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Abstract Graphene has shown promising perspectives in
optical active components due to the large active-control of
its permittivity-variation. This paper systematically
reviews the recent developments of graphene-based optical
modulators, including material property, different integra-
tion schemes, single-layer graphene-based modulator,
multi-layer and few-layer graphene-based modulators,
corresponding figure-of-merits, wavelength/temperature
tolerance, and graphene-based fiber-optic modulator. The
different treatments for graphene’s isotropic and aniso-
tropic property were also discussed. The results showed
graphene is an excellent material for enhancing silicon’s
weak modulation capability after it is integrated into the
silicon platform, and has great potentials for complemen-
tary metal oxide semiconductor (CMOS) compatible
optical devices, showing significant influence on optical
interconnects in future integrated optoelectronic circuits.

Keywords dynamic control, effective mode index (n.y),
electro-absorption (EA) effect, electro-refraction (ER)
effect, graphene, Mach-Zehnder interferometer (MZI),
optical modulators

1 Introduction

Silicon photonic interconnection is a promising technology
for intra-/interchip data link due to its unique combination
of low fabrication cost, performance enhancement from
integration, and compatibility with the world’s most
widely used technology in electronics, complementary
metal oxide semiconductor (CMOS) [1,2]. The intercon-
nections based on silicon photonics, including guiding,
modulation, detection, assembly, etc, are the leading
candidates to achieve future optical integrated circuits.
As one of the main functionalities for optical interconnec-
tion, silicon-based optical modulator has attracted large
amount of attentions. Optical modulator is a device that is
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used to modulate (alter) the characteristics of a light beam,
categorized as amplitude, phase or polarization modula-
tors. In addition, electro-optical modulators can be also
classified as either electro-refractive or electro-absorptive
one. By applying an electric field to the material, the real
and imaginary part of the refractive index can be changed.
A change in the real part of the refractive index caused by
the applied voltage is known as the electro-refraction (ER)
effect, whereas a change in the imaginary part of the
refractive index is known as the electro-absorption (EA)
effect. The electric effects that traditionally cause either ER
or EA are Pockels effect, Kerr effect, Franz—Keldysh effect
and plasma dispersion effect [3]. However, these effects
are too weak in pure silicon material at the communication
wavelengths so that it usually needs an extremely large arm
length which results in large footprint as well as highdrive
voltage to reach the required modulation, e. g., recent result
has showed Mach-Zehnder Interferometer (MZI) optical
modulator has the length of 4 mm [4]. In addition, the side-
effect introduced to the pass-band and stability after
applying some enhancement methods is still challenging.
Even with the doping of silicon, the modulation speed is
limited due to the low carrier mobility in silicon, e.g., the
best reported modulation speed is up to 50 Gbit/s and
difficult to be further improved [5—8]. To overcome these
fundamental bottlenecks, novel materials need to be
explored so that they can provide better modulation
capability and CMOS compatibility simultaneously.
Graphene, the two-dimensional (2D) carbon sheet in
honeycomb lattice with only one-atom-layer thickness, has
attracted lots of interest due to its remarkable mechanical,
electric, magnetic thermal and optical properties. It has the
merits of small effective electron mass, transparent to
visible light, giant nonlinear coefficient [9,10], etc.
Graphene provides the highest carrier mobility that is
much larger than that of silicon, and much stronger
interaction with light for the electro-refractive or electro-
absorptive effects in a broad frequency regime [3,11-13],
which make it an excellent material for the high
performance optical modulator. Additionally, the conduc-
tivity of graphene can be modified by means of chemical
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doping, electric field, or magnetic fields [14,15]. When the
imaginary part of graphene conductivity is negative,
graphene supports the transverse magnetic mode noted as
surface plasmon polaritons (SPP) [14-19], displaying
potentials for highly tunable SPP modulator applications
[20-23]. This is why a large amount of research attention
has been focused on the graphene-based optical modulator.

In this paper, we systematically reviewed the mechanism
and recent developments for various graphene-based
optical modulators. The following of this manuscript is
arranged as follow: Section 2 presented the optical material
properties of a freestanding monolayer graphene. In
Section 3, the performances of monolayer graphene-
based modulators were reviewed, including the EA
modulator and the ER modulator. And the difference
between isotropic and anisotropic graphenes is compared.
In Section 4, we reviewed recent studies on the multi-layer
and the few-layer graphene-based modulators, and the
tolerances for temperature and wavelength variation were
discussed. In Section 5, we reviewed recent studies on
graphene-based fiber modulators. In Section 6, the
conclusion was made.

2 Optical material properties of single-layer
graphene

In the mid-infrared wavelengths, when graphene is doped
with a certain concentration of electron or hole, it is
demonstrated both theoretically [14,24-27] and experi-
mentally [28-30] that graphene surface plasmons (GSP)
can propagate through the graphene sheet. Graphene is an
excellent platform for plasmonic devices owing to its large
active-control of its conductivity-function that is not seen
in noble metals [14]. The conductivity of graphene can be
modified by means of chemical doping, electric field, or
magnetic fields according to the Kubo formula [31]:
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where ' represents the scattering rate, u. represents the
chemical potential, f(¢) is the Fermi-Dirac distribution, 7 is
the imaginary unit, e is the charge of the electron, 7 is the
reduced Planck’s constant, w is the radian frequency, and 7
is the temperature.

The chemical potential of graphene depends on the
carrier density which can be controlled by the external gate

voltage, electric field, magnetic field, and chemical doping.
The imaginary part of graphene conductivity can attain
negative and positive values in different ranges of
frequencies depending on the level of chemical potential.
The complex conductivity of a free-standing isolated
graphene — computed from the Kubo formula, which is in
agreement with experimental results [31]— shows regions
of frequencies and chemical potentials for which o, i <0,
whereas for other regions o,, i >0. When g, i <0, the
graphene sheet acts like a thin metallic layer, therefore it is
possible to transfer surface plasmon called GSP.

Since graphene is a 2D material, we could not directly
derive its permittivity from the above conductivity.
Instead, a special technique to model the 3D graphene
permittivity is applied, which was first introduced by Vakil
and Engheta [14]. By defining a certain thickness A of
graphene, (e.g., here we take A = 0.7 nm in accordance
with Refs. [3,20,32]), the “pseudo” bulk-conductivity can
be defined as ¢,,/A, and thus the “pseudo” permittivity can
also be defined as ¢(w) = 1 + io(w)/(egwA). The obtained
permittivity values were used strictly in conjunction with
the defined thickness value.

Figure 1 shows the permittivity and conductivity of an
infinite graphene sheet at the wavelength A = 1550 nm. It
can be seen that there is a dip in the curve of permittivity
magnitude, and the epsilon-near-zero (ENZ) point is
obtained at the chemical potential x.o= 0.513 ¢V where
the absolute value of epsilon is approaching zero. When
the chemical potential y. < .o, both the real and imaginary
part of the permittivity (Re(g,) and Im(g,)) have the
positive sign so that the graphene layer behaves like a
dielectric material. When the chemical potential is
gradually increased, the “dielectric graphene™ is gradually
transforming into “metallic graphene” at the transition
chemical potential u.o= 0.513 eV. There exists a range
where in which both Re(g),) and Im(g)) are very close to
zero called ENZ point. When u.>0.52¢V, Re(g))
becomes negative and Im(e/,) is approaching zero which
means the graphene layer acts like a metallic layer, and the
graphene layer is then fabulous to transfer surface plasmon
polaritons (SPP) [11], displaying much more potential for
future optoelectronic devices. Compared with traditional
metal plasmonic devices, graphene plasmonic devices are
very compact due to the highly-compressed GSP wave-
length (strong subwavelength confinement) [14,33], and
demonstrate active waveguide-based switching [3,12] as
well as low losses [15], which could lead to an exciting
new area of research in mid-infrared graphene plasmonic
nanocircuits.

Especially, the gate-voltage dependent feature [14] that
the chemical potential of graphene can be controlled in
real-time by external gate voltages, which has been
confirmed in experiment [28-30], is opening up an
opportunity for electrically controlled plasmonic devices.
Therefore, it is possible to tailor the SPP waves by varying
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Fig. 1 Conductivity and permittivity of an infinite graphene sheet (the wavelength is fixed at 1550 nm) (reprinted from Ref. [20])

the chemical potential of graphene without re-optimizing
and re-fabricating the nano-structures. The corresponding
waveguides constructed on a single flake of graphene [14]
by non-uniform conductivity patterns, optical spatial
switches [34], splitters [35], and directional couplers
[36], have been reported in detail and exhibit obvious
advantages over the noble metals.

3 Single-layer graphene-based modulator

In the first place, it is important to clarify how graphene is
integrated into the silicon waveguide. So far, there have
been two kinds of approaches. One relies on the structure
that graphene is placed on the top surface of the silicon
waveguide and the thickness of silicon waveguide is
optimized. For example, a graphene-based modulator at
frequencies over 1 GHz and a broad operation bandwidth
from 1.35 to 1.6 um was proposed [3]. The modulator has
the advantage of CMOS compatible, broadband and ultra-
small footprint (25 um?) [3]. The other approach tries to
embed graphene in the center of silicon waveguide so that
graphene is overlapped with the maximum field, e.g., an
electric-absorption modulator was demonstrated with
extremely short length of 800 nm and modulation depth
of 3 dB [24] based on such geometry. Yang et al. designed
a low-chirp graphene-embedded Mach-Zehnder (MZ)
modulator with the arm length of 43.54 um and extinction
ratio of 34.7 dB [37]. Compared with previous approach,
the second one has shown better graphene-light interaction
because of the good match between graphene and the
maximum field in silicon waveguide. In order to maximize
graphene’s influence, we consider the second approach

throughout this manuscript.

The effective modal refractive index (n.y) of the
graphene-embedded silicon waveguide (GESW, as
depicted in Fig. 2(a)) is the critical parameter that
determines the overall GESW properties. The real part of
the index (Re(n.)) is linear to mode’s phase information
via: ¢ = koRe(neg)L, where ky is the wave number in
vacuum and L is the propagation distance. The imaginary
part of the index (Im(r)) is related to the propagation loss
a through a = 8.68k,Im (1) [20]. Therefore, the config-
uration of an optical modulator can be implement by
changing either the Re(n.¢) or Im(n.4): the former one is
typically the phase modulator, while the later one is the
amplitude modulator. The calculated Re(n.y) and the
Im(nyg) for the proposed GESW under the chemical
potential from 0 to 1 eV is shown as Fig. 2(b). According to
the modal theory, the ng is then calculated from

¢ B0
neff—ko ~ +lk0,
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where ( is the eigenvalue of the system, S is the
propagation constant, and J, is the attenuation constant.
In Fig. 2(b), the ny of the proposed waveguide is lower
than silicon’s refractive index (3.45) at all chemical
potentials. An inflection point is observed in the Re(n.)
curve at u. = 0.4 eV, where n. changes intensively near
the inflection point. If comparing Fig. 2(b) with Fig. 1, a
similarity between the n. curve and graphene’s ¢, curve
can be found. It is thus inferred that g is proportional
with &/, and one could control 7. to the desired value in
terms of simply changing ng-.

According to the electromagnetic theory, the permittiv-
ity of the overall mode can be defined through [20]
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Fig. 2 (a) 3D view of GESW; (b) real and imaginary parts of effective modal index variation under different chemical potentials for

GESW (reprinted from Ref. [20])
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where &; and &,;, are the permittivity of silicon and air
respectively, and ¢, is the in-plane permittivity of
graphene; Eng;, En,;. and En, are the electric field intensity
inside the silicon, air and graphene regions separately;
Eng, Eny, Eng are the corresponding energy inside the
silicon, air and graphene region; Sy, Sair, and S, are the
area for silicon, air, graphene region, respectively, S is the
area for the sum of all regions. Due to &, &,;, are constant,
the n.y of the overall mode can be derived from
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Because the graphene sheet has limited thickness and the
electric field must be continuous along the graphene-
silicon interface, the energy ratios Eng/E,, En,i/E,, Eny/E,
vary slightly under different chemical potentials. Accord-
ing to the eigenmode analysis results, these ratios are
almost constant under all chemical potentials. Therefore,

there is only one parameter ¢, is uncertain in Eq. (5), the
relationship between n.; and ¢, is thus obtained in the
form of a linear relationship after expanding Eq. (5) in
terms of Taylor series. Figure 3 shows the relationship
between ngy and graphene’s ¢, in two different
approaches. The black lines represent the analytical results
from the eigen-mode solver of the finite element method,
the red dot lines are the numerical results from Eq. (5). In
Fig. 3, there is only a tiny difference of the slopes between
the black line and the red dot line. The accordance between
the analytical results and numerical results has confirmed
the correction of our inference: the overall mode index 7.
is proportional to graphene’s in-plane permittivity &,.
Because the modal effective index (regarded as the key
parameter for a waveguide) is simply linked to only one of
its permittivity parameter in the proposed GESW, it opens
great opportunities to control the waveguide’s perfor-
mances in a more flexible way. The linear relationship can
also explain why the waveguide has low loss when
e > feo- Furthermore, compared with the silicon wave-
guide where the maximum index variation is at the level of
10~ for the doped silicon, the proposed GESW can have a
variation of n.g up to 0.035 (as shown in Fig. 2), which is
several orders of magnitude larger than silicon’s best
capability.

3.1 Graphene-based electric-refractive modulator

The impressive large value of Ang is great appreciated for
the modulator designs based on ER effect, such as MZ
modulator, as shown in the schematic picture of Fig. 4(a).
Let us first fix one chemical potential at .; = 1 eV because
it is the smallest Im(n.), then sweep the other chemical
potential ., from 0.39 to 0.95 eV according to the linear
portion of the black curve in Fig. 2. With x, changing, the
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Fig. 3 (a) Linear relationship between the real part of effective modal index and the real part of graphene’s in-plane permittivity; (b)
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corresponding An.y will be modified, thus the required
arm length L, to reach the m phase shift is modified. L, can
be calculated through = L, x An.. Figure 4(b) has shown
the relationship between L, and Au,. while g is fixed at 1
eV. The general trend is that L, becomes smaller with the
increase of Au,, but after Au. is increased to 0.3 eV, the
decrease of L, is quite limited. The propagation loss can be
evaluated in terms of the maximum allowed length L. as
shown in the red curve in Fig. 4(b), indicating the length
where the energy at the output decays to 1/e of its original
value. We would focus our attention on the condition that
L < Lax in which case the waveguide has enough power
at the output [20]. It can be seen that almost all the . (as
long as Au. > 0.1 eV) satisfies this restriction. When Ay, =
0.3eV, L, is 120 um, which is one order of magnitude
smaller than the present reported value [5—8]. If the width
of the modulation arm is 450 nm and the distance between
the two arms is 1.7 ym. Taking into account of the
electrode width of 1 pm on each arm side, the overall width
of the device is 5 um. thus the footprint of our proposed
modulator is only 120 pmx5 um [20]. It should be
mentioned that the arm length can be further reduced if
multi-layer graphene is used which is discussed in Section
4. Please note that conventional MZ modulator needs
several millimeters to reach the m phase shift. This small
size as well as the CMOS compactable structure indicates
its valuable capability to be integrated into photonic
circuits in a single chip.

Another important parameter for the MZ modulator is
the applied voltage V,. V, is particularly important to
influence the chemical potential of the graphene sheet,
because the chemical potential is derived by the voltages of

the external electrode which is contacted with graphene
sheet following the expression [20]:

He = h VF\/ 7771',|(ng VDirac) > %)

where Vg =3 x 10°m/s is the Fermi velocity, and n =9 x
10'*m2- V! is estimated from a single capacitor model.
Since the voltage offset caused by natural doping Vpjac is @
finite number (e.g., 0.8 V in Ref. [3], V,— Vpjpe can be
considered as the applied voltage for simplicity. For the
proposed MZI modulator, the two arms are applied with
different voltages: one is with the constant voltage Vy,
which corresponds to u.; = 1eV, thus it is called the
reference arm; the other is switched between V; (for signal
“1”) and Vg, (for signal “0”) according to the transmitted
signals, thus it is called the modulated arm. The blue
curves in Fig. 4(c) have shown the calculated applied
voltages for the modulated arm, which are much smaller if
compared with other modulators. The difference between
Ve1 and Vg, is called = shift voltage V. As expected, Vy
increases when Ay is enlarged. The product between L,
and ¥, is known as the modulation efficiency. Since L,
decreases much faster than the increase speed of V, the
minimum VL, would be achieved at 55 V- um where L, is
smallest at 120 pm..

One significant advantage for MZ modulator is that the
extinction ratio is high if compared with EA modulators,
because the m phase shift between two arms leads to
absolute “0” output for the “off” state. Light propagates
through the arms experiences different losses at either 8.86
Im(ngs)ko, and the extinction ratio is thus calculated
through
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The extinction ratio is decided by the choice of Im(7),
indicating the possibility of high extinction ratio as long as
we take appropriate u.. Figure 4(c) shows the extinction
ratio and applied voltage V, variations with u., where a
maximum extinction ratio of 34 dB has been observed at
Auc=0.42 eV. The obtained high extinction ratio is due to
that the Im(#n.) have been taken the same value under the
two modulation states. Furthermore, unlike the semicon-
ductor modulator which has speed limitation posed by the
minority carrier lifetime, the graphene modulator has no
carrier limitation. Therefore, its bandwidth may be simply
evaluated by the resistor capacitor (RC) delay f; 4 =
1/2aRC formula, indicating a possible larger bandwidth
capability.

3.2 Graphene-based electric-absorption modulator
As it is known that the corresponding propagation loss is

linked with Im(ngy), there exists the possibility to
modulate the imaginary part of n.y directly to control the

propagation loss. Next we discussed how to employ
graphene’s Im(#n.) to configure an amplitude (absorption)
modulator. A schematic picture of the electric-absorption
modulator is constructed as depicted in Fig. 5(a) based on
the previous waveguide where the graphene sheet is
embedded in the Si-waveguide. When u. < 0.4 eV (the
inflection point in Fig. 2), the waveguide suffers the larger
attenuation. When u. > 0.4 eV, the waveguide has lower
loss. For the ranges u. < 0.2 eV and u. > 0.4 eV, the loss
stays constant because the Im(7.¢) does not change. Let us
fix the chemical potential at 1. = 0.7 eV where the loss of
the proposed modulator is 0.01dB/um as reference, and the
chemical potential gradually decrease. It is found at u. =
0.2 eV, the waveguide suffers the largest loss of 0.62 dB/
um. As a result, modulation depth around 0.96 dB can be
achieved via the 22.6 um long waveguide, which is the
same magnitude as that reported in Ref. [24]. It should be
pointed out that the drawback of absorption modulator is
the modulation depth is low if compared with the phase
modulator [38], because the output of the modulator
cannot be exactly zero. It should be pointed out that for the
applications that not emphasize on the extinction ratio,
optical absorption modulator is also a good choice since it
provide much smaller footprint and lower power con-
sumption.
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The width of the GESW is 450 nm, the distance between
the electrode and the ridge of the waveguide is 1.275 um
and the length is 22.6 um. Furthermore, taking the length
of each electrode for 1um, the total width of the
waveguide is 5 pm, thus the size of this EA modulator is
113 um?, which is much smaller compared to the previous
reported modulators [5—8].

For the modulator with the above parameters, the
equivalent capacitance and the overall resistance are
estimated to be 80 pF and 12 Q, respectively [39]. The
predicted bandwidth for the proposed modulator is
estimated by the following expression: f3 g = 1/2nRC
[39], thus the bandwidth of the modulator is estimated up
to 207 GHz. Under the ideal situation with zero noise in a
communication system, the signal speed can be estimated
by the Nyquist-Shannon Law: B = 2W, where B is signal
speed in binary element data format and W represents the
bandwidth. Then the modulation speed for the proposed
modulator can be evaluated to 414 Gbit/s in binary element
data format.

3.3 Comparison between isotropic and anisotropic
graphenes

At the early stage of research, graphene was treated as
isotropic material. At the ENZ point where the permittivity
of graphene is approaching zero and graphene sheet
transfers from dielectric-like to metallic-like, the results in
Refs. [24,37] showed that strong ny variation should
occur, as shown in Fig. 6(a). In this case, both Re(#.¢) and
Im(n.;) have unexpected symmetries toward the ENZ
point. Re(n.g) displays an odd-symmetry toward the ENZ
point, while Im(n.;) displays an even-symmetry. Figure 6
(b) exhibits the corresponding electric field profile when
1e="0.513 eV (ENZ point), where most of the electric fields
are confined inside the graphene sheet. Recently, some

researchers have realized that graphene is actually an
anisotropic material [20,32], and a linear relation between
graphene’s in-plane permittivity and effective mode index
can be observed, as discussed in above sessions and
depicted in Fig. 3. Figure 6(d) showed the corresponding
electric field distribution for the transverse electric (TE)
polarizations.

To compare the differences between the two cases, the
electric fields when graphene is treated as isotropic and
anisotropic are depicted in Figs. 6(b) and 6(d). Figure 6(b)
depicts the electric field distribution where the transverse-
magnetic field (TM) is studied and graphene is treated as
isotropic material. Therefore, its electric field polarized in
the vertical direction changes with the chemical potentials,
and &, is tunable. At the ENZ point, most of the electric
fields are strongly confined inside the graphene layer, thus
they can feel £, variation of graphene. As a result, the
waveguide mode distribution changes drastically at the
ENZ point and the corresponding n.¢ changes intensively.
This is why the previous references recorded intensive 7.5
variation at the ENZ point [24,37]. However, Fig. 6(c)
shows the situation when graphene is treated as anisotropic
material. As only ¢, (not &, ) can be tuned by the chemical
potentials, the transverse-electric filed (TE) is considered
here whose electric field is polarized along the silicon-
graphene interface. The electric fields are observed to
fulfill into waveguide region in the form of a Guassian
distribution, spreading inside and outside the graphene
sheet. According to the boundary condition, the tangent
parts of electric fields in the two media must be equal at the
interface. Thus the electric field inside and outside the
graphene must be continuous along the interface. There-
fore, the overall mode displays a Guassian distribution just
like a conventional TE mode waveguide does (as there is
no graphene embedded).

It should be concluded that because graphene’s
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Fig. 6 Transverse magnetic (TM) polarization where graphene is assumed as isotropic: (a) real and imaginary part of effective modal
index variation under different chemical potentials; (b) electric field distribution at x. = 0.513 eV; transverse electric (TE) polarization
where graphene is assumed as anisotropic; (c) real and imaginary part of effective modal index variation under different chemical
potentials; (d) electric field distribution at g, = 0.513 eV (reprinted from Ref. [20])

periodicity is only in the 2D lattice plane, its tunability
should be only inside this plane. In other words, graphene
shows anisotropic material properties: the in-plane permit-
tivity (/) can be actively tuned by the chemical potentials
(the Fermi level), whereas the out-of-plane permittivity (e,
in the direction perpendicular to the graphene sheet) does
not vary with the external parameters.

4 Multi-layer graphene-based modulator

4.1 Multi-layer graphene-based modulator

Multi-layer graphene based devices have also been studied
for the modulator application. Based on the above
monolayer graphene-embedded modulator, it is straight-
forward to embed the multi-layer graphene sheets inside
silicon waveguide. An eight-layer graphene embedded MZ

modulator [20] is shown in Fig. 7(a). The corresponding
electric field distribution in one of the arms of modulator is
shown in Fig. 7(b). As demonstrated previously, the field
profile displays a Gaussian-like distribution. It has been
theoretically demonstrated that by embedding multi-layer
graphene in the silicon waveguide, the An.y has been
increased significantly under the same chemical potential
change compared with the monolayer graphene. Therefore,
the L, has been reduced to 27.57 um which means a much
smaller arm length is needed to acquire the 7 phase shift, as
shown in Fig. 7(c). The overall footprint is then estimated
as Sum x 30um. Moreover, the proposed graphene
embedded modulator is highly tunable whose overall
modal index is in linear relationship with the in-plane
permittivity of graphene. The high modulation efficiency is
further optimized to 20 V- pum, which is 6 times better than
the monolayer case. In Fig. 7(d), The extinction ratio is 35
dB at smaller arm length compared with Fig. 4.
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Fig. 7 (a) Schematic pictures for eight-layer graphene embedded MZ modulator configuration; (b) corresponding electric field
distribution in one of the arm; (c) relationship between L, /L. and Au,; (d) relationship between the applied votages/extinction ratio and

Aut. (reprinted from Ref. [20])

Similarly, it is also possible to configure an optical-
absorption modulator by embedding multi-layer graphene
sheets inside. It is expected the multi-layer absorption
modulator will have a shorter arm length and better
modulation performance compared with monolayer case,
because the light-graphene interaction is enhanced.

4.2  Few-layer graphene-based modulator

Previous discussion on multi-layer graphene relies on the
fact that graphene sheets are inserted into the silicon
waveguide individually, separated with a distance between
the adjacent sheets. However, this scheme adds the
difficulties in fabrication and the modulation efficiency is
not the best. There is an alternative way to embed an N-
layer thick graphene sheet in the silicon waveguide.
Particularly, when the number of layer N <5, it is called
few-layer graphene that exhibits even better performance
than the monolayer graphene. According to the semi-
classical model, the few-band effects caused by interlayer
coupling can be ignored for few-layer graphene, as

experimentally verified in Ref. [40]. When the number of
layer N < 5, the conductivity of N-layer structure is N times
of monolayer graphene’s conductivity: oy =N X oy
[40,41]. On the other hand, the effective thickness of N-
layer structure is dy = N X d,, [40,41]. As a result, the in-
plane permittivity of few-layer graphene can be also
obtained from &(w) = 1+ io(w)/(egwA). Please note
graphene is a kind of anisotropic material, thus the
permittivity above is only in the two-dimensional lattice
plane. In the direction perpendicular to the lattice plane, the
permittivity € is a constant of 2.5 that is same as graphite.

The effective mode index curves for monolayer GESW,
two separated monolayer GESW, and bi-layer GESW are
plotted in Figs. 8(a) and 8(b). First, the variation of Re(#.)
for the bi-layer GESW is roughly two times of the
monolayer GESW as expected. However, the variation of
Re(n.g) for the bi-layer GESW is much larger than that of
the two separated monolayer GESW, which implies the
light-matter interaction between light and bi-layer gra-
phene is much more pronounced compared to that of the
two separated monolayer graphene. Secondly, these three
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Fig. 8 (a) Re(nyr) with chemical potential variation for monolayer, two separated monolayer, and bi-layer GESW; (b) Im(n.¢) with
chemical potential variation for monolayer, two separated monolayer, and bi-layer GESW; (c), (d) and (e) represent the electric field
distribution for TE polarization mode of monolayer, two separated monolayer, and bi-layer GESW under chemical potential of 0 eV,

respectively (reprinted from Ref. [32])

curves have basically the same variation trend, namely, it
first increases to a maximum value (around the chemical
potential of 0.4 eV) and then decreases to the minimum
value (at the chemical potential of 1 eV). Therefore, a large
Angg can be obtained when chemical potential is between
0.4 and 1eV. In addition, since graphene is a highly
tunable material, its chemical potential (the Fermi level)
can be varied with the applied gate-voltage. As a result,
one could generate the desired n. by easily controlling the
applied gate-voltage. To show the difference, the typical
electric field modal profiles for monolayer, two separated
monolayer, and bi-layer GESW under chemical potential
of 0 eV are plotted in Figs. 8(c)—8(e), respectively.
Figure 9 depicts the relationship between Ang and the
number of embedded graphene layer [32]. A linear
relationship between Ang; and the number of embedded
graphene layer N is obtained. The inset of Fig. 9 depicts the
ratio k,/kin under different number of embedded
graphene layer N, showing that the light-matter interaction
is proportional to N. In particular, the maximum Any for
bi-layer, tri-layer, and quadri-layer GESW is 0.0231,
0.033, and 0.047, respectively. According to the equation
Ap = (2m/A) X Angy X L, the phase of the incident light

will experience a corresponding change after propagating
through a certain length. As for the quadri-layer GESW, a
calculated length L of only 16.5 um is required to achieve
a 180° phase shift. Compared to the conventional silicon
waveguide (An.s is only at the level of 10™* and the
required length L, to achieve m shift will be several
millimeters) the arm length of the proposed quadri-layer
GESW has decreased two orders of magnitude.

4.3 Influences of wavelength and temperature

All previous results are obtained at the incident wavelength
of 1550nm. To figure out the stability of the phase
modulation ability, we studied An.s under different
operating wavelengths as illustrated in Fig. 10(a). It can
be seen that red square line depicts maximum Angy as a
function of wavelength while black circle line exhibits the
phase modulation ability, which can be quantified by the
required length L to reverse the phase of incident light. By
sweeping the wavelength from 1520 to 1580 nm, max-
imum An is almost unchanged. In other words, the phase
modulation ability remains stable in a large range of the
incident wavelength (60 nm). To put it more specifically,
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Fig. 10 (a) Red line depicts the maximum variation Re(r) as function of incident light wavelength and black line depicts the required
length L, as function of incident light wavelength; (b) red line depicts the maximum variation Re(n.) as function of temperature and
black line depicts the required length L, as function of temperature (reprinted from Ref. [32])

maximum Angg is 0.0223, 0.0231 and 0.0239, respectively
and the required length L, is 34.8, 33.5 and 32.3 um,
respectively at 1520, 1550 and 1580 nm. It is concluded
that modulation phase ability of the proposed waveguide
exhibits a good tolerance under a slight fluctuation of the
incident wavelength.

The temperature influence on the proposed modulator is
also studied. Considering a typical server/personal comm-
puter system is often operated at a temperature around
70°C and the temperature will have a fluctuation during the
working process. In this case, typically thermo-electric
controllers are required to maintain the stabilization of the
temperature if the properties of the electro-optical devices
are temperature-sensitive. This is why the phase modula-
tion ability is investigated in a large range of the
temperature (300 to 400 K). The maximum Angy as a
function of temperature and the required length L, of the
waveguide as a function of temperature are shown as the

red square line and black circle line in Fig. 10(b),
respectively. The results in Fig. 10(b) indicate that
although we sweep the temperature span from 300 to
400 K, the phase modulation ability still remains stable.
More precisely, the maximum Angg is 0.0231, 0.0226 and
0.0221 at the temperature of 300, 350 and 400K,
respectively. It can be concluded that the performance of
the proposed waveguide can still sustain a high level
despite that the outside temperature experiences a large
fluctuation, such property makes it possible to work in a
rigorous environment.

It should be also mentioned that the carrier mobility of
few-layer graphene is slower compared to the monolayer
graphene. Because the resistance and response time of the
proposed modulator are proportional to the carrier
mobility, the slower carrier mobility in our proposed
few-layer GESW will reduce the modulation speed and
increase the energy consumption compared to the mono-
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layer GESW. The modulation speed is limited by the RC
delay: 345 = 1/27RC, e.g., if the effective resistance is
200 Q and capacitance is taken as 40 fF, the modulation
speed is estimated about only 40 Gbit/s. In addition, the
proposed modulator can only work under TE polarization.
The polarization-independent modulator is needed in
future studies.

5 Graphene-based fiber modulator

All above designs imply the advantages to integrate
graphene into silicon substrate, but for a more popular
usage such as the widely used fiber-optic communication
systems, the previous design may be not appropriate due to
the large insertion/coupling loss and strong backward
scattering caused by adding external components into the
fiber. Attentions have also been paid to the graphene-based
fiber modulator. One significant advantage of merging
graphene with fiber system is the possibility to achieve
broadband all-optical modulation. Meanwhile, the high-
speed operation (up to 500 GHz) can be obtained in a
graphene-based fiber modulator due to ultrafast photo
carrier generation and relaxation (variation of the probe
and pump signals as a function of time with modulation
frequencies) [42].

In this section, we reviewed two kinds of all-optical
modulators based on graphene.

Tian et al. have reported a graphene covered microfiber
modulator as shown in Fig. 11 [43]. The microfiber is
sandwiched between low refractive index magnesium
fluoride (MgF,) substrate and Polydimethylsiloxane
(PDMS) supported graphene film. Microfibers have
many fascinating features such as flexible configurability,
strong confinement and large evanescent fields, and it can
be easily coupled to each other or other optical material
with low loss. The microfibers are drawn from a
conventional single mode fiber by use of a flame-brushing
technique, with a diameter of down to 8 um, a length of up
to 1 cm, and a low insertion loss of down to 0.1 dB. The
graphene sample was synthesized by a chemical vapor
deposition growing on polycrystalline Cu substrate, and a
new dry transfer method was used to avoid the impact of
contamination on light guiding. In their design, they used a
two-layer-composite-structure of polyethylene terephtha-
late and silica gel was applied to transfer single-layer and
bi-layer graphene from the copper substrate to the PDMS.

A continuous wave (CW) pump laser at 1060 nm was
coupled into the graphene to excite the optical nonlinea-
rities of graphene films while the signal laser is at 1550 nm.
As the excitation is increased to higher intensity, the photo
generated carriers increase in concentration, and saturated
absorption or absorption bleaching is achieved due to the
Pauli blocking process. Therefore, along with the pump
light excitation, the absorption of broadband CW probe
light in the graphene-covered micro-fiber will decrease due

to the effect of saturated absorption. The modulation
depths are roughly 5 and 13 dB for single-layer and
bi-layer graphene films, respectively. The modulator in
Fig. 11 can work under room temperature with fast carrier
mobility through the band-filling effect with pump
excitation.

pump
A PDMS
signal - Sy
™ . graphene

Fig. 11 Schematic of the graphene-covered-microfiber structure.
The microfiber is sandwiched between low refractive index MgF,
substrate (with a refractive index of 1.37 at 1.55 um) and PDMS-
supported graphene film

A similar graphene-based fiber modulator is also
proposed by Tong’s group in Zhejiang University called
graphene-clad fiber all-optical modulator [44], as illu-
strated in Fig. 12. The difference between the two
graphene-based fiber modulators is that Tong et al. used
a subwavelength diameter fiber (the diameter of the
subwavelength is around 1 pm for single-mode operation
in C-band of optical communication which is much smaller
than the conventional microfiber diameter around 10 pm).
In their design, a thin layer of graphene was wrapped
around a single-mode microfiber, which was a section with
the ends tapered down from a standard telecom optical
fiber.

When there is no pump light, a weak infrared signal
wave coupled into the modulator experiences significant
attenuation due to absorption in graphene as it propagates
along. When a switch light is introduced, it excites carriers
in the graphene and through Pauli blocking of interband
transitions it shifts the absorption threshold of graphene to
higher frequency, resulting in a much lower attenuation of
the signal wave. The switch light leads to modulation of
the signal output from the fiber, and its response time is
limited by the relaxation of the excited carriers. The
relaxation time of carrier — carrier scattering in graphene is
known to be tens to hundreds of femtoseconds and that of
carrier-phonon scattering ~1 to a few picoseconds. The
switch-light-induced refractive index change of the atom-
ically thin graphene is small enough that it does not
appreciably change the wave-guiding mode of the
microfiber. In the experiment performed by Tong et al.
[44], the graphene-based microfiber modulator can achieve
a modulation depth of 38% and a response time of
~2.2 ps.
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Fig. 12 Schematic illustration of a graphene coated optical fiber modulator. A thin layer of graphene is wrapped around a microfiber that
is a section tapered down from a standard telecom optical fiber (reprinted from Ref. [44])

6 Conclusion

In conclusion, we reviewed recent progress in graphene-
based optical modulators. By embedding the graphene
sheet into the silicon waveguide, the light-matter interac-
tion has been significantly enhanced: the overall mode
index, Re(n.) and Im(ngy), are linked to the in-plane
permittivity of the embedded graphene and the ngy
variation of GESW can be orders of magnitude larger
than silicon waveguide. The modulators based on single-
layer graphene, bi-layer graphene, eight-layer graphene,
and few-layer graphene were investigated and categorized.
The isotropic material property and anisotropic material
property were compared. The influences of wavelength,
temperature, number of layer N were studied. The recent
graphene-based fiber modulators were also reviewed. It
can be concluded that graphene is a very promising
material for enhancing the modulation effect in silicon, and
has great potentials for future CMOS compatible high
efficiency optical modulator, showing significant influence
for optical interconnects in future integrated optoelectronic
systems. The high modulation efficiency as well as
ultrafast speed modulation suggests the valuable
perspective for utilizing graphene optics in nanophotonic
circuits.
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