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Modelling of highly-sensitive graphene assisted silicon
ring-resonator modulator for sensing applications
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In the paper, the high performance silicon ring-resonator based intensity modulator is proposed which exhibits modulation
based on the extent of the covering of the ring waveguide with graphene, and by electrical tuning of the chemical potential
of the graphene. The deviation in the refractive index profile inside the graphene is responsible for modulation. The Q-factor
of 900 throughout the entire C and L band gap is obtained. The high sensitivity and FSR of 0.83 nm/rad and 25 nm with
switching rate of 10 dB/V is observed. The modulation efficiency of 100% is obtained at an angle of 4.5 rad.
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1. Introduction

Optical modulation [1] is a method of loading
information onto the light beam. In general, this type of
modulation is the result of changing the properties of the
light beam such as direction, intensity, frequency, etc.
Based on the physical characteristic of modulation,
modulators are classified into electro-optical, all-optical,
thermooptical [2-6]. Amongst them, all-optical, electro-
optical, and thermo-optical modulators are the most
general types of modulators because they are easily
accessible with current materials and techniques. In
electro-optical modulation, an electric field is used to
control the beam parameters, including intensity as well as
phase and thus shows fast modulation of the light [1]. Due
to the ever increasing demand of optical communication
the need of high speed modulators are obvious. Thus, in
the recent past a large number of modulators have been
reported [7-18]. Most of the optical modulators are
demonstrated by Mach-Zehnder interferometer (MZI) [10-
11] and, by ring resonator (RR) [12-18]. RR based
modulators exhibits high modulation depth compared to
MZI and other photonic structures Additionally, the
dimensions of RR based devices are ultra-compact [17-
18]. In the view of above advantages a new design of
optical modulator using RR has been proposed in the
paper.

The shifting of resonance wavelength in RR occurs by
applying external potential which consequently, introduces
optical intensity modulation in RR devices [13]. However,
weak electro-optic coefficient of silicon needs large value
of external potential to provide a phase shift of w. Thus,
shift in the resonant peak of the RR is quite imperfect. RRs
also possess various advantages like small bandwidth,

large free spectral range (FSR) and high finesse. This in
turn requires less tuning potential to switch the intensity
from low to high output, hence enhancing the tuning
efficiency of the modulator. The unwanted drifts in
resonance due to the fabrication tolerance, temperature
effects etc., limits the calibrations of the device. These
limitations can be resolved by optimizing design and by
the usage of graphene interactions [14]. Graphene with its
extraordinary electrical properties has opened a wide area
of silicon photonics based modulators [19]. Due to easy
lab synthesis of graphene, many photonics components,
for instance phase-shifters, photo-detectors, modulators,
attenuators etc., have been demonstrated in silicon with
embedded graphene [20].

In this paper, an optical modulator using silicon ring
resonator (SRR) is proposed with the extent of the
covering of the SRR with graphene layer. The graphene
layer is employed to enhance the modulation efficiency.
Graphene has extraordinary optical, electrical, and
physicochemical properties, which shows its great
potential in the designing of optical devices. The paper has
investigated its optical properties using the FDTD method.
The proposed modulator has a high sensitivity of resonant
wavelength tuning with respect to both (i) external bias
potential and (ii) graphene area. Moreover, these features
have created fast modulation in the structure of the all-
optical modulator.

In this paper, a compact and energy efficient
modulator using graphene in silicon-on-insulator (SOI)
waveguide of SRR is demonstrated. The introduction of
disc shaped graphene in the proposed compact SRR
modulator within the ring and coupling area increases the
interaction region of the graphene with the ring and the
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bus waveguide. Consequently, the efficiency of the
modulator is also increases. The proposed device has been
designed in single mode SOl waveguide to guide
transverse electric mode. The proposed device is designed
and simulated using “finite-difference-time—domain”
(FDTD) based simulation platform to analyze the
tunability of the wavelength characteristics of the SRR
[21]. Finally, the tuning efficiency has been computed by
varying device parameters, especially the graphene area or
the disc angle and the external potential. The results
obtained through the Lumerical’s FDTD simulation are
analyzed and validates our proposed scheme. The article is
systematized as follows: in section 2, introduce and the
working of SRR is described, in section 3, design and
operation of the proposed device is explained, in section 4,
results and discussions are highlighted and finally, in
section 5, conclusion of the article is presented.

2. Working of graphene assisted SRR

Fig. 1(a) shows the model of the SRR structure whose
radius is 5 pm. The cross-sectional view of the proposed
device showing graphene and metal layers are labelled in
Fig. 1(b). The proposed device consists of the bus
waveguide, the ring waveguide, the top layer graphene as
well as the Al,O3; contact deposited on SiO, layer. The
schematic simulation set-up designed in FDTD simulation
platform is shown in Fig. 1 (c). The electric field evolution
in the proposed device is shown in Fig. 1(d).

The simulation parameters are selected and optimized
through FDTD simulation software. The geometrical
parameters are optimized in such a way that the optimum
performance of the device can be obtained [21]. In
simulation, first of all we have chosen rectangular
waveguide because it confines light in both x and y
dimensions and for compatibility on SOl (silicon-on-
insulator) technology, as well. Then the width and height
of the waveguide is optimized and selected as 0.55 pm and
0.25 pum in such a way that it supports fundamental mode
of light as well as it is suited for SOI platform. We have
used high-index-contrast waveguides of Si-SiO, material
combination to support our small bending radius of MRR.
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Fig. 1. (a) Schematic of a SRR (b) Cross-sectional of the
waveguide of the proposed RR (c) Simulation set-up of the
proposed device in the FDTD platform (d) Electric field
evolution in the proposed device (color online)
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The radius, coupling length, the gap between straight
and ring waveguide as well as height-width of the
waveguide is optimized through FDTD simulation. As
seen from optimization, if the radius is 3 um, there is less
losses due to modal mismatch. Then we optimized
coupling length and gap between straight and bend
waveguide by trial and error method in FDTD simulation.
At coupling length 1.5 um with gap 0.1 pm, we found that
maximum 90% of input light coupled to the ring. While
for radius, coupling length and gap of 5 um, 2 um, and 0.1
pum, 85% of light coupled to the ring respectively. We
have chosen rectangular waveguide because it confines
light in both x and y dimensions and for compatibility on
SOI (silicon-on-insulator) technology. We have selected
width and height of waveguide as 0.55 um and 0.25 um in
such a way that it supports fundamental mode of light as
well as it is suited for SOI platform. We have used high-
index-contrast ~ waveguides  of  Si-SiO,  material
combination to support our small bending radius of MRR.
The key parameters are stated in Table 1. The selected
material combination is Si/SiO, which possesses tightly
confined guided modes and compatible with e-beam
lithography technique. The transfer function of the
modulator is written below [15].

g, = DI (T Tax? exp? (i)
C T R T Rax? exp?(i9)

L oo fERxewGe) )
VTl 1lex? exp?() 2

where ¢ = k’zl—L , X = D.exp(—a%), D=(1 —y)% and L
is the circumference of the ring which is equal to 2R and
Kk is the coupling coefficient between waveguides of
SMRR. The E;, is the input electric field applied through
the input port and E;; = 0 as no input is applied through the
add port of the RR. The other variables of Eq (1) are
explained in [15]. The change in refractive index (An) and
excess loss (Aa) at 1.55 um, inside the SRR after applying

the external voltage has been be expressed below [16].

An = An, + An,
An = —[8.8 x 10722AN, + 8.5 x 10'8(AN,)*?] (2)

Aa = Aa, + Aay,
Aa = [8.5x 10718AN, + 6.0 x 10718AN,,] (3)

AN,, AN, are the concentration of free electron and
free holes expressed in cm™. The magnitude response of a
typical SRR having « value equal to 0.03 is considered in
the paper, at different gate voltages. Eq (1) is used to study
and determine the transmission nature of the proposed
device as well as it has been used to compare with output

transmission graph of the model as obtained from
simulation.

Table 1. Parameters used in designing the model

S. Parameters Value
No.
1. Height of the waveguide (h) 250 nm
2. Width of the waveguide (w) 550 nm
3. Height of the slab 150 nm
4. Graphene C (graphene)-
(mid-IR)
5. Thickness of the graphene 0.1 nm
layer
6. Thickness of the Al,O; 7nm
contact
Simulation platform used FDTD
: Radius of the RR 5pum
9. Refractive Index of SiO, 1.55
10. Refractive Index of Si 3.20
11. | Refractive Index of Al,O3 1.6

Moreover, the gate voltage is also responsible for the
change in the chemical potential of the top graphene sheet.
The variation of the chemical voltage with the gate voltage
is shown in Fig. 2. The bias voltage causes perturbation in
the RI as well as in the loss coefficient of the SRR and
thus, operates as an intensity modulator as described
in[12, 22].
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Fig. 2. Variation of the chemical potential of
the top graphene sheet
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Fig. 3. Modulation in graphene’s optical absorption with
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In the proposed device, the external gate potential is
applied at the electrode to change the chemical potential of
the graphene. Consequently, a change in chemical
potential changes the effective RI of the waveguide. Thus,
there is a variation in the resonance wavelength of the
SRR modulator and can be shifted by tuning the external
biased voltage [19, 23]. The proposed device achieves
modulation by tuning the “Fermi level” of the graphene
layers. The applied voltage in the graphene shifts its Fermi
level modifies its “optical absorption rate” and
consequently, modulates the optical response of the silicon
waveguide. An illustration of the modulation with applied
bias voltage in graphene is shown in Fig. 3.

The carrier density of the graphene can be changed by
altering the voltage on the metal electrode of the gate of
the device, which can be expressed as [15, 19].

ns= nh#vgfooog[fd(g) — fu(e + 2u.)]de (4)

where f4 (¢) is the Fermi-Dirac distribution function, L is
the chemical potential and V¢ is the applied voltage. The
voltage used to tune the graphene can be expressed below
[16, 23].

e =hvey 1| (Vo — V)| (5)

The effect of external voltage has been used to
compute chemical potential of graphene using analytic Eq.
(5). Eq. (5) utilized to analyze the system as well as to
verify the simulated results. Further the chemical potential
gives us effective index of graphene and the same
effective index has been used for graphene responding to
the voltage that we have used.
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Fig. 4. Transmission spectrum at the output of the
proposed device (color online)
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In Fig. 4 the resonance-shift possess fluctuations when
V = 0 which is due to high refractive index contrast of the
device. While when V = 4V, the fluctuations occurred due
to the change in the chemical potential of the graphene.
The chemical potential of graphene is changed in such a
way that the effective refractive index contrast is reduced
during propagation and thereby causing the fluctuations in
the resonance-shift of the spectrum.

Fig. 4 depicts the output response of the device, if the
external applied voltage is altered from 0 V to 4 V
respectively. The rate of wavelength tuning with respect to
the external bias gate voltage is obtained as high as 1.25
nm/V as observed from the simulated output graph as
depicted in Fig. 4. Voltage has been applied to observe
steady state response to switch the output intensity from 0
V to 1 V and vice-versa. While the speed of the proposed
device is obtained from the transient and the small signal
model analysis, which is found to be 25 Gbps. Despite low
speed of operation compared to optical pumping devices,
the proposed device is more compact in size (as radius is
3um) respectively [23-24].

Similarly, the optical modulation as well as
wavelength shift is observed by varying the covering area
of the ring of the SRR. The graphene available in the
material database of the FDTD simulation is selected for
simulation and considered the following mathematical
form for computation [17, 21].

x2 x3 13) 1

2 p
Xz x1x%\ WXgX7
w2+ (L2

ExX = €yy = Xp—
X5X3
. x2x3 w X1%3

2 2

Xy, [x1x3 )\ @X5X3XgX7

w2+ 2L
X5X3

(6)

where

v¢ o Fermi velocity, p : carrier mobility, x; = e (C),
X, = h(J-8), x5 = (), x4 =v¢ (M/S), x5 = p (Carrier
mobility m?/V/s), xs = &, x, = A (M), xg = £,(F/m).

3. Modeling of graphene assisted SRR

In this work, a single SRR is modulated in with the
variation of the graphene covering from the top of the ring
waveguide. Fig. 5 displays the SRR modulator without
graphene and with half and full graphene covering of the
ring waveguide of the SRR modulator. The corresponding
output spectrum of the graphene assisted SRR is depicted
in Fig. 6.

@)
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Fig. 5. Schematic of FDTD simulation environment of Graphene
assisted Ring Resonator (a) without Graphene, (b) with Half
Disk Graphene, and (c) Full Disk Graphene (color online)
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Fig. 6. Transmission spectrum generated after the FDTD

Simulation of Graphene assisted Ring Resonator (a)
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The usage of graphene responsible for a net change in
the RI and thus a resonant wavelength shift occurs inside
SRR. Fig. 6 shows the transmission spectrum generated
after the FDTD simulation of graphene assisted SRR,
without graphene, with half-disc graphene and full disc
graphene. The magnified view of the same is shown in
Fig. 7. We have used the angle of disc as = and to 2 =«
because the shape of disc becomes symmetrical to the
coupling region. It can be observed that as the amount of
covering of the graphene increases, the red-shift occurs. If
the ring is fully covered with graphene, the transmission
graph is shifted to 5.2 nm. Also, the shift can be
approximated linear with respect to the graphene covering
angle. However, non-linearity may occur if the placement
of graphene is asymmetric with respect to coupling region.
The disc with angle /2 and 37/2 will be asymmetrical in
the coupling region which in turn will introduce
wavelength dependent transmission spectrum which is not
required. That is why, the graphene angle of interest
selected for simulation are symmetric with respect to the
coupling region. Using graphene disc we are not claiming
any absolute sensitivity. However, the sensitivity increases
relatively as we have calculated the rate of wavelength
shift with respect to external voltage applied when
graphene is present and this relative sensitivity is pretty
much good. Further it can be used for switching and
sensing purposes. Thus, it can be concluded that this novel
technique may be applied to obtain the intensity
modulation in the SRR. Further, the same SRR model may
hence be used as on-off switching and/or RI sensing
purpose.
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Fig. 7 Magnified view of Transmission spectrum
generated after the FDTD Simulation of Graphene
assisted Ring Resonator showing relative resonant shifts
and intensity modulations (a) without Graphene (blue

colour), (b) with Half Disk Graphene (green colour), and
(c) Full Disk Graphene (red colour) (color online)

4. Simulation results and discussion

The proposed device is designed and modelled in
Lumerical FDTD environment [17, 21]. Material
properties and simulation parameters used for simulation
are listed in Table 1. The resonance shift with respect to
angle subtended by graphene disc at the centre of the ring
is illustrated in Fig. 7. Similarly, resonant wavelength shift
of ~ 2.6 nm is recorded when graphene start and end angle
was changed from 0-360 degree to 180-0 degree. Fig. 8
shows the shifting of resonance when graphene angle is
varied. Eq. 3 and Eq. 4 shows the variation in RI as well as
in the loss profile which has been determined by
eigenmode solver and propagator [17, 21]. The variation
of wavelength-shift with the change in disc angle is listed
in Table 2. Fig 9 shows the transmission spectrum
showing intensity modulation and modulation sensitivity
generated after the FDTD simulation of the proposed SRR.
The relative resonant shifts and intensity modulations are
shown the figure below.

Table 2. Variation of Disc angle and respective
wavelength shift

Disc angle A [nm] A\ [nm]
0 [rad]
0 1528 0
T 1530.6 2.6
2n 1533.2 5.2
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In order to investigate the performance of the
proposed scheme, the various characteristic parameters are
defined and calculated below [25-29].

Free Spectral Range (FSR) - FSR (AL) estimated by
calculating the difference between consecutive resonances
wavelength in the transmission spectrum of MRR. Here
FSR of 25 nm is obtained when graphene is placed to
cover the device, as shown in Fig. 6.

Full-width at half maximum (FWHM) - is the width
of transmission spectrum curve at 3dB attenuation level
for respective resonance. Here FWHM of 4 nm is
observed.

Finesses (F) - Finesses is defined by the ratio of FSR
and FWHM of the ring resonator which is found to be
6.25.

Quality-factor (Q) — is the energy stored inside the
SRR divided by the energy lost per circulation of the field
in the SRR [20, 21]. Here the Q has been found to be 900.

__ Stored energy

Q= (")

Power lost

Sensitivity - The resonant wavelength sensitivity with
respect to the angle subtended by graphene disc at the
centre of the ring can be defined below.

AL
S} = ~ (nm/rad) (8)
2.6

It can be computed from Table 2 as S} = —=

0837 The transmission intensity sensitivity with

respect to the shift in resonant wavelength can be defined
below.

§J = 2(Inm) ©)

And the same can be computed from Fig. 8 as
ST =0.267 /nm (since AT = 0.4, and A1 = 1.5 nm from
Fig. 8).

Therefore, the resultant (or overall) intensity
modulation sensitivity with respect to angle subtended by
graphene disc at the centre of the ring is defined below.

T AT _ AT, A
So = 5= 11 % A9(/rad) (10)
It can be computed as S§ = i—Zz 0.267 x 0.83 /

rad, or S} = 0.222 (/rad). From Eq. (10), the following
important results can be deduced.

1. Full disc intensity modulation = 2m x0.222 = 1.33
which is more than 100%

2. Angle required for 100% intensity modulation =
1/(0.222/rad) = 4.5 rad.

The sensitivity of the device with respect to graphene
length is noted as high as around 6 nm/um with a
switching rate of 10 dB/V which is measured directly from
the transmission spectrums at 0 V and at 1 V by measuring
the slope in dB per nm and multiplying it by shift in nm
per unit volt. However the switching time of the proposed
model is 0.2 ps.

Thus, from the above results, it can be concluded that
the graphene assisted SRR modulator has higher
sensitivity compared to other without graphene assisted
SRR modulator. The device footprint is calculated and
found to be 130 pm?[23, 24]. The reason for low ER in the
device is due to the small ring architecture. Therefore, the
observable figure of merit for the proposed scheme is (i)
compact size, (ii) small graphene area which provides
easiness to fabricate to the device, (iii) less driving power
for on-off switching of the modulator.

5. Conclusion

The proposed architecture using graphene based SRR
modulator is designed and simulated at different gate
potentials. The device is modelled using FDTD based
numerical simulation platform. The modulation is obtained
if gate potential changed or the disc covering area is
altered. The wavelength shift in resonance wavelength is
observed by varying small chemical potential of graphene.
The high tuning rate of around 1.25nm/V is achieved by
covering ring geometry of the device using graphene. The
proposed architecture is compact with the size of 130 pm?
and suitable for both SOI platform and for CMOS. The
sensitivity of the device is noted as high as around 0.83
nm/rad with the switching rate of 10 dB/V. The device
may also play an outstanding role for future modulation
technique. Therefore, the proposed concept proved to be a
dominating candidate for the future optical modulators,
packet switches as well as all-optical information
processing schemes in data-centers where the optical
modulation techniques are required.
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