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The optical properties of graphene coated D-shaped single mode fiber and photonic crystal fiber are numerically
analyzed. Enhancement of the graphene-light interaction is found in graphene coated D-shaped photonic crystal fiber,
which introduces a tunable polarization of the D-shaped fiber by changing the chemical potential of the coated graphene.
An optimal polarizer model is demonstrated with the extinction ratio of 66.26 dB/mm and the insertion loss of 9.4 dB/mm.
The modulator extinction ratios of the TE mode and TM mode are 11.5 dB and 5 dB, respectively, with a device length of
100 um. This paper provides a theoretical reference for the optical property research of the graphene fiber.
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1. Introduction

Graphene is attracting worldwide attention due to its
unique electronic and photonic properties, such as high quan-
tum efficiency for light-matter interactions, high carrier mo-
bility, zero bandgap, gate-variable optical conductivity, ultra-
broadband saturable absorption, and nonlinear optical Kerr
effect, which have led to demonstrations of a number of
graphene-based fiber devices,!!=3! such as polarizers, satura-
tion absorbers, modulators, switches, photo-detectors, and so
on. The graphene-light interaction is limited by a large area of
cladding layer for single mode fiber (SMF). The enhancement
of graphene-light interaction remains a challenge for many
graphene-based photonic devices. Different geometric struc-
tures, including polish and taper, have been proposed to effi-
ciently enhance the light-graphene interaction.!*7!

In this paper, we explore the transmission characteristics
of a graphene coated D-shaped fiber and find that a largely
enhanced light-graphene interaction is induced by the strong
evanescent field of the D-shaped SMF and D-shaped pho-
tonic crystal fiber (PCF). It is demonstrated that by employing
multi-layer graphene, the light-graphene interaction and mod-
ulation effect can be greatly enhanced, which provides theo-

retical guidance for future experiments.

DOI: 10.1088/1674-1056/27/10/104206

2. Theoretical analysis

Graphene, a two-dimensional crystal material, is a sin-
gle atomic layer of sp>-hybridized carbon forming a honey-
comb crystal lattice.!®) The hexagonal honeycomb lattice of
graphene, with two carbon atoms per unit cell, leads to a rather
unique band structure. The bottom conduction band and the
top valence band touch at six points, the so-called Dirac points,
and there is no energy bandgap, which can be viewed as two
cones touching at the Dirac point. This unique band structure
determines the simultaneous existence of interband and intra-
band transitions. Therefore, the conductivity of graphene is
described by interband and intraband contributions, with its
conductivity given by the Kubo formula!®!

- j?(o—jt ) 1
Ointra — ) . 172
(@—j7 ")
= (9fa(e) dfa(—¢)
></0 s( % 9¢ )ds], €))]
—je (0—j5, ") 1
Ointer = 71,'712 [ . N2
(0—jz ")
X/w fd(tf)z_fd(g) 2d8:|, (2)
0 (0—jry ') —4(e/n)
Oy = Ointra 1 Ointer» 3

here, 7 is the reduced Planck constant, e is the electron po-
tential, @ is the radian frequency, . is the chemical poten-
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tial, T is the relaxation time (7; and 7, are associated with
intraband and interband transitions, respectively), fq(g) =
(exp((€ — 1c)/(kT)) 4+ 1)~ " is Fermi-Dirac function,  is the
Boltzmann constant, and T is the temperature. Here we set
T =300K, 7y =10fs, and 7, = 1.2 ps.l'% & has a posi-
tive imaginary part ", which plays an important role in the
propagation of surface waves in a graphene sheet. It supports
transverse magnet (TM) polarized modes when its imaginary
part of the conductivity is positive, while it supports transverse
electric (TE) polarized modes when its imaginary part of the
conductivity is negative.[!!]

3. Analysis of polarization characteristics

Polarizers are indispensable key optical components in
optical communication systems, which can realize the conver-
sion and switching of the polarization state. An electro reg-
ulation polarizer model based on graphene coated D-fiber is
proposed by controlling the Fermi level of graphene. The com-
plex effective refractive index is used to illustrate the optical
characteristics of graphene coated D-fiber, and the imaginary
part of the effective refractive index is k, the absorption coef-
ficient is o, the limiting loss is Lossjin;, the insertion loss is
LosSinsert, and the polarization extinction ratio is opgg,!'>!’!
which are described by the following equations:

o =4nk/A, 4)
21k

LosStimit = 4.3430 = 8.6867, ®)

LosSinsert = 8.68606: L, (6)

OPER — 8~686(aslow - afast)L7 (7)

where L is the length of the device.

3.1. Graphene coated D-shaped single mode fiber

The cross-section of graphene-coated D-shaped single-
mode fiber is shown in Fig. 1, in which the single-mode opti-
cal fiber is polished close to the core, the distance between the
polishing surface and the core is H, and the graphene layer di-
rectly covers the polishing surface. The wavelength of the in-
cident light in the simulation is set to be 1550 nm, the diameter
of the core is set to be 9 um, and the refractive indices of core
and cladding are set to be 1.4609 and 1.4658, respectively. The
polarizer-based graphene coated D-shaped single-mode fiber
has been experimentally analyzed,!'#! demonstrating the tun-
able polarizer modulation effect of the graphene coated pol-
ished fiber surface. In this paper, the transmission loss and
polarization characteristics of D-fiber with graphene surface
layers under the modulation of different electric fields are nu-
merically analyzed for single-mode fiber and photonic crystal
fiber. The graphene-coated single-mode optical fiber is used
as a comparison of the light field transmission characteristics
of the latter study.

graphene layer

H
core

clad

Fig. 1. (color online) Cross-section of graphene coated D-shaped SMF.

The polishing depth of a single-mode fiber directly de-
termines the distribution of the evanescent field of the fiber.
First, the influence of different polishing depths on the light
transmission with a single-layer of graphene coating is stud-
ied. Figure 2 shows different polarization mode loss charac-
teristics with H of 6 um (unpolished to the core), 4.5 um (just
to the edge of the core), and 3 um (part of the core is polished),
respectively.
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Fig. 2. (color online) Limit loss characteristics of the monolayer
graphene coated D-shaped SMF with different polishing depths. (a)
TE mode loss. (b) TM mode loss.

The limit loss increases with the polishing depth because
there is more leakage of light, and the transmission loss of
the TE mode is greater than that of the TM mode under the
same polishing depth with a single-layer graphene coating
In the T™M
mode, the peak of loss appears near the zero point (0.5 eV)

due to more light absorption to the TE mode.

of the dielectric constant and increases with the increase of
the polish depth, but it is not confirmed in the TE mode. It
is proved that graphene has played a role in fiber transmis-
sion. At H = 4.5 pum, for the TE mode, the maximum loss is
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38.68 dB/m and the minimum loss is 2.8 dB/m, while for the
TM mode, the maximum loss is 25.81 dB/m and the minimum
loss is 2.06 dB/m. The real part of the effective refractive index
has little change with the increase of the chemical potential un-
der the same polishing depth and decreases with the increase
of the polishing depth, as shown in Table 1.

Table 1. Real part of the effective refractive index.

H/pm Re(l’leff)-TE Re(ﬂeff)-TM
[§ 1.463076 1.463067
4.5 1.462821 1.462797
3 1.462307 1.462269

3.2. Characteristics of graphene-coated D-type photonic
crystal fiber

With a flexible structure and independence on the tem-
perature, photonic crystal fiber is being explored for more and
more applications.!!>1%] The cross-section of graphene coated
D-shaped PCF is shown in Fig. 3. The photonic crystal fiber is
of the total internal reflection type and has a six-ring air-hole
structure, and graphene and a buffer layer are subsequently
coated on the upper surface of the side polished fiber A is
1.5 pum, which is the hole space between the air holes. H is the
distance from the polished surface to the fiber core, d,i; is the
diameter of the air hole, d, is 0.34 nm, which is the thickness
of monolayer graphene, and d,,_gn (7 nm) is the thickness of
buffer layer, which is hexagonal boron nitride.'”-'8! Figure 4
shows the mode field distributions of TE and TM modes prop-
agating in PCF without graphene coating, which demonstrates
that the evanescent field is fundamental for the coupling be-

tween light and graphene.

mmm graphene
—=3 h-BN
== SiO,

Fig. 3. (color online) Cross-section of graphene covered D-type PCF.

Fig. 4. (color online) The D-PCF mode field distribution. (a) TE mode. (b)
TM mode.

The limit loss of the TE mode and TM mode as a function
of polishing depth of H = 0.5A (just polished to the edge of
the core), H = 0.62A (just part of the core section is polished),

and H = 0.95A (core is not polished) is shown in Fig. 5. The
limit loss increases with the polishing depth, an order of mag-
nitude more than that of single-mode fiber. The strong con-
straint of light in the structure of photonic crystal fiber con-
tributes to the enhancement in the interaction between light
and graphene.

Limit loss of TE polarization/dB-pm~1!

0 0.2 0.4 0.6 0.8 1.0
Chemical potential of graphene p./eV

0.0035 1
0.0030+
0.0025
0.0020+
0.0015+
0.0010+
0.0005 A
0

0 0.2 0.4 0.6 0.8 1.0
Chemical potential of graphene p./eV

Limit loss of TM polarization/dB-pm~1!

Fig. 5. (color online) Limit loss as a function of the chemical potential for
D-PCF with different polishing depths of (a) TE mode and (b) TM mode.

Figure 6 shows the transmission loss as a function of the
chemical potential of graphene, with different layers coated
on D-shaped photonic crystal fiber (1-6 layers, buffer layers
of 7 nm and graphene layer overlap each other), the same air-
hole/space ratio of 0.5, and the polishing depth of 0.5A. When
the chemical potential of graphene is less than 0.3 eV, the limit
loss of the TE mode and TM mode is greater; while the chem-
ical potential of graphene is larger than 0.56 eV, the limit loss
becomes relatively small, which contributes to the refractive
index of graphene modulated by the chemical potential. The
transmission loss increases with the number of graphene lay-
ers. The light absorption of the graphene layer for different po-
larization directions results in a greater loss of TE polarization
than that of TM polarization, which provides an exploration
in the TM polarizer. Limit loss increases with the increase of
graphene-light interaction.

When the polishing depth and the number of graphene
layers are fixed, i.e., H = 0.5A and four layers, figure 7 shows
that the structure of the photonic crystal fiber induces different

transmission losses of TE and TM modes, and the larger the air
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hole/space ratio (from 0.4 to 0.7), the greater the transmission
loss, which changes sharply from O to 0.4 eV and smoothly
from 0.5 eV to 1 eV. The larger area of air in the fiber in-
duces the enhancement in the constraint of light in the fiber
core, resulting in more coupling between light and graphene
and greater transmission loss. Larger loss changes in the turn-
off area and smaller loss changes in the pass area are very con-

ducive to the design of the polarizer.
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Fig. 6. (color online) Limiting loss of graphene as a function of the chemical

potential for PCF with different air hole layers for (a) TE mode and (b) TM

mode.

Figure 8 shows the impact of different polishing depths
on the transmission loss when the air hole/space ratio and the
number of graphene layers are fixed. The polishing depth can-
not be infinite due to the air hole structure in the photonic crys-
tal fiber, and the numerical analysis is conducted when the pol-
ishing depths are 0.3A, 0.4A, 0.5A, and 0.6A. The transmis-
sion loss decreases with the reduction of the polishing depth,
which is obviously contributing to the smaller interaction be-
tween light and graphene. The loss difference between TE and
TM modes at a chemical potential of 0.3 eV is reduced, which
is the best extinction ratio of the polarizer.

It can be found that for the D-shaped PCF coated
graphene layer structure, the more graphene layers there are,
the greater the air hole/space ratio, the greater the polishing
depth, and the more advantageous the polarizer design. How-
ever, the number of layers is limited by the insertion loss of

the device. When the number of graphene layers is more than

10, the minimum value of loss is larger. When the number
of graphene layers increases by 20, the buffer layer structure
weakens the ability of the optical fiber to restrict light so much
that the light cannot propagate inside the optical fiber core.
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Fig. 7. (color online) Limit loss as a function of the chemical potential for
different structures of PCF for (a) TE mode and (b) TM mode.
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Fig. 8. (color online) (a) Limit loss with different polishing depths for TE
mode and TM mode, and (b) the difference of limit loss between TE and
TM modes as a function of the chemical potential.
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3.3. Polarizer model

From the numerical analysis, a polarizer based on
graphene coated D-shaped photonic crystal fiber is designed.
The structural parameters of graphene coated D-shaped pho-
tonic crystal fiber are that the polishing depth is H = 0.4A,
and the air hole/space ratio is 0.8. The polarizer is a TM
mode polarizer, since only the TM polarized light can pass
through the polarizer in the “ON” status, when the differ-
ence between TE mode and TM mode is the largest. The
loss difference at 0.3 eV achieves 0.03313 dB/um, the min-
imum loss difference at 0.51 eV is 7 x 107> dB/um, the polar-
ization extinction ratio of this device achieves 66.26 dB/mm,
and the insertion loss is 9.4 dB/mm. The device length
is 70.31 um< L < 151.64 um decided by the transmission
formulal'”! Ly.x = A /(47 - Im(negr) ), and the graphene chem-
ical potentials at work status “on” and “off” are 0.3 eV and
0.51 eV, respectively.

If only the TM light is launched into the fiber, the device
is a TM polarization modulator. The TM mode is turned off
at a chemical potential of 0.25 eV with a transmission loss
of 0.02902 dB/um, and turned on at a chemical potential of
0.47 eV with a minimum transmission loss of 0.00445 dB/pm,
and this TM modulator has an extinction ratio of 5 dB with a
device length of 100 um and an insertion loss of 0.9 dB. If
only the TE light is launched into the fiber, the device is a TE
polarization modulator. The TE mode is turned off at a chem-
ical potential of 0.28 eV with a maximum transmission loss
of 0.06186 dB/um, and turned on at a chemical potential of
0.56 eV with a minimum transmission loss of 0.0043 dB/pm,
and this TE modulator has an extinction ratio of 11.3 dB with
a device length of 100 pm and an insertion loss of 0.86 dB.
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g L374-———————’/ﬂ\\\\\\\\‘\\“\~-L374 £
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Chemical potential of graphene p./eV

Fig. 9. (color online) The real part of the refractive index evaluates with
the chemical potential.

Figure 9 shows that the real part of the effective refrac-
tive index of TE mode and TM mode with the above structure,
which first increases to a maximum at a chemical potential of
0.4 eV and then decreases, and the real part of the effective
refractive index of the TE mode is larger than that of the TM

mode. The maximum of the real part of the effective refractive

index is decided by the chemical potential and the wavelength
of the propagating light, which is the transition point between
interband transition and intraband transition at the chemical
potential i /2.

The difference between the real part of the effective re-
fractive index of the TE mode and TM mode generates a bire-
fringence effect, which also first increases to the maximum
and then decreases with the increase of the chemical potential,
as shown in Fig. 10. The birefringence is up to 0.0126 at a cor-
responding chemical potential of 0.41 eV with a wavelength of
1550 nm, which is an order of magnitude higher than that in
the reference. [>'!
0.0128
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Fig. 10. Birefringence as a function of the chemical potential.
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Fig. 11. (color online) Refractive index as a function of the incident
wavelength. (a) The real part of the effective refractive index and (b)
the limit loss evaluation with the incident wavelength.
Figure 11 shows the refractive index of the fiber as a
function of the incident wavelength with a polishing depth of
H = 0.4A and an air-hole/space ratio of 0.8. It is found that
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the chemical potential has little effect on the real part of the
effective refractive index. Instead, the real part of the effective
refractive index decreases more sharply with the increase of
the incident wavelength for the TE mode, while the limit loss
becomes larger with the reduction of the chemical potential,
and the limit loss of the TE mode is larger than that of the TM
mode.

4. Conclusion

In this paper, a polarizer based on graphene coated D-
shaped photonic crystal fiber is proposed. From the numerical
analysis of the impact of structural changes of the photonic
crystal fiber geometry parameters, the number of the graphene
layer, and the polishing depth on the TE mode and TM mode,
the optimal polarizer model is demonstrated with an extinction
ratio of 66.26 dB/mm, the insertion loss reaches 9.4 dB/mm
when the polishing depth is H = 0.4A, the number of the
graphene layer is four, and the air-hole/space ratio is 0.8. The
TE mode modulator extinction ratio achieves 11.5 dB and the
TM mode modulator extinction ratio is 5 dB when the device
length is 100 pm.
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