
capacity, the incident laser with a wavelength of ~1330 nm
should propagate along the core and interact with the graphene
on the inner hole wall. Then, the generated nonlinear
harmonics would propagate steadily and output at the fiber
end. Considering the high nonlinear susceptibility of the
monolayer graphene and the tradeoff between the strong
nonlinear light—matter interaction and the inevitable linear
absorption loss, the Gr-PCF with monolayer graphene and
suitable fiber length was desirable for the nonlinear harmonic
generation. As a result, the S cm-long Gr-PCF with a quasi-
monolayer graphene film demonstrated 10-fold enhancement
for third and 6-fold enhancement for the fifth harmonic signal,
compared with those of graphene grown on planar quartz
(Figure 3b). The nonlinear signals monotonically increased
with the fiber length shorter than 5 cm and then decreased
with a further elongation of fiber length (Figure 3c). In
principle, the nonlinear signal should originate from the
interaction between the incident laser and the graphene grown
on the inner holes of the PCF and then propagate along the
fiber. With the increase of the fiber length, the graphene
absorption loss and the phase mismatching effect between the
excitation and nonlinear harmonics lead to the saturation

https://doi.org/10.1021/acsphotonics.1c01823
ACS Photonics XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.1c01823/suppl_file/ph1c01823_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01823?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01823?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01823?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01823?fig=fig4&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.1c01823?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

trend. When the fiber length is over S cm, the loss of the
nonlinear signals is larger than the gain from the harmonic
generation, which results in the decrease trend. Meanwhile, a
near cubic/quintic dependence of the third/fifth harmonic
signal intensity to excitation power was observed as expected in
Gr-PCF (Figure 3d), consistent with the theoretical expect-
ation.”

In addition, an all-fiber mode-maintaining mode-locked
laser, as a typical demonstration of imaginary part-related
applications, was also demonstrated based on the designed Gr-
PCF as a saturable absorber (SA) at the communication band
of ~1550 nm (Figure 4a). To obtain shorter pulse width and
improve the self-starting capability of a mode-locked laser, the
Gr-PCF SA with the large nonlinear absorption modulation
depth is desirable.”’ Here, the modulation depth (a;) can be
defined as the difference in transmittance under the input laser
peak intensity (I) of zero and positive infinity according to the

fitted function as T=1 — o, — &

s 32 .
where T is the
s 1+1/1,°

transmission, a, is the nonsaturable loss, and I is the
saturation peak intensity (Figure 4b). By controlling the fiber
length and the graphene thickness, the optimal modulation
depth was measured as 6.5% with the acceptable saturable
transmission of 22% under the 4 cm-long fiber with a quasi-
monolayer graphene film (Figures 4c and S10). Subsequently,
a passively mode-locked fiber laser was implemented by
dispersion management with a near-zero group velocity
dispersion (GVD) for the stretched pulse generation.”” The
maximum output power of the pulsed laser is ~8 mW (under
the pump power of 600 mW) with ~4 nm spectral bandwidth,
~1559 nm center wavelength (Figure 4d), ~37 MHz
repetition frequency (Figure 4e), and ~2 ps pulse duration
(Figure 4f). Besides, the pulse width could be further
compressed to ~1 ps for the Fourier transform-limited pulse
by the GVD compensation outside the cavity, considering the
~4 nm spectral bandwidth.** Via using 55 cm standard single-
mode fiber length outside the laser ring for the compensation
of the GVD, the output pulse width can be further compressed
to ~1.2 ps (Figure S11). The competitive performance, great
capacity of massive production, and the environmental
compatibility of the CVD grown Gr-PCF have demonstrated
the distinct superiorities compared to the conventional
graphene-integrated fibers via transfer or filling methods
(Table S1). In addition, compared with other SAs based on
carbon nanotubes or transition metal chalcogenides, the
graphene can work in a broader wavelength region from
ultraviolet to near-infrared.

Bl CONCLUSIONS

In summary, by virtue of the PCCVD method, we successfully
synthesized Gr-PCF with controllable thickness and uniform
fiber length. Thus, the nonlinear applications, such as nonlinear
harmonic generation and all-fiber mode-locked laser, have been
realized with a balance between strong nonlinear light—matter
interaction and acceptable linear absorption loss. The excellent
nonlinear optical performance and massive manufacturing
capacity of the as-fabricated Gr-PCF via the PCCVD strategy
demonstrate its distinct superiorities compared with that by
transfer techniques. In addition, combined with the well-
designed structure of the optical fiber, Gr-PCF can be further
extended in versatile optical nonlinear applications, such as
optical parametric amplification, optical frequency comb, and
multi-wavelength mode-locked laser.

B METHODS

Synthesis of Gr-PCFs by PCCVD. Before graphene
growth, a fiber stripper (T08S13, THORLABS) was utilized
to remove the polymer coatings on the surface of the PCFs
(~10 um solid core diameter and ~125 um fiber diameter,
NKT Photonics, LMA-10). Then, the naked PCFs were cut
with desired lengths using the fiber cutter (CT-50, Fujikura),
while maintaining its end face clean. These PCFs were put
inside the central zone of a l-inch quartz tube of a CVD
furnace (Thermo Linderberg) along the gas-flow direction.
Dozens of Gr-PCFs can be fabricated in a single batch in order
to achieve a higher productivity. The CVD chamber was then
heated to the desired growth temperature of 1100 °C with the
rate of 20 °C/min. For the graphene growth, CH, (20 sccm)
and H, (80 sccm) were introduced to the CVD system for
hours. The growth pressure for graphene growth was
controlled by a flow valve (MKS 253B) ranging from 0.5 to
20 Torr. After the growth, the as-fabricated Gr-PCFs were
naturally cooled down to the room temperature under the
mixture gas of hydrogen and argon.

Characterization of Gr-PCFs. Optical images of Gr-PCFs
were obtained by a Nikon LV100OND microscope. SEM
observations were conducted by FEI Quattro S at 10—20 kV
acceleration voltage. Energy-dispersive spectroscopy (EDS)
was performed by DigiView/Octane Elect. Raman spectra were
obtained with LabRAM HR-800 with a 532 nm laser and 100X
objective. AFM was carried out using a Bruker Dimension Icon
atomic force microscope to measure graphene thickness on the
inner holes of PCFs. HR-TEM characterizations were taken by
a FEI Titan Themis G2-300 system with an acceleration
voltage of 80 kV. The as-fabricated Gr-PCF was put on the
silicon substrates or TEM grids and then immersed into
hydrofluoric acid solution (20 wt %) for 6 h. After the
dissolution of the silica fiber, the few-layer graphene grown on
the wall of the microholes collapsed and overlapped onto the
substrates. After being further washed by deionized water and
ethanol to remove the residual chemical reagents, the collapsed
graphene tubes could be obtained for the Raman, AFM, and
HR-TEM characterizations.

Fluid Simulation. Fluid simulations were conducted by the
COMSOL’s Multiphysics software based on the finite element
method. The simulated diameter of the PCF hole was set as
2.6 pm, and the computational mesh arrangement of 26,000
cells was performed with a triangle mesh for the convergence.
The reactant gas mass flow was set based on the measurements
of the flowmeters (HORIBA METRON, S48 32/HMT) with
the set temperature of 1100 °C and the set system pressure
based on the flow valve (MKS 253B) measurement. The outlet
boundary condition is set based on the performance curve of
the mechanical pump in a CVD experiment (Edwards,
E2M18).

Measurement of the Harmonic Generation. The
excitation laser (1330 nm, 150 fs, 250 kHz) was generated
from an optical parameter amplifier (Mira-OP0O-9450,
Coherent) pumped by high-power Ti-sapphire oscillator
(Coherent Vitara-T, Coherent) and focused on the port core
of Gr-PCF/bare PCF or graphene on the planar quartz via an
objective (Nikon, X10, NA = 0.25) in the homemade
measurement system. During the measurement of the
harmonic generation, we applied the same input laser power
and the same microscopic objective lens for the same focused
spot. A homemade optical image system was used to ensure
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the accurate focus for different samples and adjust the signal
collection part for the maximum and similar efficiency. The
third and fifth harmonic signals were collected by an objective
lens via a transmission light path to a spectrograph equipped
with an ultraviolet to visible charge-coupled device (DU420A-
BU2, Andor) after filtering the excitation laser.

Characterization of Saturable Absorption. A pulsed
fiber laser (Origami 1S, NKT Photonics) with a center
wavelength of ~1550 nm, pulse width of 150 fs, and repetition
frequency of 100 MHz, Origami 15, NKT Photonics) was
utilized to measure the saturable absorption ability of Gr-PCF.
Then, the input laser was divided by 90%/10% through a fiber
optics coupler for real-time monitoring of the power (90% for
incident laser and 10% for monitoring). The input fiber (SM-
28e+, Corning) was aligned with the Gr-PCF using two sets of
microscopies along different directions. By comparing output
laser power with the monitoring power, the power dependence
transmission could be measured.

Characterization of an All-Fiber Mode-Locked Laser
Based on Gr-PCF. A pump laser (976 nm) was coupled into
the ring cavity of the fiber laser by using a wavelength-division
multiplex (980 nm/1550 nm) and then pumped the gain
medium (the 60 cm-long Er-fiber, Er110 4-125, LIEKKI). The
laser in the ring cavity could only propagate along one
direction by inserting a polarization-independent isolator. The
Gr-PCF was integrated into the fiber ring as a SA for mode
locking, and the pulsed laser was outputted via a 20% port of
the fiber coupler, while the spectrum was optimized by a
polarization controller. Considering the similar mode-field size
between the used PCF (LMA-10, NKT Photonics) and
standard single-mode fiber (SM-28e+, Corning), the insert loss
is measured with ~2 dB, which is acceptable in the all-fiber
devices. The total GVD of the fiber ring was 0.0012 ps* which
was near-zero dispersion, for the dispersion management
configuration. The spectrum was measured by a Fourier
transform infrared spectrometer (OSA205C, Thorlabs), while
the pulse train was monitored via the photodetector
(DETO08CFC/M, Thorlabs) and the oscilloscope (DS6104,
Rigol). The pulse width was obtained by autocorrelation trace
measurement via the autocorrelator (Pulsecheck USB S50,
APE).
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