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ABSTRACT— In this paper, an all optical
graphene-based modulation approach s
proposed induced by Modulation Instability
(M1). The device structure is based on graphene
sheets transferred on the both arms of a Mach-
Zehnder interferometer to support amplified
Surface Plasmon Polaritons (SPPs). Due to the
nonlinear nature of MI to interfere in the
modulation process, the proposed approach
leads to an enhanced performance in
comparison to the conventional Mach-Zehnder
modulators; using a low power cw driving beam
(~20 pW at A=50 pm), a high speed modulation
rate (~2 Tpps) and subsequently, a high depth
(89%0), wideband modulation (~81 GHz) can be
resulted. Since the MI is a pre-state to the
chaotic regime, the modulator can be also used
for secure optical communication.

KEYWORDS: All-optical modulation,
Graphene, Modulation instability, Optical
amplification, Surface plasmon polariton.

|.INTRODUCTION
Optically driven systems present a nonlinear

response beyond a threshold intensity.
Meanwhile, for further increase in the
intensity, a saturation of the nonlinear
response is to be generally anticipated.

However, those interacting with a feedback
entity show a different sequential dynamical
behavior including a primary ascending
nonlinear response, bistability, Modulation
Instability (MI) and transition to chaos [1-7].
MI is the consequence of the unbalanced
competition between the nonlinearity and
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dispersion/diffraction. It appears through a
quasi-periodic state (convective MI) and then
progresses within a growing amplitude
(absolute MI), a prior state to the chaotic
regime [3-7]. MI seems to be undesirable but
can on the other hand be useful for
applications in supercontinuum generation [8-
10], sideband generation [11], frequency comb
generation [12-14] and optical modulation [15-
16].

Graphene is a 2D material with honeycomb
lattice. It shows excellent electrical/optical
properties including the high charge carrier
mobility [17-18] and electrical/optical band
gap tunability [19-20]. Due to its large
effective surface, graphene can efficiently
support Surface Plasmon Polaritons (SPPs).
On this base, several studies represented the
proof of concept for designing and fabricating
the graphene-based optical modulators from
electro-optical to  all-optical  plasmonic
modulators [16, 23-37]. A huge nonlinearity
can be released in a system containing the
multiple graphene sheets embedded inside a
dielectric host [21-22]. Herein, the absolute Ml
can be dominant driving by even a low
threshold optical intensity. Utilization of the
graphene huge nonlinear response in the
modulation of SPPs may promise appealing
issues not has yet been highly contemplated.

In our previous study, we proposed a novel
graphene-based  electro-optical  modulator
using the MI [16]. The enhanced output, fast
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modulation rate and high modulation depth
were deduced as the main advantages. In this
study, we take a step forward to introduce an
all-optical graphene-based SPPs modulator
using the MI. In addition, the proposed
modulator has a hybrid working mechanism
acting as the both electro-optical and all-
optical modulator. The device utilizes a Mach-
Zehnder interferometer in order to provide a
large feedback strength required for an all-
optical modulation process. Indebted to the
modern preparation and transfer methods [38-
40], the device can be fabricated in an ultra-
small size. The main difference with those
previously presented devices is interfering the
large nonlinear phase shift in the modulation
process providing a broad band, high speed
modulation and serving to amplification of
SPPs.  Furthermore, since the optical
conductivity of graphene is tunable, the device
nonlinear response can be adjusted at the
absolute MI state, a prior one to chaotic
regime, suggesting it for the secure optical
communication.

Il. CONFIGURATION AND WORKING
MECHANISM

A. Device Configuration

Fig. 1 shows the schematic illustration of the
proposed device configuration. The modulator
is based on a subwavelength waveguide driven
by a cw TM polarized beam with the
wavelength, 2 =50 zm. The longitudinal size
of the whole structure is 90 um. The turn-on
power is estimated to be about ~20uWto
push the device toward the absolute MI. The
device uses the conventional silicon
waveguide coupled with a graphene-based
waveguide containing eight single-layer
graphene sheets embedded inside a DEME-
TFSI ionic gel. The separation between each
layer is 125nm. The assumption is in
agreement with the maximum efficiency
needed for the third order nonlinear response
[22]. The whole structure is transferred on a
12.5nm silica substrate. To work in a hybrid
regime, the device uses Au electrodes in order
to tune the graphene Fermi energy as well as
to accelerate the charge carriers for the
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maximum attainable modulation speed. The
dependence of the Fermi energy E on the

gate voltage V, can be given by [41]:

Er = AVe (7r(nO+C|\/g|/q))1/2 (1)

where v is the Fermi velocity; # is the

reduced Planck’s constant; n, is the intrinsic
carrier density; C is the effective capacitance
per unit area; V, is the gate voltage and q is

the electric charge. Moreover, the device
utilizes a Mach-Zehnder interferometer which
warrantees a required feedback strength and
also provides a constructive/destructive
interference pattern required for all-optical
modulation feature.

Fig. 1. Schematic illustration of proposed device; G
denotes embedded graphene sheet, Au means the
Au electrodes. | and Il denote arm | and arm Il
respectively.

B. Theory and Simulation

Spatial/temporal SPPs evolution in the absence
of damping can be obtained by the universal

spatial/spatiotemporal nonlinear amplitude
equations (set of Eq. (2)) [1,42].
i @OA L OPA _ 5 5 @Al
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where A is the slowly varying amplitude;

x and z are the transversal and longitudinal
propagation coordinates; « is the frequency;

c is the light speed in vacuum; k, is the group
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velocity dispersion parameter; » is the
nonlinear coefficient assigned to the graphene-
based waveguide and » and »©® are the
linear and third order graphene susceptibilities,
measured in terms of the linear o, and third

order o, optical conductivities. o, can be

given by Eq. (3) for interband and intraband
transitions:

e ‘ZEF—(a)+irl)h|

Griner =40 | 2E +(w+ir )|
ie’ky T
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where e is the electron charge; 7z is the
relaxation time; k;is the Boltzmann constant
and T is the temperature [43-45]. In the same
manner, o, can be given by Eq. (4) for
intraband transitions [43-45].

9.( eV?
0-3,intra =- g 1 (ﬂ_hza)';EF ] (4)

Mathematically, a perturbation in the solutions
of Eq. (2) can result in an ultrafast quasi-
periodic oscillations inferred as MI. A Fourier
analysis of the oscillations can reveal that the
sidebands number and amplitude gradually
grow in the frequency domain. This can
physically occur when the wave propagates
inside a gain nonlinear media (here, the
graphene-based waveguide). Beyond a critical
frequency — which can be fulfilled if the
nonlinearity or driving amplitude is greater
than a threshold value — the character of Ml
will change from the convective to absolute. In
this condition, the wave amplitude can grow
even faster. Accordingly, absolute Ml is often
considered as a transitional state to the chaotic
regime in the nonlinear optical systems [46-
471].

A quantity — known as the feedback strength
p - is introduced to describe the strength of

interfering the waves in the two arms of Mach-
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Zehnder interferometer and lies between 0 and
1[47].

I11.RESULTS AND DISCUSSION

Two cases are assumed for comparison. The
Energy Fermi for one arm (arm I) in Mach-
Zehnder interferometer remains constant at

E. =0.4eV while that of the other arm (arm II)
changes from E.=0.26eV (Case 1) to

E- =0.49eV (Case Il). In each case, the main

purpose is to interfere the waves of the two
arms with different nonlinear phases. In
addition, the feedback strength of the
interferometer is assumed to change from
p=083(Case 1) to p=0.73(Case IlI). The
results of the interference are then obtained for
the assumed cases as follows.
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Fig. 2. (a) Time evolution and (b) phase portrait for

E=0.4eV in arm | of Mach-Zehnder interferometer.
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A. Temporal dynamics

Fig. 2(a) shows the temporal evolution of the
wave amplitude in arm | which is
distinguished as the convective MI. This can
also be deduced from the phase portrait as in
the form of a stable limit cycle shown in Fig.
2(b).

On the other hand, Fig. 3(a) shows the time
evolution of the wave amplitude for the case I,
obtained for the arm Il. Due to the large
nonlinearity - resulting from the assumed
value for Fermi energy — the dynamical
behavior is interpreted as the absolute MI
which can be also seen from its phase portrait
(Fig. 3(b)) as an attractor.
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Fig. 3. (a) Time evolution and (b) phase portrait for

Er=0.26eV in arm Il (case 1) of Mach-Zehnder

interferometer.
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In the next step, temporal evolution of the
wave amplitude in arm Il is obtained for the
case Il. This stands for a convective MI as
shown in Fig. 4(a) and stressed in Fig. 4(b)
through a neutrally stable limit cycle.
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Fig. 4. (a) Time evolution and (b) phase portrait for
Er=0.49eV in arm Il (case Il) of Mach-Zehnder
interferometer.

The interference in the two arms appears in
Fig. 5. The result for the case | is shown in
Fig. 5(a), while Fig. 5(b) shows the result for
the case Il. The interference waveform clearly
includes an amplitude modulation for both
cases. However, this interference arises from
the nonlinear phase shift induced by the gain
medium of the graphene-based waveguide.
Therefore, the Ml in each arm leads to form an
ultrafast  oscillations.  Subsequently, the
modulation bandwidth and modulation rate are
influenced by the dynamical behavior of MI.
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The obtained results reveal that a modulation
bandwidth of ~81 GHz at modulation speed of
~2 Tpps (pulse per second) is attainable. Even
more, a modulation depth of 89% can be
achieved.  Meanwhile, the interference
waveform unveils an amplification in the
presence of the absolute MI. This can be
perceived from Fig. 5(a) through which the
modulation frequency approaches to the
critical absolute MI frequency and the growing
amplitude becomes more evident. Nonetheless,
if SPPs damping is considered, the
amplification in consequence of absolute MI-
can just compensate the fast damping rate, still
providing unpredictability to be useful for
secure optical communication.
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Fig. 5. Interference result for (a) case I ,(b) case Il.
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The procedure is shown in Fig. 6 within a
bifurcation diagram. The dashed line shows
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the threshold intensity above which the
absolute MI and a transition to the chaotic
regime will be dominant. To achieve it, a high
feedback strength is required which cannot be
simply fulfilled by an external mechanism (i.e.
the Mach-Zehnder interferometer). In spite of
this, for the assumed wavelength, the intraband
transitions are allowed in graphene Dirac cone
and thus, an internal feedback entity can be
created by near field interactions of SPPs,
increasing the total feedback strength [48].
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Fig. 6. Bifurcation diagram vs. the driving intensity

B. Spatial MI and breather

A uniform field distribution is necessary for a
high performance modulation. Here, the
nonlinear dynamics interfering in the
modulation process may violate this demand.
In fact, an absolute spatial MI regime causes
the breather and rogue waves breeding thus, an

irreversible instability [49-55]. In this
connection, spatial amplitude profile is
simulated in the proposed Mach-Zehnder

modulator as shown in Fig.7. Although the
waves propagating in both arms suffer the
spatial MI, the waves interference appears
more or less uniform in the output of the
Mach-Zehnder interferometer for the case |
(Fig. 7(a)). The situation is vice versa for the
case Il (Fig. 7(b)) in which the field
fluctuations emerge more intense.
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Fig. 7. Spatial amplitude obtained for (a) case I (b)
case Il of Mach-Zehnder interferometer.

Electric field effect resulting from the
electrode structures my also impose a non-
uniform field distribution — as it can be clearly
seen from Fig. 7() and Fig. 7(b).
Photoinduced doping of graphene-based
waveguide may promise a more uniform
profile, additionally bearing an energy saving
[56-57].

I\VV.CONCLUSION

A graphene-based all-optical SPPs modulator
has been proposed using the MI. It has been
shown that the nonlinear MI procedure can
result in a broad band, high depth modulation
with fast rate. The growing amplitude feature
of M1 also brings SPPs amplification which in
turn can compensate the damping and
consequently leads to long range SPPs.
Absolute Ml is a prior state to chaotic regime.
Accordingly, the presented modulation
approach can be used for secure optical
communication due to the absolute MI
unpredictable dynamical behavior.
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