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Abstract: We demonstrate the potential of a graphene capacitor structure on silicon-rich
nitride micro-ring resonators for multitasking operations within high performance computing.
Capacitor structures formed by two graphene sheets separated by a 10 nm insulating silicon
nitride layer are considered. Hybrid integrated photonic structures are then designed to exploit
the electro-absorptive operation of the graphene capacitor to tuneably control the transmission
and attenuation of different wavelengths of light. By tuning the capacitor length, a shift in the
resonant wavelength is produced giving rise to a broadband multilevel photonic volatile memory.
The advantages of using silicon-rich nitride as the waveguiding material in place of the more
conventional silicon nitride (Si3N4) are shown, with a doubling of the device’s operational
bandwidth from 31.2 to 62.41 GHz achieved while also allowing a smaller device footprint.
A systematic evaluation of the device’s performance and energy consumption is presented.
A difference in the extinction ratio between the ON and OFF states of 16.5 dB and energy
consumptions of <0.3 pJ/bit are obtained. Finally, it has been demonstrated that increasing the
permittivity of the insulator layer in the capacitor structure, the energy consumption per bit can
be reduced even further. Overall, the resonance tuning enabled by the novel graphene capacitor
makes it a key component for future multilevel photonic memories and optical routing in high
performance computing.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further
distribution of this work must maintain attribution to the author(s) and the published article’s title, journal
citation, and DOI.

1. Introduction

Photonic integrated circuits (PICs) overcome the major drawbacks that electronics faces today,
particularly in terms of the limited transmission speed and high power consumption, by using
light to process, transmit and store information [1]. PICs based on silicon-rich nitride (SRN)
waveguide platforms demonstrate enhanced operation [2] due to their: tuneable non-linearity and
refractive index; low temperature sensitivity; low optical losses; stronger mode confinement than
Si3N4 while maintaining a better interaction with the deposited materials than silicon-on-insulator
(SOI); and most importantly, broadband transparency spanning infrared and visible wavelength
ranges [3,4]. Currently, the library of developed and tested individual photonics components for
integration into PIC systems is extensive. However, one of themain challenges inherent to standard
photonics components is the high cost of the SOI material platform, and associated high-cost of
production, due to the complex multi-stage fabrication processes involved [5]. Implementation
of reconfigurable materials is the most promising solution, since the complexity of designs for
actively tuneable devices can be simplified. Beyond the well-established reconfigurable materials,
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such as phase changematerials (PCMs) [6], liquid crystals [7] and p-n junctions technology [8–10],
new technologies are emerging, such as: hyperbolic metamaterials based optical modulators [11],
and nano-opto-mechanical effects in integrated waveguides [12]. Graphene and graphene-related
materials [13] are truly outstanding candidates for application in reconfigurable PICs, with the
potential to facilitate endless opportunities for construction of reconfigurable integrated photonic
components such as modulators [14–17], switchers [18], and photodetectors [19]. Graphene is
attracting significant interest from the photonics community due to its unique combination of
thermal, electronic, and optical characteristics [20]. The linear dispersion found around the Dirac
points in graphene’s band structure leads to the universal optical conductance of the interband
transition [21,22]. Single-layer graphene demonstrates broad conductive transparency - it absorbs
only 2.3% of normally incident light within the infrared-to-visible spectral range. The density of
states of carriers near the Dirac points is low, and as a consequence, graphene’s Fermi energy can
be tuned significantly with relatively low electrical energy required [23]. This Fermi level tuning
changes the refractive index (RI) of the graphene. Thus combining graphene with integrated
silicon waveguides opens great possibilities for the design of tuneable components in PICs.
Herein, we propose a graphene capacitor as the key component for future volatile multilevel
photonic memories (VMPM). Volatile memories find their main applications in general-purpose
random-access memories, and in data security systems for the protection of sensitive information
[24]. To date, integrated photonic volatile memories have been demonstrated as solutions for
optical logic processing [25,26], ensuring data security [27], quantum computing [28], and
deep learning. We describe the first graphene-enabled VMPM concept based on a multiplexed
design of SRN micro-ring resonators structures on chip Fig. 1. The proposed SRN platform
allows high density memory integration through multilevel stacking of SRN layers achieved
via the low temperature fabrication process recently developed by Bucio et al. [29]. First, we
introduce the concept and designs of electrically-driven graphene capacitor structures integrated

Fig. 1. Schematic of the integrated parallel volatile photonic memory based on a multiplexed
system of hybrid graphene capacitor-SRN microring circuits. The photonic circuit consist of
three microrings of radii R1, R2, R3 with integrated graphene capacitor sections (graphene-
red; electrical contacts- yellow). The schematic depicts coding for the binary number "101"
where transmission of different wavelengths is tuned by switching the graphene capacitors
’ON’ or ’OFF’ on different rings.
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with SRN photonic waveguides and microring structures. This is followed by a systematic study
of the operational performance depending on the geometrical parameters of the designs. We
then introduce the concept and designs of triple microring systems and assess the operational
characteristics in the context of VMPM applications.

2. Design and modelling of a reconfigurable graphene capacitor based on elec-
tric field effect in SRN micro-ring resonators

2.1. Graphene capacitor optical modelling

The device we consider (shown in Fig. 1) consists of a SRN waveguide structure partially covered
by a graphene capacitor structure. The graphene capacitor consists of a thin layer of (Si3N4)
insulating material sandwiched between two layers of graphene electrodes [30] (shown in Fig.
2(a)). To accurately assess the operation of electrically-tuneable hybrid waveguides based on
graphene capacitors (HWGCs) within the optical communications wavelength range, the optical
properties of graphene must first be defined. One of the most important functional characteristics
of graphene is its gate-variable optical conductivity [31]. Graphene’s conductivity can be tuned
by the application of a voltage to a graphene capacitor structure. Applying the voltage changes
the carrier density of graphene and, consequently, the Fermi level. The dependence of graphene’s
optical conductivity on inter- and intra-band transitions has previously been analytically derived at
0K and at 300K [32]. The complex optical conductivity σ(ω, µ, Γ, T) depends on the temperature,
T , the angular frequency, ω, the Fermi level, µ, and the charge particle scattering rate, Γ = τ−1,
where τ is the relaxation time, and can be described as [33] :

σt(ω, µ, Γ,T) = σintra + σ
′

inter + σ
′′
inter (1)

Fig. 2. (a) Schematic cross-section of the HWGC structure - a SRN ridge waveguide with
a graphene-(Si3N4) capacitor on top. (b) Top view of an embedded micro-ring resonator
partially covered by a graphene capacitor incorporating golden contacts for the application
of a voltage to the device.

The intraband conductivity σintra follows Drude’s model:

σintra =
4σ0µ

π(~τ−11 − j~ω)
, (2)

where σ0 = πe2/2h is the universal optical conductance and τ−11 is the relaxation rate associated
with intraband transitions.
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The interband contribution can be described as:

σ
′

inter = σ0

(
1 +

1
π
tan−1

(
~ω − 2µ
~τ−12

)
−

1
π
tan−1

(
~ω + 2µ
~τ−12

))
(3)

and

σ′′inter = −
σ0
2π

ln

(
(2µ + ~ω)2 + ~2τ−22

(2µ − ~ω)2 + ~2τ−22

)
, (4)

where τ−12 is the relaxation rate associated with inter-band transitions. The complex dielectric
function, ε(µ), can be obtained from the complex optical conductivity through the relationship:

ε(µ) = 1 +
jσ(µ)
ωε0δ

, (5)

where δ is the graphene thickness layer (0.7 nm or 0.4 nm depending on the fabrication accuracy
[34]), and ε0 is the vacuum permittivity. The Fermi level is directly linked to the surface charge
density, ns, by the following relation:

µ =
hνF
2π

√
π |ns |, (6)

where h ' 6.62 · 10−34m2 · kg · s−1 is Planck’s constant and νF ' 9.5 · 107cm · s−1 is the Fermi
velocity. Graphene’s charge surface density, and consequently the Fermi level, can be actively
tuned by application of voltage to the capacitor structure. The applied voltage, V , required to
adjust the Fermi level to a value µ can be described as:

|V | =
ens
C
+ 2

µ

e
, (7)

|V | =
e

π(hνF)2
·
µ2

C
+ 2
|µ|

e
, (8)

where e is the charge on an electron, and C = ε0εins
tins is the capacitance per unit area, determined

by insulating layer’s relative permittivity, εins, and thickness, tins.
The complex dielectric function, or consequently the refractive index, n2(µ) = ε(µ), determines

the mode supported by the SRN waveguide structure. To facilitate interaction between a
propagating mode in the waveguide and the graphene capacitor on top, the Fermi level should be
tuned to a position between the valence and conduction bands. The main principle of operation
for the device is the same as that for graphene optical modulators [35]; energy is transferred
from photons in the propagating mode to the electrons in the graphene electrodes (photons are
"absorbed"). If the Fermi level is situated above the conduction band or below the valence band,
no photon absorption occurs, as either the bands are both filled (and there is nowhere for electrons
to go when gaining energy) or both empty (and there no electrons to gain energy) respectively
[19].

2.2. Mode analysis

The device characteristics were simulated for a wavelength of 1550 nm and a SRN (n = 2.54)
ridge waveguide cross-sectional area of 1200 x 300 nm was selected to give a single-mode
integrated waveguide. By using the commercial software COMSOL Multiphysics, the graphene
capacitor structure on top of a ridge waveguide was then analysed. We determined the profile of
the propagating mode within the SRN waveguide and how this mode is affected by the graphene
capacitor at different voltages. This change has been quantified in terms of change of the effective
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refractive index neff = nceff + jk
c
eff experienced by the mode. We consider a graphene capacitor

consisting of a tins = 10 nm of Si3N4, (εins = 4) acting as insulator between two graphene layers.
To achieve electro-absorption operation in the graphene capacitor, the Fermi level (µ) should
reach the breakdown value of 0.5 eV (see Fig. 3). Through Eq. 6 a graphene charge density
ns = 2 · 1013cm2 is needed in order to shift the Fermi level to µ = 0.5 eV. This corresponds to an
electric field across the capacitor insulator of:

E0.5eV =
qns
εinsε0

≈
3.6 · 107

εins

[
V
cm

]
(9)

Fig. 3. The effective refractive index of the mode propagating in the hybrid structure made
of a graphene capacitor on top of a 1.2 x 0.3 µm SRN (n=2.54) ridge waveguide, plotted
against (a) the graphene’s Fermi level and (b) the voltage applied to the capacitor. The
graphene capacitor is made of a layer of 10 nm of (Si3N4) acting as the insulator between
two graphene sheets. The real part of the neff , nceff , is represented by the blue line (left
y-axis) and the imaginary part (kceff ), expressed in terms of the loss coefficient, is represented
by the red line (right y-axis).

where εins is the relative dielectric constant of the insulator. Equation 9 determines which
insulators allow device operation without reaching the dielectric breakdown limit. For example,
silicon dioxide (SiO2, εins = 2.9 [36]), requires E0.5eV = 9.3 · 106V/cm which is close to the
breakdown fields of thermal SiO2 thin films (on the order of 107V/cm [36]). Similarly, alumina
(Al2O3 with εins = 9 [37]) requires E0.5eV = 4 · 106V/cm, which is again very close to the reported
breakdown fields of Al2O3 [37]. However, silicon nitride (Si3N4, εins = 4 [38]) represents a
suitable alternative with E0.5eV = 5 · 106 V/cm to be compared to a breakdown field on the order
of 107V/cm [39].
From the mode profiles, we calculated the real and imaginary part of the mode’s neff , i.e.

nceff (µ) and kceff (µ) respectively, for a range of Fermi levels between 0 and 0.55 eV. kceff (µ) is
equivalent to the loss coefficient αc[dB/µm] = 4.34(4πkceff )/λ. We focused our attention on the
TE mode because light with this polarization interacts with the in-plane dielectric permittivity of
graphene sheets, as the E-field is parallel to the graphene plane.
Figure 3(a) shows the effect on the mode’s neff as the Fermi level is varied. The maximum

value for the voltage is limited by the breakdown electrical field strength of the silicon nitride
insulator between the two graphene layers which has a value of 11MV/cm [39], i.e. 11V for the
thickness of 10 nm as used here. Three different regimes can be defined in terms of the loss
coefficient, αc. In Region I: for µ < 0.4 eV graphene exhibits a high loss state. In Region II: for
values around µ ∼ 0.4 eV the transition from high to low loss occurs. In Region III: for µ > 0.4
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eV, graphene exhibits a low loss state and acts as a quasi-transparent material. Equation 8 allows
us to directly exchange the Fermi level values for voltage values, and thus, plot the mode’s neff in
terms of the voltage applied to the graphene capacitor as in Fig. 3(b). In terms of the voltage, we
have: Region I: 0-4 V, OFF state, high loss; Region II: 4-9 V, transition state; Region III V>9V,
ON state, low loss.

2.3. Ring resonator

Among various silicon photonic devices structures formultichannel applications, siliconmicroring
resonators possess many advantages such as wavelength agility, high quality factors (105 − 106),
high sensitivity and compact footprint. Silicon micro-ring resonators have been employed as core
building blocks for optical multiplexers and demultiplexers [40–42]. The light in a micro-ring
resonator is coupled from the waveguide by the evanescent field of the mode and is partially
confined along the cavity sidewall by total internal reflection (TIR). The cavity field phase
matches with itself upon each round trip for specific wavelengths, giving rise to an optical
resonance. The resonance phase-matching condition is given as follows:

neffL = mλm (10)

where neff is the effective refractive index of the micro-ring resonator waveguide, L is the cavity
round-trip length, λm is the mth order resonance wavelength in free space, and m is the integer
number of wavelengths along an optical round-trip length. In the case of a micro-ring with radius
R, L is given by 2πR. By positioning the graphene capacitor on top of the ring resonator, as
shown in Fig. 2(b), the neff of the microring can then be modified by applying a voltage across
the graphene capacitor (see Fig. 3(b)). The change in neff allows the reconfigurability of the
ring resonator resonances [43]. A Transfer Matrix Method (TMM) [44] was used to model the
performance of reconfigurable micro-ring resonators with a gap between the waveguide and the
rings of 300 nm.

3. Results and discussion

3.1. Passive tuning

In addition to the active tuning already discussed, a passive tuneability of the devices is inherent
in the fabrication process. By choosing the length of the graphene capacitor structure (Lg),
the effective refractive index of the ring can be further tuned. The choice of this parameter is
crucial because it cannot be modified after fabrication, contrary to the actively tuneable voltage
mechanism. By increasing the length of the capacitor, the degree of interaction between the mode
and the capacitor structure increases. This causes a shift in the resonance of the ring resonator
structures as shown in Fig. 4(a). In terms of the spectral response, increasing the length of the
graphene capacitor gives rise to a red shift of the ring resonator resonance. In Fig. 4(b) the
resonance shift produced by the different capacitor lengths with the corresponding extinction
ratio achieved for given dimensions of the capacitor is shown. For example, a 6.4 nm shift can be
achieved using a graphene capacitor that covers 25% of the ring resonator. Different voltages
VON and VOFF are used to tune the extinction ratio (ER) of each of the graphene capacitor lengths
individually. Figure 4(b) also shows how the difference in the extinction ratio between the ON
and OFF states decreases when the length of the capacitor increases for the same ring resonator
radius (R = 65µm).

3.2. Graphene enable high performance computing

Exploiting the electro-absorption effect of the graphene capacitor modulator (Region II: 4V
- 9V) to tune the imaginary part of the neff of graphene paves the way for photonic volatile
multi-level memory and optical routing. The proposed device is based on SRN micro-ring
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Fig. 4. (a) Resonant wavelength as a function of the length of graphene capacitor for a fixed
ring resonator radius (R = 65µm). (b) Resonant wavelength shift produced by the graphene
capacitor for different lengths (blue) and extinction ratio difference achieved for different
graphene capacitor length (red).

resonators placed as add-drop filters with a single input waveguide and N output waveguides,
with N being, the number of micro-ring resonators. An example with N = 3 is depicted in Fig. 1.
The operation of the device is based on controlling the transmission for each of the channels by
tuning the voltage of the individual HWGC structures. Here we consider a device consisting
of three ring resonators with ring radii of R1=70 µm, R2=65 µm and R3=60 µm. Different
resonant frequencies (λ1 = 1.55497 µm λ2 = 1.55475 µm and λ3 = 1.55451 µm) are resonantly
coupled to each ring respectively. The voltage-dependent transmission measured through the
input waveguide is plotted in Fig. 5(a) for the three ring resonators. A state of high transmission
through the input waveguide corresponds to a low transmission from the output waveguide
(OFF state). We can define this OFF state as a 0-bit. A state of low transmission through the
input waveguide corresponds to a high transmission from the output waveguide (ON state). We
can define this ON state as an 1-bit. Therefore, a 0 or 1 in the output bus waveguide of each
channel will be measured depending on the voltage applied to the corresponding HWGC. Three
ring resonators are used with two possible states each; hence 23 possible configurations can be
achieved. The 23 possible codifications are shown in Fig. 5(b). The number of combinations
can be increased by increasing the number of ring resonators. This presents a trade-off between
the number of combinations and the footprint of the device. SOI waveguides can increase the
number of rings in a smaller footprint (higher density) of the proposed device, but the interaction
between the mode and the graphene capacitor will be smaller due to the strong confinement of
the modes. SRN can allow a greater interaction with the graphene capacitor than silicon and at
the same time can confines the mode more strongly than (Si3N4). Using SRN, the distance (ds),
as shown in Fig. 6, can be reduced compared with Si3N4 allowing faster devices and smaller
footprint while maintaining the same ER.

3.3. Electrical simulations

In order to calculate the speed of the device and the time response, we define an equivalent
RC circuit as shown in Fig. 6(a). The time response of the RC circuit can be calculated using
V(t) = V0e−t/τ where τ = RC and the speed of the device can be calculated using the response
bandwidth, which is determined by:

Bdw =
1

2π[2(Rc + Rs)] · C
(11)
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Fig. 5. (a) Transmission at the input waveguide for three different ring resonators with
radii R1=70 µm, R2=65 µm and R3=60 µm and different voltages applied individually to
each of the rings. (b) Binary coding combinations obtained by individually tuning each ring
resonator graphene capacitor. The extinction ratio difference (ER) between the ON and OFF
states at the output waveguides for each of the individual ring resonators (R1, R2 and R3)
allows one to code 23 combinations.

Fig. 6. (a) HWGC cross-section showing the defined equivalent circuit of the graphene
capacitor and contacts where Rc, Rs are the contact and the sheet resistance respectively and
C is the capacitance. dc is the graphene capacitor width and ds is the distance between the
contacts and the waveguide. (b) Time response of the HWGC.

where Rc and Rs are the contact and sheet resistances of graphene respectively, and C is the
capacitance of the device. The contact resistance of graphene emerges from the Fermi level
mismatch between the graphene and the metallic electrodes. This parameter depends on the
quality of the graphene and the metal selected for the electrode [45]. Experimental results
have previously shown values of the contact resistivity (ρc) in the range of 100 to 1000 Ωµm
[46,47]. The total contact resistance of graphene is calculated as Rc = ρc/Lg. The graphene’s
sheet resistance, is usually defined by the resistance per square, RSQ. The values of RSQ for
graphene are typically between 100 and 500 Ω/sq [48–50], in all of our calculations, we assume
a conservative value of 500 Ω/sq. To obtain the total sheet resistance of graphene, we need to
consider the contribution of all the squares constituting the device. The total sheet resistance can
be expressed as Rs = RSQ ·

ds
Lg . The width of the graphene capacitor is selected to be dc=1.2 µm

entirely covering the waveguide as shown in Fig. 6. Using a (Si3N4) waveguide, the distance
between the gold contacts is selected to be 1 µm to ensure that the metal does not contribute
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to the losses. A bandwidth response of 12.5 GHz has been calculated in this case. Using SRN
as the waveguide material instead of Si3N4, the contacts can be closer to the waveguide (400
nm) without affecting the mode propagation (see Fig. 7(a)), reducing by 600 nm the distance
between the graphene capacitor and the golden contact compared with Si3N4. Consequently, Rs
is reduced and the calculated device bandwidth increases to 15.6 GHz. For the best case scenario
of contact resistance (ρC = 100 Ωµm) maintaining a conservative value in the sheet resistance
(RSQ = 500 Ω/sq), the bandwidth will increase up to 31.2 GHz and 62.41 GHz for Si3N4 and
SRN respectively (see Fig. 7(b)). Examining Eq. 11 one can observe that when the capacitance
and resistances are multiplied, the length of the device Lg is cancelled out; therefore, the length
of the device has no impact on the response bandwidth and only influences the insertion losses
(IL). The IL per unit length of our graphene capacitor devices are 0.13 dB/µm and 0.01 dB/µm
for the OFF and ON states respectively (shown in Fig. 3).

Fig. 7. (a) Parametric sweep study of the keff in the mode against the distance between the
contact and the graphene capacitor (ds) for values between 200-1200 nm for Si3N4 (black
line) and for Silicon Rich Nitride (SRN) (red line) (b) Parametric sweep study of the contact
resistance for Si3N4 platform (black line) and for SRN (red line). The ridge waveguide
dimensions are 1200 nm width and 300 nm thick.

3.4. Energy consumption

The average energy consumption of the devices, expressed as energy per bit, is given by the
formula:

Eb =
1
4
CV2 =

1
4
ε0εins
tins

Lg · dc · [VON − VOFF]
2 (12)

In the proposed device, the graphene capacitor lengths for each ring resonator are L1g =
10.9956 µm, L2g = 10.2102 µm and L3g = 9.4248 µm. The energy consumptions per bit (Eb) for
each ring resonator (R1,R2 and R3) respectively are Eb1 = 0.2921 pJ/bit, Eb2 = 0.2712 pJ/bit
and Eb3 = 0.2503 pJ/bit, respectively. The energy per bit can be reduced by either: reducing
the thickness of the insulator (but that will increase the capacitance and reduce the speed of the
device); or increasing the permittivity of the graphene capacitor insulator, as indicated in Fig.
8(b). By increasing the permittivity the difference between the ON and OFF voltages is reduced.
From Eq. 12 it can be seen that the voltage dependence is quadratic whereas the permittivity
dependence is linear, giving the overall effect that Eb will be reduced. The relation between
the energy consumption per bit of the device and the extinction ratio achieved for different
graphene capacitor lengths is shown in Fig. 8(a). The behaviour of the threshold voltage for
different insulator permittivities is shown in Fig. 8(b). Increasing the insulator permittivity, the
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threshold voltage is reduced and paves the way to lower power consumption devices for future
reconfigurable photonic integrated circuits in optical communications applications. The devices
IL due to the graphene capacitor are around 1.3 dB in the OFF state and 0.1 dB in the ON-state.

Fig. 8. (a) Plot of the energy per bit against the Extinction Ratio (ER) between the ON and
OFF state achieved for different lengths of the graphene capacitor. For each curve, each
circle marker corresponds to a different value of VON used for the ON-state, at 1V intervals;
with the first marker representing 5V and the last one 11V. In all cases, the values used
for the OFF-state is VOFF = 4V . (b) The loss coefficient αc of the guided mode along the
HWGC structure against the operating voltage. Several curves are plotted for different values
of the dielectric constant of the insulator between the plates of the capacitor, εins.

4. Conclusions

We have shown the potential of a graphene capacitor structure on SRN micro-ring resonators for
multitasking and HPC. The electro-absorption effect can be used to develop multilevel volatile
memories for communications applications, optical routing and binary coding. By tuning the
capacitor length, a shift in the resonant wavelength is produced giving rise to a broadband
multilevel photonic volatile memory. An increase in the device speed has been shown to be
achieved by using a silicon rich nitride (SRN) waveguide in place of Si3N4, due to the increased
confinement of the propagating mode allowing a smaller device footprint. We demonstrated that
it is possible to double the speed of the devices from 31.2 GHz up to 62.41 GHz in this way.
A study of the relation between the device energy consumption, extinction ratio and capacitor
length has been shown. Finally, it has been demonstrated that increasing the permittivity of the
insulator layer in the capacitor structure, the energy consumption per bit can be reduced.
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