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Abstract

Optical modulators with high modulation efficiency, large operational bandwidth, high-
speed and low energy consumption is essential for the advancement of on-chip optical sig-
nal processing. To overcome the bandwidth-efficiency trade-off in graphene optical modu-
lators, a buried silicon nitride waveguide-coupled double-layer graphene electro-absorption
(EA) optical modulator has been proposed. In the proposed design, silicon nitride layer
is also embedded between the two graphene layers as a dielectric spacer to enhance the
graphene-light interaction. An extensive simulation has been performed to optimize the
dielectric spacing layers between the two graphene for optimal device performance includ-
ing the waveguide dimensions and optical modes profile. The simulated results show a high
modulation efficiency of 1.1 dB/V and a modulation depth of 0.16 dB/um, corresponding
to a 15-dB extinction ratio for a 100 um device at 1550 nm, with a 30 nm spacer and 12 V
driving voltage. The proposed modulator achieves a 14 GHz bandwidth and operates over a
1050 nm broadband operation spectral range. The concurrent presence of high modulation
bandwidth and efficiency renders these modulator designs highly viable for on-chip optical
communication applications.

Keywords Electro-optical modulator - Graphene modulator - Silicon nitride waveguide -
Modulation efficiency

1 Introduction

To accelerate the advancement of next-generation on-chip communication, there is a
growing demand for electro-optical modulators that possess exceptional characteristics
such as low-drive voltage, large optical bandwidth, ultra-high speed and compatibility
of complementary metal-oxide semiconductor CMOS technologies. The state-of-the-art
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silicon-photonics technology-based modulators are currently a prime candidate for meet-
ing these requirements (Chaisakul et al. 2019; Reed et al. 2010; Xiao et al. 2023), however
they suffer from limited thermal ability, larger foot print, higher energy consumption and
insertion loss due to weak plasma dispersion effect. To mitigate the drawbacks of silicon
optical modulators, new materials and technology have already been explored. Graphene,
a zero-bandgap two-dimensional (2D) material is one of the promising materials that could
revolutionize silicon photonics due to its noticeable electrical, mechanical, thermal and
optical properties (Bao and Loh 2012; Bonaccorso et al. 2010; Falkovsky 2008; Hendry
et al. 2010; Lukosius et al. 2024). Graphene demonstrated an excellent optical property
with an ultra-high carrier mobility, wide operational bandwidth, and the ability to tune
conductivity electrically. An atomically thinned single layers graphene absorbs 2.3% of the
perpendicularly incident light which further can be enhanced by integrating graphene on
hybrid waveguide structures (Liu et al. 2011). The absorption of graphene can be tuned by
actively tuning the Fermi level through applying voltages. These nailing optical properties
of graphene have made it a major contender in various optoelectronics applications includ-
ing high-speed photodetectors (Schall et al. 2014; Xia et al. 2009), optical polarizers (Bao
et al. 2011) and electro-optical modulators (Li et al. 2014; Liu et al. 2012; Romagnoli et al.
2018). In the past few years, different kinds of graphene-based waveguide-coupled optical
modulators with single-layer graphene (SLG) and double-layer graphene (DLG) have been
studied and demonstrated, based on graphene-oxide-silicon and graphene-oxide-graphene
configuration respectively. To date, graphene-based electro-optic modulators with DLG
architecture have already shown promising characteristics such as broadband optical band-
width (Liu et al. 2011), high-speed operation (Giambra et al. 2019; Koester and Li 2012),
considerable modulation efficiency (Liu et al. 2012), and larger temperature stability (Dalir
et al. 2016). For instance, a DLG based EA optical modulator was proposed in 2012 with
a modulation depth of 0.10 dB/um at modulating voltage 5 V, however the modulation
bandwidth was limited to 1 GHz (Li et al. 2014). In 2016, a graphene-based broadband
modulator with a modulation depth of 2 dB and high bandwidth of 35 GHz demonstrated
(Dalir et al. 2016). However, a large 30 V modulating voltage needed to operate the device
to achieve such high bandwidth. Recently, a DLG EA optical modulator was demonstrated
with 39 GHz modulation bandwidth and 2.2 dB/V modulation efficiency at moderate drive
voltage (Agarwal et al. 2021). However, a 2D-3D hetero-integration of dielectric materials
between the two graphene layers are required to achieve such performance. Nevertheless,
it should be emphasized that most of the previously reported graphene-based EA optical
modulators are based on the silicon-on-insulator (SOI) integrated waveguide. However, the
propagation loss of SOI waveguide is relatively large (about 2 dB/cm to 3 dB/cm) due to
the surface roughness of silicon stripe. In comparison to SOI waveguides, silicon nitride
(SizN,) waveguide has much lower propagation loss of 0.1 dB/cm. The utilizing of SizN,
waveguides also offers several advantages such as lower refractive index, broader wave-
length transparency windows, reduced thermal-optic effects, and increased fabrication tol-
erance (Shao et al. 2016). Therefore, in the last few years, Si;N, waveguide -on- SiO, plat-
form has gained attention for realizing photonic integrated circuits (PICs) (Lee et al. 2021;
Lukose et al. 2023; Phare et al. 2015).

Despite having above mentioned properties of Si;N, waveguide -on- SiO, platform,
only few graphene-based Si;N, waveguide-coupled EA optical modulators have been pro-
posed and demonstrated (Lee et al. 2021; Phare et al. 2015). In these reports, graphene
EA optical modulators on the Si;N, platform employ mainly aluminum oxide (Al,O5) or
a 2D-3D material based heterostructures as spacer layer between two graphene layers.
On one hand, Al,O; may be used in device concepts where its higher dielectric constant
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provides benefits, but the increased optical losses must be considered, whereas the com-
plexity and scalability of 2D-3D heterostructures should also be addressed. On the other
hand, Si;N, is as an alternative dielectric spacer which has a much lower absorption coeffi-
cient in the near-infrared range, making it a better choice for minimizing optical losses and
enhancing the efficiency of graphene-based modulators. It is also a material with higher
dielectric strength compared to Al,O5, enabling it to withstand stronger electric field with-
out breakdown. Si3N, also offers superior insulating properties, resulting in lower leakage
currents compared to Al,O;. Additionally, it preserves the high mobility and low doping
of intrinsic graphene, enables to operate beyond the transparency regime ensuring supe-
rior dynamic performance. Furthermore, Si;N, exhibits strong thermal stability, making it
capable of withstanding high-temperature processing and CMOS compatible. To the best
of our knowledge, no reports have yet demonstrated graphene-based modulators integrat-
ing Si;N, as a waveguide as well as a spacer layer between the graphene, highlighting for
further exploration and development in this area.

In this paper, an ultra-high-speed and highly efficient buried waveguide-coupled DLG
EA optical modulator on Si;N, platform using a fabrication wise simpler approach has
been designed and simulated where the waveguide material and the dielectric spacer
between the two graphene layers are SisN,. This approach not only enhance the graphene-
light interaction but also amplifies the capacitance of the EA optical modulators while
maintaining their resilience against high voltages. The impact of graphene quality and the
waveguide configuration on the modulation efficiency and bandwidth are investigated by
finite element method. Subsequently, the dielectric spacer layer thickness between the two
graphene layers and graphene size are carefully designed based on the optimized wave-
guide structure to enhance the modulator’s performance. According to the simulation
results, the proposed modulator demonstrated a modulation efficiency of 1.1 dB/V and a
modulation depth of 0.16 dB/um equivalent to an extinction ratio up to 15dB. The pro-
posed modulator achieves a high modulation bandwidth of 14 GHz and operates over a
1050 nm broadband operation spectral range. This research showcases the potential of the
proposed design in achieving high-performance electro-optic graphene modulators inte-
grated within SisN, waveguides platform.

2 Device structure and modelling
2.1 Device concept

Figure 1 illustrates the schematic structure of the proposed double-layer graphene EA opti-
cal modulator. The proposed graphene EA optical modulator comprises a dual-layer gra-
phene capacitor integrated with a SizN, waveguide buried on a 2.1 um-thick buried oxide
(BOX: Si0O,) layer. The capacitor consists of two graphene sheets (Bottom: GRAPI and
Top: GRAP2) separated by a 20 nm Si;N, dielectric spacer. The capacitor is enclosed by
another 20 nm Si;N, following by a 1.5 um silica (SiO,) on the top it as a top cladding
(TOX) layer. The Si;N, dielectric spacer between the two graphene layers plays a cru-
cial role in determining the overall performance (trade-off between modulation efficiency
and bandwidth) of the modulator. Therefore, to optimize the modulator’s performance,
we conducted a design exploration and optimization for different Si;N, dielectric spacer
thicknesses (dg; ), specifically 10 nm, 20 nm, and 30 nm. Efficient metallic contact can be
achieved with two Palladium/Gold (Pd/Au) pads positioned on each side of the graphene
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Wwe Box:SiO,

Fig. 1 Proposed device schematic hyg: waveguide height Wy,,: waveguide width, dg; : spacer layer thick-
ness between two graphene, g;_: waveguide to electrode distance and L: length of the graphene

to electrically tune the graphene electro-optical properties. Both materials offer exceptional
thermal and electrical conductivity, coupled with low contact resistance and strong adhe-
sion properties, rendering it ideal choices for contacting graphene. we designed the gap
( gG_C) between the waveguide and each metal electrode/pad about 1.5 um in order to avoid
any optical interference between them. The operational principle of our proposed modula-
tor is very straightforward: applying a voltage to the graphene electrodes induces simul-
taneous electron doping in one electrode and electron depletion in the other. This process
leads to a shift in the Fermi energy (chemical potential) and consequently brings about
changes in the refractive index and absorption of the waveguide material within the capaci-
tor region.

2.2 Modelling methodology

The simulations in this work are conducted using the finite difference eigenmode (FDE)
solver, while the properties of graphene are described using a surface conductivity model
(Hanson 2008). The complex surface conductivity of a monolayer graphene can be
obtained through the application of the Kubo formula (Hanson 2008).

@@ D[S (B (B N S [ SaE) = 8f(E)
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where o is the radian frequency of incident light, p, is the chemical potential that can be
electro-statically controlled, I" is the scattering rate which is inversely proportional to scat-
tering time 7(z = 1/I"), T is the temperature, E is the energy, £ is the reduced Plank’s
constant, e is the charge of an electron and f(E) is the Fermi—Dirac distribution function:

E-pe -1
f4(E) = (eKBT + 1> 2)

where K the Boltzmann’s constant. The first term in Eq. (1) represents the conductivity
contribution arising from intra-band electron-photon scattering process, while the second
term is due to inter-band scattering. The permittivity of the graphene can be calculated as
a function of the complex conductivity of graphene using a volumetric method (Shao et al.
2016).
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Fig.2 Graphene properties: a complex conductivity, b complex permittivity as a function of chemical
potential simulated at A = 1550nm,T = 300K

g = 1 +ic/(wephg) 3)

where g is the permittivity of the air medium and hg is the thickness of the single layer
graphene respectively. Figure 2 shows the simulated conductivity and permittivity of a sin-
gle layer graphene as a function of graphene chemical potential. The following calculations
are based on the incident light with A = 1550 nm,T = 300 K, h; = 0.34 nm and for three
different scattering time 7, e.g. 13 fs, 65 fs and 100 fs that corresponds to graphene mobil-
ity of 293, 1466 and 2200 cm?V~" s7! at p, = 0.4eV respectively (Romagnoli et al. 2018).
The scattering time directly impacts the material mobility, which, in turn, plays a crucial
role in determining the material’s quality and, consequently, the modulator performance.
Figure 2a illustrates the graphene optical surface conductivity normalized by o, = 60uS,
the universal graphene conductivity and Fig. 2b illustrate the dielectric permittivity for dif-
ferent T concerning the Fermi level of a graphene mono-layer, determined using Eq. (1)
and Eq. (3) respectively. As the chemical potential (y,) increases, the real part of the per-
mittivity, which primarily governs the material’s refractive properties, gradually rises until
it reaches a maximum point when the Pauli blocking condition is met ( H. = ho/ 2). After-
wards, it experiences a sharp decrease as the p, increases, it is noteworthy that the sign of
the real part of the permittivity constant can transition from positive to negative. This shift
implies that the properties of graphene can be altered from dielectric-like to metallic-like
characteristics (Giambra et al. 2019). The imaginary part of the permittivity is mainly asso-
ciated with material absorption and exhibits distinct characteristics depending on the chem-
ical potential. For u,. below the Pauli blocking threshold (/46 < hw/ 2), a constant region
is observed, where inter-band electron-photon scattering dominates. As the . approaches
the Pauli blocking energy threshold, both inter-band and intra-band processes become sig-
nificant, leading to a notable change in the imaginary part of the permittivity. Finally, at
4, above the Pauli blocking energy ( H. > ho/ 2), the imaginary part of the permittivity
remains nearly constant and is primarily influenced by the intra-band scattering process.
Additionally, the variation in complex permittivity demonstrates elevated values for t=65
fs and t=100 fs, owing to their associated higher mobility. In contrast, the change is rela-
tively lower for t=13 fs due to its correspondingly lower mobility. These findings suggest
that higher mobility corresponds to a somewhat superior material quality in comparison
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to lower mobility. The changes of graphene’s permittivity influence the complex effective
mode index (1) in the waveguides and consequently the modulators performance.

3 Results and analysis
3.1 Graphene-Si;N, waveguide design and optimization

The effective mode index is a critical parameter in the design of the graphene EA optical
modulator. The interaction between the optical mode distribution and the graphene layer
plays an essential role in designing the graphene EA optical modulator. Optical absorption
serves as a measure of this interaction, making it an essential factor to investigate when
considering different waveguide configurations. The absorption can be calculated by:

a(dB/um) = 2k, X imag (neg) X 4.343 X 107° @)

Here 4.343 x 107 is the constant for converting from m~! to dB/um, k, = 27/4 is the
wavenumber and imag(neﬁ) is the imaginary part of the refractive index. Figure 3 shows
the absorption for various dielectric layer thickness dg; (10 nm, 20 nm and 30 nm) at =65
fs (mobility: 1466 cm?V~' s7!) and explores how optical absorption varies with wave-
guide dimensions at the neutrality point (¢, = 0). It is observed that the transverse electric
(TE) mode exhibits higher interaction with the graphene layer compared to the transverse
magnetic (TM) mode. This discrepancy arises from the strong longitudinal electric field
component present at the top interface of the Si;N, waveguide, which contributes signifi-
cantly to the interaction in the TE mode. However, the variation of dg; has a very low
impact in designing the optimum waveguide dimensions. Figure 3a illustrates the varia-
tion of absorption as a function of waveguide width (Wy,;), while maintaining a constant
waveguide height (hyg) of 300 nm. As the waveguide width increases, the absorption also
rises, reaching its maximum value at a width of 1.2 um. At this point, the largest absorp-
tion values for the TE and TM modes are 0.16 dB/um and 0.023 dB/um, respectively.
Subsequently, the absorption remains almost constant as the waveguide width continues
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Fig.3 a TE and TM mode absorption as a function of waveguide width, b TE and TM mode absorption as
function of waveguide height simulated at A = 1.55pm,T = 300K

@ Springer



Optimized silicon nitride-spaced graphene electro-optic... Page70of 15 402

to increase. This behavior is attributed to the fact that the mode distribution is primarily
concentrated in the waveguide and enlarges with the increment in the waveguide width
up to 1.2 um. In contrast, Fig. 3b demonstrates the absorption variation as a function of
waveguide height, while maintaining a constant waveguide width of 1.2 pm. As the wave-
guide height increases, the absorption also rises, peaking at a waveguide thickness of 250
nm before gradually decreasing. This behavior arises from the interplay between the wave-
guide thickness and its interaction with graphene and the TE mode. At lower waveguide
thicknesses, around 200-300 nm, the interaction with graphene and the TE mode is more
pronounced, leading to the observed peak in absorption. This insight underscores the sig-
nificance of optimizing the waveguide height for achieving optimal performance.

3.2 Optimization of Si;N, spacer for enhanced modulation efficiency

Following the optimization process, a TE Mode waveguide with a height of 300 nm
and a width of 1.2 um is chosen for subsequent simulations in order to achieve a single
mode condition as well as maximum absorption. Figure 4a shows optical mode profile
of the proposed modulator for a waveguide width and height 1.2 um and 300 nm respec-
tively at dielectric spacer thickness of 10 nm. The relationship between the TE effec-
tive refractive index and chemical potential, y, is investigated under various dielectric
spacer thickness dg; , and it shown in Fig. 4b at a scattering time of t=65 fs. The real
part of the refractive index, primarily responsible for phase changes, exhibits slight var-
iations near the Pauli blocking threshold (0.3 eV< p, < 0.5 e¢V) and then experiences a
sudden shift as chemical potential . increases from 0.5 eV to 1 eV. The changes in the
real part of the refractive index within this region for dg; of 10 nm, 20 nm, and 30 nm
are 0.01, 0.008, and 0.007, respectively, indicating that a phase modulator can be effec-
tively designed within this range (Sorianello et al. 2018, 2015). In contrast, the imagi-
nary refractive index, mainly responsible for absorption, undergoes abrupt changes
from 0.3 eV< p, < 0.5eV due to the inter and intra band domination as explained in
the previous section. The changes of imaginary refractive index for different dielectric
thickness dg; of 10 nm, 20 nm, and 30 nm are 0.45 x 107>,0.44 X 10and0.43 x 10~
respectively which can be used to calculate the absorption using Eq. (4) and can be
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Fig.4 a Optical mode profile of proposed modulator (W= 1.2 pm and hy,g= 300 nm), b Real refractive

index (Re (ngp)) and Imaginary refractive index (Imag (ney)) of fundamental TE mode as a function of p,
under different dg; at T = 65fs
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effectively designed an EA optical modulator in this region. Both the real and imagi-
nary mode index increase with the reduction of dielectric spacer thickness dg; which is
due to the enhancement of the reciprocal action between the graphene and the optical
modes. Based on these findings, we choose this specific range to design our EA optical
modulator, which promises significant potential for achieving efficient and controllable
modulation capabilities.

To explore the effects of chemical potential y, on graphene, a gate voltage is applied
to the graphene capacitor, leading to a shift in its chemical potential. This alteration
in the Fermi level subsequently influences the absorption properties of graphene. The
investigation of the relationship between the gate voltage and the chemical potential of
graphene is carried out using (Ye et al. 2014).

1/2
el = B (2ColV, = Vel ) 5)

Here vi- = 1.1 X 10°n/s is the Fermi velocity, C,, is the capacitance per unit length of
the device and |V, — V| is the applied voltage where V. is the voltage correspond-
ing to the charge-neutral Dirac point (Vp,,,.=0.7 V). In Fig. 5a, the relationship between
the gate voltage and the chemical potential is depicted for different dg; of 10 nm, 20 nm,
and 30 nm. The thicker dielectric spacers (dg; = 30 nm) require higher voltages to drive
the Fermi level of graphene compared to thinner dielectric layers (dg; = 10 nm). For
instance, to reach the p, = 0.4eV, the corresponding gate voltages required are 4 V, 6 V,
and 10 V for dg; of 10 nm, 20 nm, and 30 nm, respectively.

Based on the analysis above, we investigated of the optical absorption concerning the
voltage applied to the graphene capacitor. Figure 5b illustrates the changes in absorp-
tion as a function of gate voltage for different dg; , including 10 nm, 20 nm, and 30 nm.
The curves are also plotted for three distinct values of t (13 fs, 65 fs and 100 fs). While
varying T has a minor impact on the maximum absorption at lower voltages, it signif-
icantly affects absorption at higher voltages, leading to notable consequences for the
modulator’s insertion loss (IL) and extinction ratio (ER). On the other hand, the volt-
age required to switch the graphene absorption from high to low strongly depends on
dg; - A thicker dg; layer necessitates higher voltages for switching, thereby influencing
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Fig.5 a Chemical potential at different voltages for dg;, of 10 nm, 20 and 30 nm at == 100fs,
b TE mode absorption as function of applied voltage for dg;, of 10 nm, 20 and 30 nm at three distinct
1(13fs, 65fs, and 100f's)

@ Springer



Optimized silicon nitride-spaced graphene electro-optic... Page9of15 402

the modulator’s efficiency and speed significantly. From Fig. 5b, we can now calculate
essential parameters such as modulator’s efficiency, IL, and ER. Modulation efficiency
is calculated by using:

(905, = @y09) X L/ (V. = Vi) (6)

here ayy, and a,y represents the maximum and maximum absorption at corresponding
minimum (V,, 0(7) and maximum (V ) voltages and L is the graphene length. In Fig. 6a,
the modulation efficiency of dev1ces w1th different graphene lengths is depicted for differ-
ent dg; (10 nm, 20 nm, and 30 nm) at three distinct values of t (13 fs, 65 fs and 100 fs). It
is shown that modulation efficiency is strongly influenced by factors of dg; , L and 7. In
particular, the efficiency increases with larger L and decreases with decreasing dg; . The
quality of graphene also plays a substantial role in enhancing modulation efficiency; higher
values of T are associated with achieving greater modulation efficiency and vice versa. At
a driving voltage of 12 V and a moderate T (65 fs), the modulation efficiency for a 100
um-long device is approximately 2.8 dB/V, 1.5 dB/V, and 1.10 dB/V for dg; of 10 nm, 20
nm, and 30 nm, respectively. With the same driving voltage and device geometry, but with
a smaller t of 13 fs, the modulation efficiency is 2.2 dB/V, 1.2 dB/V, and 0.85 dB/V for dg;
of 10 nm, 20 nm, and 30 nm, respectively.
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The IL is determined at high forward voltage, where the absorption is quasi-minimal,
while the ER is determined as the ratio of the maximum and minimum absorption at a driv-
ing voltage. Figure 6b and c presents the simulated IL and ER for the proposed modulators.
IL is independent on dg; but highly dependent on both T and L, whereas ER is almost
independent of dg; and T but significantly influenced by L. The extracted IL and ER for a
driving voltage of 12 V and a device length of 100 pm are 0.65 dB and 15 dB, respectively,
at dg; of 30 nm with t = 65 fs. In contrast, for T = 13 fs, the IL and ER are 3.3 dB and 12.5,
respectively, while keeping all other parameters, including the driving voltage and device
geometry, constant. In summary, for the thinnest dielectric thickness, a longer graphene
interaction length leads to higher modulation efficiency, while resulting in higher IL too.
On the contrary, the better the graphene quality (higher t), the higher the ER and lower the
IL. Finding the right balance is crucial for optimizing the modulator’s performance.

In our investigation, we also analyze the figure of merit (FoM), a key metric frequently
used for evaluating EA optical modulators which is defined by the ratio between the extinc-
tion ratio or modulation depth and insertion loss. Figure 6d illustrates the relationship
between the FoM and the applied drive gate voltage for three distinct T values (13 fs, 65
fs, and 100 fs), considering same dg; (10 nm, 20 nm, and 30 nm). The FoM is significantly
influenced by dg; and 7. At a driving voltage of 12 V and a dg; = 30 nm, the FoM shows
rapid growth with improving graphene quality, reaching values as high as 12 at a higher
scattering time (t = 65 fs). Conversely, introducing lower-quality graphene with a shorter
scattering time (t = 13 fs) reduces the achievable FoM by a sixfold. On the contrary, dg;
has less significant control on the value of FoM directly but it can be revealed the operat-
ing voltage range of the devices to achieve a particular FoM. Our findings suggest that the
thinnest dg; layer with a higher t provides the best optimum performance in terms of the
modulator’s static characteristics. However, this evaluation does not provide information
about the dynamic response of the devices and the optimum L. Therefore, we also delve
into the dynamic performance aspects, such as bandwidth and spectral range, which we
discuss in the subsequent section.

3.3 Optimization of Si;N, spacer for enhanced bandwidth

The frequency response of the device is determined using the electrical model depicted
in Fig. 7a, which resembles the one employed in (Lee et al. 2021; Sorianello et al. 2015).
In this model, R, represents a 50 Q load resistance, ngs is the sheet resistance of the gra-
phene layers and is mainly influenced by the quality of the graphene transfer.R, . signifies
the contact resistance, which is dependent on the types of metal electrodes used. Within
the graphene-insulator-graphene capacitance (Cg ), the oxide capacitance Cg;g and the
quantum capacitance C, of the two graphene layers are included. C, being a series capaci-
tance, reduces the total capacitance and enhances the speed. However, we have neglected
this contribution in our simulations, as it is generally excluded in the characterization of
graphene EA optical modulators. The electrical bandwidth can be calculated using the fol-
lowing equation.

1

frap = 55—
27R i Coic

(N

Here R, is the total series resistance of the proposed modulator, Cg; represents the
device capacitance and can be calculated using a straightforward parallel plate approxima-
tion, employing.
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Fig.7 a Equivalent circuit model of the proposed modulator, b electrical bandwidth for different dg;, (10
nm, 20 nm and 30 nm) with two different R, . and R, ,, ¢ g5_, influence on bandwidth and insertion loss
for 100 pm graphene length and dg;, = 30 nm, d modulation depth dependence vs wavelength for broad-
band operation

Coic = €9 X Erw (8)
SL
Here ¢ is the dielectric permittivity at the free space, ¢, is the dielectric permittivity is
the Si;N, assumed &,=6 (Giambra et al. 2019), Wy is the waveguide, L is length of the
device and dg; is the dielectric space between the graphene. The total resistance of the gra-
phene modulator can be calculated by the following equation (Ji et al. 2019).

(gG—c)) . Rgc
G G

Rmml = (2 * Rg,s X (9)

To estimate the electrical bandwidth of the proposed modulator, we assumed a gra-
phene contact resistance R, . of 500 Q-um and sheet resistance R, of 1000 €2/sq (Canto
et al. 2025; Lukosius et al. 2024). The distance between the metal and waveguide g_,
is considered 1.5um. The estimated electrical bandwidth is depicted in Fig. 7b (solid
line). The bandwidth is highly depending on the graphene length and it is decrease with
increasing graphene length as the device capacitance also increases linearly. Moreover,
the bandwidth is also prominently influenced by dielectric layer thickness, dg; . Thicker
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dg; layers lead to higher bandwidth due to the smaller capacitance. For example, at a
graphene length of 100 um, increasing the spacer layer thickness dg; from 10 nm to 30
n, the bandwidth increases from 2.75 GHz to 8.5 GHz results in an approximately three-
fold increase. By considering state-of-the-art contact resistance R, ; and sheet resistance
R, of 100 Q-pm and 100 €/sq (Abdollahi Shiramin and Van Thourhout 2017; Su et al.
2020). respectively, the bandwidth can be further increased to 13.62 GHz (shown in
Fig. 7b with dotted line). Additionally, we also investigated the effect of metal electrode
to waveguide distance g,_,. on the bandwidth and insertion loss. Figure 7c shows the
effect of the g,_, on the bandwidth and insertion loss IL for 100 um graphene length and
dg; = 30 nm. The bandwidth is inversely related to the g;_.—it is higher for smaller g;_,.
and gradually decreases as the g,_, increases, primarily due to the linear rise in device
sheet resistance. The bandwidth is inversely related to spacing and its high for a smaller
spacing and linearly decreases with increasing the g,_. due to increasing the device
sheet resistance R, linearly. On the other hand, insertion loss (IL) is higher at smaller
8c—. and gradually decreases with increasing g;_., stabilizing and remaining nearly
constant beyond 1 pm. Therefore, finding the optimal trade-off between bandwidth and
insertion loss is essential for designing an efficient modulator with both high speed and
low loss. In our design, a 100 um-long device with a 30 nm dielectric layer achieves
a 13.62 GHz bandwidth and 0.46 dB insertion loss at a g;_.= 1.5 ym. Evaluating the
modulator’s performance also encompasses its spectral characteristics. The investiga-
tion of these characteristics is displayed in Fig. 7d. Our proposed modulator boasts an
operational bandwidth spanning from 650 to 1700 nm, accompanied by a modulation
depth surpassing 0.16 dB/um. As evident from Fig. 7d, our configuration encompasses
a wide broadband operational spectral range, spanning 1050 nm. This extensive spectral
coverage is attributed to the Si;N, waveguide’s substantial energy gap, resulting in an
ultra-wide light transparency window ranging from 400 to 2350 nm (Su et al. 2020;
Worhoff et al. 2015).

Table 1 provides a comparison between previously reported double layer graphene mod-
ulators and the proposed design, based on key performance metrics such as spacer layer
material, modulation depth, modulation efficiency, insertion loss, and operating bandwidth.
Notably, the proposed modulator demonstrates better performance in terms of modulation
efficiency and operating bandwidth compared to prior work.

3.4 Conclusion

In summary, we have designed and analyzed Si;N, based waveguide-coupled double-layer
graphene EA optical modulators with Si;N, as dielectric spacer layer between the graphene
using the graphene surface conductivity model for various graphene length ranging 10-200
um and for different dielectric spacer layer thickness dg; (10 nm, 20 nm and 30 nm)
between the graphene layer by considering various graphene quality. Notably, a 100 um
long device with a spacer of 30 nm demonstrates a high extinction ratio of 15 dB, inser-
tion loss of 0.65 dB, and FoM of approximately 12 at an optical wavelength of 1550 nm by
applying approximately 12 V. Additionally, the proposed design exhibits a high bandwidth
of 14 GHz. These findings underscore the potential of the modulator for high-speed optical
on-chip communication applications.

@ Springer



402

Page 13 of 15

Optimized silicon nitride-spaced graphene electro-optic...

[eruswiradxy
! $9°0 I'l 91°0 NS (1uueyd) DM ding "NEIS Yiom SIy[,
(L107) moymoy,

€ 01 1'C 10 fouv (fouueyd) Hm ding 'NFIS e pue unwenys Ie[[opqy

08 T €0 81°0 N4y (pouueyd) HM ding NS (02027) 'Te 32 ng

SI - 8L°0 - fouv (Sury) om ding NEIS x(1707) e 10097

0€ - ST - fouv (Bury) pm ding NFIS +($107) T8 30 dreyq

6¢ - 7T SLO0 NFU/ OIH/NGY (fouueyd) M ding IS «(1200) T8 10 [emIedy

se SLO 800 L90°0 foav (33pw) pp ding IS x(9107) "Te 10 1reqg

6T Tt 91 710 NRIVINGL (fouueyd) M ding IS (6107) 'Te 10 eIqUIEID

1 010 8T'1 91°0 fouv (33p1) Hm ding IS «(T107) ‘e 0]

(zHD)

pm [eLId)eW

-pueg (ap) 11 (A/9P) AN (wm;gp) N 19Ke] 1900dg ad£)y 101RINPOIN opIn3oaep SOOUQIJOY

Joyernpouw [eondo vy euaydeis 1oke[ -o[qnop Jo 11e 9y} Jo 93elS | d|qel

pringer

Qs



402 Page 14 of 15 A.l.Rajuetal.

Author contributions Ashraful Islam Raju did the simulations, analysis, results preparation and draft the
original manuscript. Pawan Kumar Dubey, Rasuole Lukose, Christian Wenger, Andreas Mai and Mindaugas
Lukosius reviewing and editing the manuscript.

Funding This research has received funding from the European Union’s Horizon Europe research and inno-
vation programme under grant agreement No 101189797 (2D-PL) and grant agreement No 101120938
(GATEPOST).

Data availability No datasets were generated or analysed during the current study.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDeriva-
tives 4.0 International License, which permits any non-commercial use, sharing, distribution and reproduc-
tion in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do
not have permission under this licence to share adapted material derived from this article or parts of it. The
images or other third party material in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

AbdollahiShiramin, L., Van Thourhout, D.: Graphene modulators and switches integrated on silicon and
silicon nitride waveguide. IEEE J. Sel. Top. Quantum Electron. 23, 94-100 (2017). https://doi.org/10.
1109/JSTQE.2016.2586458

Agarwal, H., Terrés, B., Orsini, L., Montanaro, A., Sorianello, V., Pantouvaki, M., Watanabe, K., Taniguchi,
T., Thourhout, D.V., Romagnoli, M., Koppens, F.H.L.: 2D-3D integration of hexagonal boron nitride
and a high-k dielectric for ultrafast graphene-based electro-absorption modulators. Nat. Commun. 12,
1070-1076 (2021). https://doi.org/10.1038/s41467-021-20926-w

Bao, Q., Loh, K.P.: Graphene photonics, plasmonics, and broadband optoelectronic devices. ACS Nano 6,
3677-3694 (2012). https://doi.org/10.1021/nn300989g

Bao, Q., Zhang, H., Wang, B., Ni, Z., Lim, C.H.Y.X., Wang, Y., Tang, D.Y., Loh, K.P.: Broadband graphene
polarizer. Nat. Photonics 5, 411-415 (2011). https://doi.org/10.1038/nphoton.2011.102

Bonaccorso, F., Sun, Z., Hasan, T., Ferrari, A.C.: Graphene photonics and optoelectronics. Nat. Photon. 4,
611-622 (2010). https://doi.org/10.1038/nphoton.2010.186

Canto, B., Otto, M., Maestre, A., Centeno, A., Zurutuza, A., Robertz, B., Reato, E., Chmielak, B., Stoll, S.L.,
Hemmetter, A., Schlachter, F., Ehlert, L., Li, S., Neumaier, D., Rinke, G., Wang, Z., Lemme, M.C.:
Multi-project wafer runs for electronic graphene devices in the European 2D-experimental pilot line
project. Nat. Commun. commun. 16, 1417-1427 (2025). https://doi.org/10.1038/s41467-025-56357-0

Chaisakul, P., Vakarin, V., Frigerio, J., Chrastina, D., Isella, G., Vivien, L., Marris-Morini, D.: Recent pro-
gress on Ge/SiGe quantum well optical modulators, detectors, and emitters for optical interconnects.
Photonics 6, 24, 1-18 (2019). https://doi.org/10.3390/photonics6010024

Dalir, H., Xia, Y., Wang, Y., Zhang, X.: Athermal broadband graphene optical modulator with 35 GHz
speed. ACS Photon. 3, 1564—1568 (2016). https://doi.org/10.1021/acsphotonics.6b00398

Falkovsky, L.A.: Optical properties of graphene. J. Phys. Conf. Ser. 129, 012004-012009 (2008). https://doi.
org/10.1088/1742-6596/129/1/012004

Giambra, M.A., Sorianello, V., Miseikis, V., Marconi, S., Montanaro, A., Galli, P., Pezzini, S., Coletti, C.,
Romagnoli, M.: High-speed double layer graphene electro-absorption modulator on SOI waveguide.
Opt. Express 27, 20145-20155 (2019). https://doi.org/10.1364/0E.27.020145

Hanson, G.W.: Dyadic Green’s functions and guided surface waves for a surface conductivity model of gra-
phene. J. Appl. Phys. 103, 064302-064310 (2008). https://doi.org/10.1063/1.2891452

Hendry, E., Hale, P.J., Moger, J., Savchenko, A.K., Mikhailov, S.A.: Coherent nonlinear optical response of
graphene. Phys. Rev. Lett. 105, 097401 (2010). https://doi.org/10.1103/PhysRevLett.105.097401

@ Springer


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1109/JSTQE.2016.2586458
https://doi.org/10.1109/JSTQE.2016.2586458
https://doi.org/10.1038/s41467-021-20926-w
https://doi.org/10.1021/nn300989g
https://doi.org/10.1038/nphoton.2011.102
https://doi.org/10.1038/nphoton.2010.186
https://doi.org/10.1038/s41467-025-56357-0
https://doi.org/10.3390/photonics6010024
https://doi.org/10.1021/acsphotonics.6b00398
https://doi.org/10.1088/1742-6596/129/1/012004
https://doi.org/10.1088/1742-6596/129/1/012004
https://doi.org/10.1364/OE.27.020145
https://doi.org/10.1063/1.2891452
https://doi.org/10.1103/PhysRevLett.105.097401

Optimized silicon nitride-spaced graphene electro-optic... Page 150f 15 402

Ji, L., Zhang, D., Xu, Y., Gao, Y., Wu, C., Wang, X., Li, Z., Sun, X.: Design of an electro-absorption modu-
lator based on graphene-on-silicon slot waveguide. IEEE Photon. J. 11, 1-11 (2019). https://doi.org/10.
1109/JPHOT.2019.2918314

Koester, S.J., Li, M.: High-speed waveguide-coupled graphene-on-graphene optical modulators. Appl. Phys.
Lett. 100, 171107-171111 (2012). https://doi.org/10.1063/1.4704663

Lee, B.S., Kim, B., Freitas, A.P., Mohanty, A., Zhu, Y., Bhatt, G.R., Hone, J., Lipson, M.: High-perfor-
mance integrated graphene electro-optic modulator at cryogenic temperature. In: Capasso, F. and Cou-
wenberg, D. (eds.) Frontiers in Optics and Photonics. pp. 99-104. De Gruyter (2021)

Li, W,, Chen, B., Meng, C., Fang, W., Xiao, Y., Li, X., Hu, Z., Xu, Y., Tong, L., Wang, H., Liu, W., Bao, J.,
Shen, Y.R.: Ultrafast all-optical graphene modulator. Nano Lett. 14, 955-959 (2014). https://doi.org/
10.1021/n1404356t

Liu, M., Yin, X., Ulin-Avila, E., Geng, B., Zentgraf, T., Ju, L., Wang, F., Zhang, X.: A graphene-based
broadband optical modulator. Nature 474, 64-67 (2011). https://doi.org/10.1038/nature 10067

Liu, M., Yin, X., Zhang, X.: Double-layer graphene optical modulator. Nano Lett. 12, 1482-1485 (2012).
https://doi.org/10.1021/n1204202k

Lukose, R., Lisker, M., Dubey, P.K., Raju, M.A L, Peczek, A., Kroh, A., Lukosius, M., Mai, A.: Develop-
ment of a 200 mm wafer silicon nitride PIC environment for graphene electro-absorption modulators.
In: Extended Abstracts of the 2023 International Conference on Solid State Devices and Materials. The
Japan Society of Applied Physics, Nagoya Congress Center, pp. 403-404 (2023)

Lukosius, M., Lukose, R., Dubey, P.K., Raju, A., Capista, D., Lisker, M., Mai, A., Wenger, Ch.: Graphene
for Photonic Applications. In: 2024 47th MIPRO ICT and Electronics Convention (MIPRO). pp.
1614-1618. IEEE, Opatija, Croatia (2024)

Phare, C.T., Daniel Lee, Y.-H., Cardenas, J., Lipson, M.: Graphene electro-optic modulator with 30 GHz
bandwidth. Nat. Photonics 9, 511-514 (2015). https://doi.org/10.1038/nphoton.2015.122

Reed, G.T., Mashanovich, G., Gardes, F.Y., Thomson, D.J.: Silicon optical modulators. Nat. Photonics 4,
518-526 (2010). https://doi.org/10.1038/nphoton.2010.179

Romagnoli, M., Sorianello, V., Midrio, M., Koppens, F.H.L., Huyghebaert, C., Neumaier, D., Galli, P.,
Templ, W., D’Errico, A., Ferrari, A.C.: Graphene-based integrated photonics for next-generation data-
com and telecom. Nat. Rev. Mater. 3, 392-414 (2018). https://doi.org/10.1038/s41578-018-0040-9

Schall, D., Neumaier, D., Mohsin, M., Chmielak, B., Bolten, J., Porschatis, C., Prinzen, A., Matheisen, C.,
Kuebart, W., Junginger, B., Templ, W., Giesecke, A.L., Kurz, H.: 50 GBit/s photodetectors based on
wafer-scale graphene for integrated silicon photonic communication systems. ACS Photonics 1, 781—
784 (2014). https://doi.org/10.1021/ph5001605

Shao, Z., Chen, Y., Chen, H., Zhang, Y., Zhang, F., Jian, J., Fan, Z., Liu, L., Yang, C., Zhou, L., Yu, S.:
Ultra-low temperature silicon nitride photonic integration platform. Opt. Express 24, 1865-1872
(2016). https://doi.org/10.1364/0OE.24.001865

Sorianello, V., Midrio, M., Romagnoli, M.: Design optimization of single and double layer graphene phase
modulators in SOI. Opt. Express 23, 6478—-6490 (2015). https://doi.org/10.1364/OE.23.006478

Sorianello, V., Midrio, M., Contestabile, G., Asselberghs, 1., Van Campenhout, J., Huyghebaert, C.,
Goykhman, L., Ott, A.K., Ferrari, A.C., Romagnoli, M.: Graphene—silicon phase modulators with giga-
hertz bandwidth. Nat. Photonics 12, 40-44 (2018). https://doi.org/10.1038/s41566-017-0071-6

Su, J., He, X,, Li, C.: Broadband graphene/hexagonal boron nitride modulators based on a Si; N, wave-
guide. J. Opt. Soc. Am. B 37, 709-714 (2020). https://doi.org/10.1364/JOSAB.382091

Worhoff, K., Heideman, R.G., Leinse, A., Hoekman, M.: Triplex: a versatile dielectric photonic platform.
Adv. Opt. Technol. 4, 189-207 (2015). https://doi.org/10.1515/a0t-2015-0016

Xia, F., Mueller, T., Lin, Y., Valdes-Garcia, A., Avouris, P.: Ultrafast graphene photodetector. Nat. Nano-
technol.nanotechnol. 4, 839-843 (2009). https://doi.org/10.1038/nnano0.2009.292

Xiao, Z., Liu, W., Xu, S., Zhou, J., Ren, Z., Lee, C.: Recent progress in silicon-based photonic integrated
circuits and emerging applications. Adv. Opt. Mater. 11, 2301028-2301064 (2023). https://doi.org/10.
1002/adom.202301028

Ye, S., Wang, Z., Tang, L., Zhang, Y., Lu, R., Liu, Y.: Electro-absorption optical modulator using dual-
graphene-on-graphene configuration. Opt. Express 22, 26173-26180 (2014). https://doi.org/10.1364/
OE.22.026173

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1109/JPHOT.2019.2918314
https://doi.org/10.1109/JPHOT.2019.2918314
https://doi.org/10.1063/1.4704663
https://doi.org/10.1021/nl404356t
https://doi.org/10.1021/nl404356t
https://doi.org/10.1038/nature10067
https://doi.org/10.1021/nl204202k
https://doi.org/10.1038/nphoton.2015.122
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/s41578-018-0040-9
https://doi.org/10.1021/ph5001605
https://doi.org/10.1364/OE.24.001865
https://doi.org/10.1364/OE.23.006478
https://doi.org/10.1038/s41566-017-0071-6
https://doi.org/10.1364/JOSAB.382091
https://doi.org/10.1515/aot-2015-0016
https://doi.org/10.1038/nnano.2009.292
https://doi.org/10.1002/adom.202301028
https://doi.org/10.1002/adom.202301028
https://doi.org/10.1364/OE.22.026173
https://doi.org/10.1364/OE.22.026173

	Optimized silicon nitride-spaced graphene electro-optic modulator with high efficiency and bandwidth
	Abstract
	1 Introduction
	2 Device structure and modelling
	2.1 Device concept
	2.2 Modelling methodology

	3 Results and analysis
	3.1 Graphene-Si3N4 waveguide design and optimization
	3.2 Optimization of Si3N4 spacer for enhanced modulation efficiency
	3.3 Optimization of Si3N4 spacer for enhanced bandwidth
	3.4 Conclusion

	References


