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Graphene-photonic crystal fibers (PCFs) are obtained by integrat-
ing the broadband optical response and electro-optic tunability of
graphene with the high-quality waveguide capacity and easy-
integrability of the PCF, and this has been proven to be an impor-
tant step towards multimaterial multifunctional fiber and all-fiber
integrated circuits. However, the reported electro-optic modulator
based on directly-grown graphene-PCF suffers from very low
response speed (below 100 Hz) due to the slow response of ionic
liquid. Here, we propose new functional PCFs with a sandwiched
graphene/hBN/graphene (Gr/hBN/Gr) film attached to the hole
walls of the fibers, and theoretically demonstrate that the in-line
modulator based on it can achieve simultaneous single-mode
transmission ranging from 1260 nm to 1700 nm (covering all
optical communication bands), significant modulation depth (e.g.
~42 dB mm™! at 1550 nm) and high modulation speed (up to ~0.1
GHz). Furthermore, various device functions can be designed by
changing the structure of the fiber, including the length, the hole
diameter and the layer numbers of graphene and hBN films. This
proposed approach directs a viable path to obtain high-perform-
ance all-fiber devices based on hybrid two-dimensional material
optical fibers.

Photonic crystal fibers (PCFs), as a typical optical fiber with
high-quality waveguide capacity and easy-integrability, have
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established an excellent platform of photon manipulation for
optical communication technology, and opened a window for
exploring new functional fibers and fiber devices."™® In par-
ticular, they have been extensively studied to exploit diverse
structures which possesses variable properties, such as
endless single mode ability, high energy transmission, high
nonlinear optical effect, etc. Since 2004, graphene has gained
plenty of attention due to its potential applications in photo-
nics and optoelectronics because of its many extremely fasci-
nating properties, typically, including the markedly tunable
electro-optical response that originates from its linear dis-
persion relationship and massless Dirac fermions.””"’
Naturally, the integration of graphene with optical fibers has
great potential to both amplify advantages and unveil some
new functions and devices, such as all-fiber electro-optical
modulators, broadband polarizers, fiber sensors, ultrafast
fiber lasers, etc."®?° Among these, graphene-fiber electro-
optical modulators based on the easily tunable electro-optical
effect of graphene has received much attention. And many
efforts have been devoted to achieve high performance, includ-
ing coating graphene flakes on the side surface of polished or
tapered optical fiber or filling them into the hollow fibers.*' *
But these architectures can break the transmission mode or
original structures of the fibers, and still stay at the sample
level, which results in fabrication difficulty and high pro-
duction cost.

In a recent work,>® a new kind of graphene optical fiber has
been reported, which avoided these problems effectively,
where graphene films are attached to the hole surface inside
the PCF by the chemical vapor deposition growth method.
Furthermore, by using the ionic liquid gating effect, the
exploited electro-optical modulator based on graphene-PCF
shows great performance with high modulation depth, broad
wavelength range and low drive voltage. However, it still lacked
high modulation speed due to the slow response speed (or the
large time constant) of ionic liquid, although graphene has a
potential ultrahigh response speed of ~500 GHz because of
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the fast relaxation time of excited electrons.'” This low modu-
lation speed limits its real applications in all-fiber communi-
cation systems.

Here, we provide a feasible graphene-PCF modulator with
high performance where graphene/hexagonal boron nitride/
graphene (Gr/hBN/Gr) films are attached directly to the hole
surface of PCF. By applying a relatively low external square-
wave drive voltage on this capacitor-like Gr/hBN/Gr structure,
the intensity of guided light can be rapidly modulated.
Combined with the specially designed structure, this Gr/hBN/
Gr PCF modulator can simultaneously achieve single mode
transmission, broad optical communication wavelength (from
O-band to U-band), significant modulation depth (e.g. ~42 dB
mm™" at 1550 nm), high modulation speed (up to ~0.1 GHz)
and relatively low drive voltage (below 30 volts). The proposed
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approach provides a promising new kind of graphene-inte-
grated fiber device with high performance in all-fiber systems.
In this proposed hybrid PCF, four circles of air holes with
equal diameter @ and hole pitch A periodically surround the
solid fiber core along the length direction and the Gr/hBN/Gr
films are attached in an orderly manner to the hole surface
(Fig. 1a). The Gr/hBN/Gr sandwiched structure along this
hybrid PCF acts as an equivalent parallel-plate capacitor where
two graphene films come in contact with two electrodes con-
nected to a voltage source respectively, and the intensity of
core-guided light is modulated by applying a small external
square-wave drive voltage because of the electro-optical effect
of graphene (Fig. 1a, right panel). The hBN film with a large
bandgap (~6 eV) acts as an excellent electrical insulating and
optical transparent material in this fiber modulator.
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Fig. 1 Schematic illustration of a sandwiched Gr/hBN/Gr PCF modulator. (a) The surface of air holes of PCF (hole diameter and pitch are both on
the micron scale) is fully covered with Gr/hBN/Gr films (details in the top right panel). The intensity of core-guided light in the PCF modulator can
be modulated by applying a small external square-wave drive voltage to this capacitor-like Gr/hBN/Gr structure (bottom right panel). The two gra-
phene films are marked as Gr-1 and Gr-2, respectively. (b) The electric field distribution in the fundamental guided mode in Gr/hBN/Gr PCF calcu-
lated by the finite element method. White circles highlight the air holes edge (hole diameter and pitch are 1 um and 1.516 pm, respectively) and
monolayer hBN and two monolayer graphene films are attached to the hole surfaces in the PCF. (c) The normalized electric field intensity (E) of light
in the Gr/hBN/Gr PCF along the radial position-X at the radial position-Y is equal to zero.

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 14472-14478 | 14473


https://doi.org/10.1039/d0nr03266b

Published on 24 June 2020. Downloaded by Peking University on 7/24/2020 10:35:44 AM.

Communication

Considering the slight increase of the effective refractive index
of cladding caused by the addition of Gr/hBN/Gr films with
nanometer thickness, we elaborately design the dimensions of
the hole diameter and hole pitch to guarantee single mode
transmission to cover all optical communication bands based
on the total internal reflection theory.>® The large wavelength
range of single mode transmission of the PCF combines fault-
lessly with the electrically tunable broadband optical response
of graphene, which couldn’t be better exploited as a broad-
band fiber modulator.

In Gr/hBN/Gr PCF, the transmitted light is confined in the
solid fiber core in the form of fundamental guiding mode, just
like the bare PCF (Fig. S1at), and the electric field distribution
of this mode is simulated by the finite element method based
on full-vector Maxwell’s equations (Fig. 1b). This method has
higher accuracy in photonics modelling and is one of the most
common method for simulating graphene-integrated wave-
guide devices.">'®'® The mode field area spreading to the
region of holes gives the obvious evidence that core-guided
light interacts with graphene films by an evanescent wave at
the interface between silica and Gr/hBN/Gr films, where the
electric field relative intensity (ratio of light intensity at the
innermost graphene position to that at the core center)
becomes ~34.12% from ~34.06% of the bare PCF (Fig. S1bt).
A distinct saltation of electric field intensity occurs at the inter-
faces between silica (or air) and Gr/hBN/Gr due to the sudden
change in the refractive indices (real part of complex refractive
indices of silicon, graphene,” hBN*® and air are 1.444, 2.934, 1.8
and 1.0, respectively), indicating the direct strong light-graphene
interaction (Fig. 1c). Here the refractive index for few-layer gra-
phene remains constant with different layer numbers'®* and we
use a constant infrared refractive index for both hBN film and
bulk.*® Considering the weak van der Waals interaction at the gra-
phene-hBN interface, we treat them as two separated materials in
the simulation.®® Material parameters including the refractive
index in our article are listed in ESI Table.t

The strong light-graphene interaction can be further
demonstrated by the large transmission attenuation coefficient
(4) of up to 42.4 dB mm™" in the Gr/hBN/Gr PCF (& = 1 pm
and A = 1.516 pm, single layer graphene and hBN film), as the
fitted slope of length dependent light transmission attenu-
ation shown in Fig. 2a. In contrast to the ignorable attenuation
of bare PCF, this transmission attenuation is totally caused by
graphene absorption, which can be exactly tuned from the
absorbing state to an entirely transparent state and further uti-
lized as a modulator of the electro-optical effect of graphene.
In this case, the attenuation of Gr/hBN/Gr PCF is in theory the
numeric equivalent of the largest modulation depth of the
fiber modulator. The strong attenuation obviously depends on
the thickness of graphene as well as the fiber length. As shown
in Fig. 2b, the light transmission attenuation coefficient of the
Gr/hBN/Gr PCF is linearly dependent on the layer number of
the bottom and top graphene films Ng, (the layer number of
two graphene films are always set to be the same artificially)
because of the weak van der Waals interaction between the gra-
phene layers.*® From the fitting straight line, the attenuation
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coefficient can be expressed as A(Ng;) = 42.1 X Ng, dB mm ™"
where the slope reveals the uniform electric field in graphene
layers under its thin thickness (less than 10 layers, Fig. S2at).

On the other hand, the layer number of hBN films (N,gn)
naturally changes the light intensity distribution (Fig. S2b¥),
which results in a slow nonlinear increase of the attenuation
coefficient with Ny,py (Fig. 2¢), that is, A;(Nppx) = 2.4 X (1 + Nppn/
100)* + 40 dB mm ™. Besides, reducing the air hole diameter @ is
also an efficient way to enhance the light-graphene interaction or
transmission attenuation coefficient (4,(®) = 42.4 x &~*' dB
mm™) under the condition of the invariable single mode trans-
mission range (wavelength >1260 nm) (Fig. 2d). The reason is
that the diminution of air hole can enhance the relative intensity
of the Gr/hBN/Gr PCF structure (Fig. S2cf). Considering all of
these factors together, the total light transmission attenuation
coefficient, i.e. the maximum modulation depth of this fiber
modulator, can be quantitatively defined as:

A¢(Ngr, Nppn, @) =
Ngr® *1[2.4 x (1 4 Nppy/100)* + 40]dBmm ™.

Based on the clear relationship between strong light-gra-
phene interaction and structure, we can naturally make the Gr/
hBN/Gr PCF with such strong and tunable light-matter inter-
action an in-line electro-optical modulator in all-fiber com-
munication networks. In the modulator as illustrated in
Fig. 1a, two leads from a voltage source connect the two gra-
phene films in the sandwiched Gr/hBN/Gr structure respect-
ively, where the light intensity is modulated by applying a
small external square-wave drive voltage. The external drive
voltage Vy, shifts the graphene Fermi level (Er) up or down
from the neutral point, according to the electro-optical effect
of graphene. When the Fermi level shift is smaller (larger)
than half of the incident photon energy (%w/2), graphene can
(cannot) absorb the photon because of the occupied conduc-
tion band (Pauli exclusion principle) or unavailable valence
band (Fig. 3a). As an example (Fig. 3b-d), the fiber modulator
(® =1 pm, A = 1.516 pm and 1Ng, = Npgn = 1) can work with
single mode transmission from 1260 to 1700 nm and high modu-
lation depth from 35 to 50 dB mm™" by shifting the Ej (corres-
ponding to theoretical drive voltage from 28.3 to 15.6 V, ESI Note
S17). At the typical communication wavelength of 1550 nm, the
modulator works from the off state (absorption) to the on state
(transparency) with modulation depth from 0 to ~42 dB mm™*
when the Ep shifts from the neutral point (Fig. 3c). Furthermore,
such a fiber modulator can work at a broad wavelength range of
1260-1700 nm with single mode transmission, where the modu-
lation depth increases markedly with wavelength for the increase
of the real and imaginary part of graphene refractive index and
consequently enhanced light-graphene interaction (Fig. 3d).

Except the modulation depth, wavelength range and drive
voltage, the operating bandwidth is another important per-
formance parameter. Just like other electro-optical modulators,
the bandwidth of the Gr/hBN/Gr PCF modulator f = 1/(2xRC) is
also mainly limited by the response time constant of the equi-
valent circuit (Fig. 4a). The effective total resistance R and capaci-

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0nr03266b

Published on 24 June 2020. Downloaded by Peking University on 7/24/2020 10:35:44 AM.

Nanoscale
a
200
] Gr/hBN/Gr PCF
160 - Bare PCF
@ 4
= 120 1
] ]
®
3 80
O
S |
< 40+
0 —= — »-—
’ T X T E T ? T L

Fiber length L (mm)

52

48

44

Attenuation coefficient (dB/mm) ©

40 T T T T 1
0 20 40 60 80 100
hBN layer number N, gy

View Article Online

Communication

250

200

150

100

50

Attenuation coefficient (dB/mm) T

0 — 1 = 1§ r | *® | t T 1%
0 1 2 3 4 5 6
Graphene layer number Ng,

o

100

10 3

Attenuation coefficient (dB/mm)

0.1 A———————r e

1 2 3 4 5
Hole diameter @ (um)

Fig. 2 Light—graphene interaction of the Gr/hBN/Gr PCF. (a) The dependence of propagation attenuation of incident light on the length of bare
PCF (green) and Gr/hBN/Gr PCF (orange, monolayer hBN and two monolayer graphene, hole diameter of 1 um and hole pitch of 1.516 um). The
linear fitting curve with an ~42 dB mm™ slope indicates a strong light—matter interaction. The nearly invariable attenuation data of the bare PCF
shows a negligible light intensity attenuation and stable low insertion loss as well. (b—d) Based on the data in (a), the light attenuation coefficient
with single mode transmission upon changing only the graphene layer number Ng, (b), hBN layer number Ny (c) and air hole diameter @ (d),
respectively. Single mode transmission is guaranteed with different @ and hole pitch A in (d). All the dots and lines correspond to the simulated data

and fitting curves, respectively.

tance C show close relationship with the fiber length L, thickness
of hBN films d, carrier concentration n in graphene films, etc.
Here, the operating bandwidth can be simplified as below (ESI
Note S2t), including the quantum capacitance and the resistance
variable of graphene with the carrier concentration 7:

Eth\/T_E 1

4mel? (Rso0 +

1
neyic + 1/Rso)

d+0.23 x !
~ v x 10® Hz,

1.4 x 10V
1?44+

n+ 3.3 x 1015
where ¢, e, m, i, vr and pc are respectively the permittivity constant
of hBN, electron charge, circular constant, reduced Planck con-
stant, Fermi velocity and the carrier concentration-independent
carrier mobility corresponding to the long-range scattering, and
Ry, and Ry, are respectively the resistance n — oo induced by the

This journal is © The Royal Society of Chemistry 2020

short-range scattering and the residual resistance at the Dirac
point of the graphene film. The influence of the hBN substrate on
graphene plates is reflected on the sheet resistance of graphene.*®
Obviously, this indicates that broader bandwidth has close
relationship with shorter fiber length L and larger thickness of
hBN (d = 0.34 X N,py Nm).

At the same time, the drive voltage is also mainly limited by
the thickness of the hBN film where the Gr/hBN/Gr films acts
as a capacitor (Fig. 4a and ESI Note S1}). Furthermore, lower
voltage is always preferable for low-energy integration in practi-
cal application. Therefore, combining the previous analysis,
the hBN thickness d is incompatible for achieving the low
voltage, high modulation depth and large bandwidth. Taking
all these factors into consideration, we take an example of a
PCF modulator with 100-layer hBN (~34 nm thickness) and
two monolayer graphene films. In this situation, the modu-
lator can work with drive voltages below 30 volts, modulation
depth of ~42 dB mm™" at 1550 nm and single mode trans-
mission covering all optical communication bands from 1260
to 1700 nm. The dependence of the modulator on the band-

Nanoscale, 2020, 12,14472-14478 | 14475
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Fig. 3 Electro-optic modulation of the Gr/hBN/Gr PCF modulator. (a) The simplified electrical band structures and the electrically-tuned E¢ of gra-
phene (dashed lines show the voltage drop caused by the external drive voltage Vy,). The incident photons (red) can (or can't) be absorbed by the
Gr/hBN/Gr PCF if the Ef < hw/2 (or Er > hw/2), because of the Pauli exclusion principle. (b) The modulation depth varies at different Fermi levels and
working wavelengths (1260-1700 nm). (c) The modulation curve of the modulator at 1550 nm (extracted from (b)) shows an unambiguous transition
between the on and off state. (d) Modulation depth at different working wavelength ranges (extracted from (b)). In this modulator, monolayer hBN
and two monolayer graphene films are attached to the holes surface where the hole diameter and pitch are 1 pym and 1.516 um, respectively.
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Fig. 4 Modulation bandwidth of the Gr/hBN/Gr PCF modulator. (a) Schematic of the equivalent circuit of the Gr/hBN/Gr capacitor consisting of the
graphene resistances (Rg.; and Rg-2) and quantum capacitances (Cq-; and Cq.,) of two graphene films (blue) and the capacitance (Cg) of the hBN
film (green). (b) The bandwidth of this modulator as a function of carrier concentration of graphene and fiber length at a working wavelength of
1550 nm. (c) The bandwidth of the Gr/hBN/Gr PCF modulator shows an inverse relationship with the fiber length when the graphene carrier concen-
tration is ~9.7 x 10 cm™2 (extracted from (b)). In this modulator, 100-layer hBN and two monolayer graphene films are attached to the holes

surface where the hole diameter and pitch are 1 pm and 1.516 pm, respectively.

width, wavelength and fiber length is mapped, as shown in
Fig. 4b and ¢, which directly indicates that the modulator with
the fiber length ranging from 1 to 0.1 mm can achieve 1 MHz-

14476 | Nanoscale, 2020, 12, 14472-14478

0.1 GHz bandwidth regardless of the graphene carrier concen-
tration varying from 1.5 x 10"® to 8.1 x 10" em ™. Although the
graphene carrier concentration is directly tuned by the Er and
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indirectly changed by the drive voltage,*' the operating band-
width is unaffected by the carrier concentration or drive
voltage. Moreover, the operating bandwidth shows little vari-
ation in the broad wavelength range (Fig. S3at), but is greatly
affected by the fiber length (Fig. 4c) resulting from the signifi-
cant dependence of the resistance and capacitance of the Gr/
hBN/Gr structure on the fiber length and slight changes in
these with the carrier concentration. And it grows nearly line-
arly with hBN thickness due to a linear change in the structure
capacitance which dominates the capacitance C (Fig. S3b¥).
The fiber length and hBN thickness, in a word, are both
directly related with the effective total resistance R and capaci-
tance C (i.e. the response time), and subsequently influence
the operating bandwidth.

In theoretical analysis, we consider an ideal single crystal
graphene/hBN/graphene structure. But in actual situation,
defects or impurities and problems attached to them such as
change in the electronic structure are inevitable and it would
certainly decrease the device performance. With the develop-
ment of low-dimensional material manufacture technology, it
is worth looking forward to that the impact of these problems
will definitely get better. For example, the efforts made toward
ultraclean graphene synthesis with less defects, high mobility
and low resistance is one of the effective way to overcome this
problem.?>?3

In summary, we theoretically provided a technically achiev-
able all-fiber electro-optical modulator based on sandwiched
Gr/hBN/Gr PCFs. Our hybrid fiber modulator exhibits single-
mode transmission ranging from 1260 nm to 1700 nm, signifi-
cant modulation depth (e.g. ~42 dB mm™" at 1550 nm) and
high modulation speed (up to ~0.1 GHz), simultaneously. In
addition, various required performance indicators can be
achieved by changing the structure, including the fiber length,
the fiber hole diameter and the layer numbers of the graphene
and hexagonal boron nitride films. We anticipate that such
specially designed Gr/hBN/Gr PCF architectures can be oper-
ational and realized by the chemical vapor deposition method
based on reported technologies where the graphene/hBN het-
erojunction®! and graphene-PCF*® both have been successfully
achieved. Our strategy provides a straightforward design for a
new kind of all-fiber electro-optical modulator with high per-
formance that is likely to find its applications in future all-
fiber system.
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