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Hybrid Si3N4/VO2 Modulator Thermally Triggered
by a Graphene Microheater
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Abstract—Si3N4 has emerged as a prominent material for ex-
panding the capability of silicon photonics to wavelengths below
< 1 µm. However, realizing an efficient optical modulator, a key
building block for any integrated optics platform, remains a major
challenge in Si3N4 mainly because this material has a vanishing
Pockels coefficient. Here, we propose a compact Si3N4 based optical
modulator by using a thin VO2 layer on top of a Si3N4 strip wave-
guide where amplitude modulation is achieved via phase transition
of the VO2 layer. To reduce the actuation time of the temperature-
induced VO2 phase transition, a mono-layer graphene microheater
is designed for the active Si3N4VO2 waveguide. Our simulations
indicate a high extinction ratio of ∼8.28 dB/µm with an insertion
loss of ∼2.8 dB/µm at the design wavelength of 850 nm for the
proposed modulator and wideband operation in the wavelength
range of 800–900 nm. It is shown that employing the electrical and
thermal properties of graphene not only leads to a significant re-
duction of the power consumption of the device but also, decreases
the actuation time compared to previous modulators based on the
thermal phase transition of the VO2.

Index Terms—Graphene, optical modulator, phase-change
material, silicon photonics.

I. INTRODUCTION

W ITH a wide bandgap of ∼5 eV and wide range trans-
parency down to the wavelength of ∼400 nm, and

also being fully compatible with CMOS fabrication, silicon
nitride (Si3N4) is a promising alternative material for the im-
plementation of silicon-photonic systems for applications at
wavelengths below 1.1 µm. In this wavelength range, which
has many applications in life science and data communication,
silicon is highly absorptive [1]. Motivated by these characteris-
tics, many Si3N4-based passive functional components such as
waveguides, ring resonators, grating couplers [2], [3], arrayed
waveguide gratings [4], (de)multiplexers and directional cou-
plers [5] have been demonstrated. Unfortunately, because of
its centrosymmetric crystal structure, Si3N4 does not exhibit
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a Pockels coefficient, which is essential for realizing efficient
active devices, while the implementation of active devices such
as optical modulators is vital in integrated photonic systems.
Although the thermo-optic effect of Si3N4 is employed to realize
active devices, it suffers from inherent drawbacks of low speed,
high energy consumption, and large foot-print area [6], [7]. An
improved solution is to hybridize the structure with a strong
electro-refractive or electro-absorptive layer. In this context,
graphene [8], [9], zinc sulfide (ZnS) and zinc oxide (ZnO) [10],
and lead zirconate titanate (PZT) [11], [12] have been used.
However, optical modulators relying on these materials have
large size and need high external voltage and their fabrication is
associated with challenges such as Cu diffusion in the underlying
CMOS electronics during high-temperature annealing [13].

Another interesting option is to hybridize Si3N4 waveguide
with phase change materials (PCMs) such as vanadium dioxide
(VO2), which exhibit a reversible phase transition between an
insulting and a conducting plane [14]. The insulator-conductor
phase transition significantly changes both the real and imag-
inary parts of the refractive index of VO2 and can be used to
design active devices with improved overall performance. This
property of VO2 material has been employed to realize several
active devices such as compact modulators and switches [15]–
[27]. The VO2 phase transition is usually initiated by increasing
its temperature above a threshold temperature, applying an elec-
tric field stronger than a critical field or by a combination of both
effects [22], [24], [25], [28]. In the case of thermal actuation,
metal heaters are often used. In these structures, the metal heaters
should be placed far from the VO2 layer to avoid mode distur-
bance or extra light-absorption induced by the metallic layers
that degrade the efficiency of the modulator [16]–[18], [20], [22].
This limits the heat transport efficiency and as a result, these
devices suffer the drawback of low-speed modulation speed
(and low electrical bandwidth) [16]–[18], [20], [22]. Moreover,
a part of the power will be dissipated in an unwanted region that
increases the total power consumption of the modulator [22].
Considering the improved performance of VO2-based active
devices in terms of footprint and extinction ratio, the proposal
of novel approaches to alleviate the inherent speed limitation
of these modulators and increase their modulation speed is of
great importance. To overcome this issue, the generated heat
should be focused in the VO2 region, overlap with the optical
mode and also transferred and dissipated at high speed. One
possible solution is to deposit a very thin metallic layer (in order
of few nanometers) on top of the PCM so thin that it does not
disturb the optical mode and can increase the temperature of
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the PCM above the required threshold at high speed [29]. But
this places additional constraints on the electrical and optical
design of the structure. For example, a very thin metallic layer
has high electrical resistance and its temperature rises very fast
during the thermal excitation process. Therefore, the waveguide
dimensions and the duration of the actuation pulse should be
designed in a way to keep the temperature of the metallic layer
below its melting point while the temperature of the PCM rises
above the threshold value [29]. Application of an ultra-thin
two-dimensional material with very high electrical and thermal
conductivity and high melting point increases thermal excitation
speed and relaxes the above constraint on the waveguide design.
Graphene can be considered as a viable choice for this purpose.

Graphene [30]–[33], among the known materials, has the
highest thermal conductivity (up to 5300 W/m·K [34]) that
suggests excellent heat transfer capability at a very high speed.
It has been reported that the use of graphene as the heater can
significantly improve the speed [35], [36] and efficiency [35],
[37] of the thermo-optic effect of the silicon element due to its ex-
tremely high thermal conductivity and direct heat transfer to the
underlying material. In this study, we propose a highly efficient
and compact hybrid Si3N4/VO2 modulator thermally triggered
by a graphene microheater for application at the wavelength of
λ = 850 nm (which is one of the three wavelength windows in
optical telecommunications [38]). Our simulations show an ex-
tinction ratio of∼8.28 dB/µm for the proposed waveguide. Also,
focused heating of the VO2 through graphene leads to reduced
power consumption ∼1.5 mW for the VO2 phase transition that
is much lower than that of previous studies [17], [18], [22].
Also, the significant thermal conductivity of graphene reduces
the response time of the device to less than 200 ns which is
at least one order of magnitude lower than previously reported
values for Joule-heating-based VO2 modulators [22].

The rest of this paper is organized as follows; the structure of
the proposed active waveguide and electro-absorption modulator
is introduced in the Section 2. The optical design of the active
waveguide is provided in the Section 3 and the optical and
electrical properties of the modulator are respectively, calculated
through 3D-FDTD and electro-thermal simulations. Finally, a
summary of the results and conclusions is provided in the
Section 4.

II. PROPOSED MODULATOR

Fig. 1 depicts the perspective view of the proposed electro-
absorption Si3N4/VO2 modulator. The modulator consists of a
thin VO2 layer deposited on a Si3N4 waveguide resides on SiO2

substrate. A single layer graphene sheet is placed on the VO2

layer as a heater to provide the required heat for a VO2 phase
transition. Two gold/titanium (Au/Ti) pads are used to obtain
the low contact resistance between the Ti and graphene and
they are considered to be far enough from waveguide core to
prevent excess optical loss. The length of the VO2 layer as well
as and graphene is L. Fig. 1(b) shows the cross-section view
of the hybrid Si3N4/VO2 modulator with the thickness of VO2

labeled as t. The design of the modulator starts with a Si3N4

waveguide with a cross-section of w × h = 600 × 250 nm2.

Fig. 1. (a) Perspective view and (b) cross-sectional view of the proposed hybrid
Si3N4/VO2 modulator. The optical mode of Si3N4/VO2 hybrid waveguide
when VO2 is in the (c) insulting and (d) conducting phase.

These dimensions are chosen to ensure that the waveguide
supports only one transverse-electric (TE) mode at a wavelength
of 850 nm. The refractive index of SiO2, and Si3N4 are 1.45 [39],
2.02 [40], respectively, at λ = 850 nm. Also, the wavelength
dispersion of the refractive indices has been taken into account
in our simulations. The device simulation is conducted using
a three-dimensional finite-difference time-domain (3D FDTD)
method.

The operation of the proposed modulator can be described as
follows. When no current is injected, the VO2 is in an insulating
phase with the refractive index of 2.90 + 0.46i (at λ = 850
nm) [14]. Since the real part of the refractive index of VO2 (in its
insulating phase) is larger than that of Si3N4, the optical mode
of the waveguide is mainly confined in the VO2 layer as clearly
shown in Fig. 1(c). Because of the relatively large imaginary
part of VO2 and the field confinement in this layer, the designed
waveguide will have large propagation loss when the VO2 is in
the insulating phase and attenuates the propagating optical wave.
We denote this case as the OFF-state of the proposed modulator.
On the other hand, when sufficient voltage is applied to the
electrical contacts of Fig. 1(a), the injection of electrical current
through the graphene micro-heater will increase the temperature
of this layer and its undelying VO2 region. Once the temperature
of the VO2 layer rises above the threshold value Tth = 68◦ C, it
initiates the insulating to the conducting phase transition.

When VO2 is in the conducting phase, as can be seen from
Fig. 1(d), the light will be mainly confined in the Si3N4 region
because of its higher refractive index compared to the VO2
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(which is 1.82 + 0.87i [14]). However, the waveguide mode will
have a finite propagation loss because of the field penetration in
the metallic VO2 layer. In what follows we call this situation
the ON-state of the active waveguide. Also, it may be noted that
the presence of the ultra-thin graphene microheater (with the
thickness of 0.34 nm) does not affect the optical modes of the
active waveguide and therefore does not cause any excess prop-
agation loss. In the next section, we will first find the optimum
thickness of the VO2 layer that results in the maximum extinction
ratio for an active waveguide with a unit length of 1 µm. Then
the optical performance of the designed modulator (in terms
of optical bandwidth, insertion loss and extinction ratio) will be
examined through simulations. Finally, the VO2 heating process
will be simulated and required actuating electrical power and
VO2 phase transition time will be calculated.

III. OPTICAL AND ELECTRICAL PROPERTIES OF THE

MODULATOR

To find the optimum thickness of the VO2 layer we sweep this
parameter in the range of 10 nm < t < 350 nm, and calculate
the optical loss of a 1 µmlong active waveguide (when the VO2

is in conducting and insulating phase). In these calculations
the input and output waveguides are Si3N4 strip waveguides
with the dimensions of 600× 250 nm2 and the coupling loss
between the Si3N4 strip and the active waveguide is taken into
account. The results are presented in Fig. 2(a) showing that
when VO2 is in the insulating phase (waveguide OFF-state) for
t < 60 nm the insertion loss rapidly increases by increasing the
thickness of the VO2, then it decreases for 60 nm < t < 150
nm and eventually reaches the value of 6 dB/µm for larger VO2

thicknesses. For the ON-state, the insertion loss increases for
t < 100 nm and then approaches the value of ∼3 dB/µm for
larger t values.

The behavior of the waveguide propagation loss in the OFF-
state can be attributed to the excitation of the higher-order
modes. For t < 60 nm, the hybrid Si3N4/VO2 waveguide only
supports the fundamental TE mode (TE00). As can be seen in
Fig. 2(b) a significant portion of the field profile of this mode
is localized in the VO2 layer (because of the refractive index
contrast between Si3N4 and VO2). Therefore, an increase in the
VO2 thickness which is an absorptive media leads to higher
propagation loss values. For t > 60 nm, on the other hand,
the active waveguide also supports higher-order modes. For
example, as depicted in Fig. 2(b), for t = 150 nm waveguide
supports three TE modes (TE00, TE10, and TE01), and for
t = 300 nm waveguide supports four TE modes (TE00, TE10,
TE01, and TE02). This means that for t > 60 nm, the input
power will be divided between multiple modes of the active
waveguide that have different propagation losses (propagation
loss of different modes at λ = 850 nm is also provided in
Fig. 2(b)). The propagation loss of each mode and the power
coupled to each mode varies by the thickness of the VO2 layer
and as a result the overall insertion loss of the waveguide changes
as depicted in Fig. 2(a).

The extinction ratio (ER) of the active waveguide section de-
fined as the difference between insertion losses of the OFF-state

Fig. 2. The extinction ratio and insertion loss of the proposed modulator in
the OFF- and ON-state, as a function of the VO2 width; w. (b) the electric field
profiles of the supported mode of hybrid Si3N4/VO2 waveguide for different
VO2 thicknesses t.

and ON-state; ER= ILOFF−ILON, is also plotted in Fig. 2(a) for
different values of the VO2 thickness. According to this figure,
the largest reachable extinction ratio for the proposed structure
is ER = 8.28 dB/µm and it can be achieved with the VO2

thickness of t = 60 nm. This extinction ratio is comparable to the
largest values reported for PCM based optical modulators [22].
The corresponding insertion loss of the structure which is the
insertion loss of the ON-state is also IL = 2.88 dB/µm. The
field profile of the propagating wave in the proposed waveguide
(with t = 60 nm), when VO2 is in the insulating and conducting
phase us presented in Fig. 3(a) and (b), respectively. As can be
seen, when the waveguide is in OFF-state (VO2 is in insulating
phase) it highly attenuates the propagating wave and when it is
in ON-state induces a finite insertion loss.

Fig. 4 shows the insertion loss spectrum of the modulator
(a 1-µm active waveguide inserted in a Si3N4 strip waveguide)
in the ON- and OFF-states in the wavelength range of 800–
900 nm. The difference between the insertion losses of these
two states is also presented as the ER. The insertion losses are
slowly varying functions of the wavelength and therefore the ER
slightly changes for 800 nm < λ < 900 nm. The extinction ratio
reaches its maximum value of ∼8.35 dB/µm at λ = 870 nm and
remains above 7.7 dB/µm in the specified wavelength range.
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Fig. 3. Top views of light propagation through the Si3N4/VO2 hybrid mod-
ulator with VO2 in different phases at 850 nm: (a) insulating phase and (b)
conducting phase, where t = 60 nm, and L = 1 µm.

Fig. 4. The extinction ratio, OFF-state and ON-state insertion loss of the
proposed modulator for the wavelength range of 800 nm to 900 nm, where
t = 60 nm.

To highlight the advantages of using the graphene microheater
instead of a metallic heater we also simulate the same active
waveguide (with VO2 thickness of 60 nm) when a 100 nm layer
of Ti or Au is used as the heater element. In these cases, the
metallic layer pushes the electric field away from its underlying
layer (the VO2 layer) and hence reduces the field confinement in
the VO2. As a result, the difference between the insertion losses
of the active waveguide in its ON- and OFF-states decreases
and the extinction ratio is below ∼3 dB and 2 dB for Ti and
Au heaters, respectively. The ER for the case of Ti and Au
heaters can be increased to ∼5 dB and 6 dB by redesigning
the waveguide and increasing the VO2 thickness to t = 100 nm
that are again lower than ER of the structure with a graphene
microheater. Also, a thicker VO2 layer requires higher thermal
power for phase transition and its transition takes more time.

The heating power generated by applying an electrical cur-
rent/voltage to the contacts of structure in Fig. 1 is related to
the total resistance between the two metal contacts; Rt and the
injected current I as; Ph = I2Rt. The total resistance Rt is the
sum of the resistance of the graphene layer RG and the contact

resistance between the graphene layer and the metal pads Rc,
and can be calculated as; Rt = RG + 2Rc = (Rsd+ 2Rc)/L.
The reported values for the sheet resistance of graphene, Rs

and the Ti/graphene contact resistance are; Rs = 1.7 kΩ/�,
and Rc = 800 Ω · µm [30]. The total resistance of the proposed
1 µmlong device then is Rt = (4.42 kΩ + 2× 0.8 kΩ) = 5 kΩ.
The portion of the heating power dissipated in graphene and
Ti contacts is PG = Ph ×RG/(RG + 2Rc) and Pc = Ph ×
2Rc/(RG + 2Rc), respectively. Therefore, as it can be seen the
main part of the heating power is dissipated in the graphene
layer and will be transferred to the underlying VO2 region.
It may be noted that lower contact resistances have been also
reported, which means that the unwanted power consumption in
the contacts can be further reduced [41].

To simulate the insulating to the conducting phase transition of
the VO2 (corresponding to the modulator OFF-state to ON-state
transition) we apply an electrical voltage pulse with the duration
of 100 ns and power of 1.5 mW to the contact of the structure and
calculate the temperature distribution. Fig. 4 shows the transient
heating process, where the temperature is measured at the inter-
face of Si3N4 and VO2 that is at the furthest distance from the
graphene heater and its temperature is lower than the rest of the
VO2 layer. In these simulations, the heat transfer equation and
electric current flow equation are solved together using the finite
element method. The thermal conductivity and heat capacity of
monolayer graphene (with the thickness of 0.34 nm) is set to
4000 Wm−1K−1 and 2082 J·kg−1K−1, respectively [36], and
the thermal parameters of the VO2 and SiO2 and Si3N4 are
respectively from [42] and [7]. It can be seen that the temperature
of the VO2 increases from the room temperature (T = 300◦K)
to its threshold value of 68◦C in less than 100 ns and when
the input electrical pulse returns to zero (at t = 100 ns) the VO2

temperature reduces to the room temperature in less than 200 ns.
Calculated values for the VO2 heating and cooling time

(100 ns and 200 ns, respectively), and also the required actuation
power is lower than the previously reported values for the
structures incorporating a Joule heating mechanism for the VO2

phase transition [22]. This can be attributed to the fact that here
the temperature of the heating layer (mono-layer graphene sheet)
increases very fast and the produced heat is directly transferred
to the VO2 layer. The temperature of the graphene layer and the
temperature at the center of the Si3N4 ridge is also plotted in
the inset of Fig. 4. According to this figure, during the heating
process, the temperature of the graphene microheater and the
Si3N4 surface reach the maximum values of 77 ◦C and 64 ◦C,
respectively. It should be mentioned that this temperature rise
does not change the refractive index of Si3N4 because of its
low thermo-optic coefficient of dn/dT = 2.5× 10−5 K−1 [6].
Similarly, the conductivity of the graphene varies slightly in
the temperature range of interest [43] so that the results remain
approximately unchanged.

The spatial temperature distribution in the graphene, VO2

and the Si3N4 layer is presented in Fig. 5. In this figure, the
temperature is presented at the end of the input actuation pulse
(i.e. t = 100 nm) when the temperature of each layer reaches
its maximum value. Two cut lines of 1 and 2 are marked in
Fig. 5(a) and the cross-sectional view of the temperature distri-
bution along these cut lines are presented in Fig. 5(b) and (c),
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Fig. 5. The temperature in the VO2/Si3N4 interface as a function of time for
an actuation electrical pulse with the power of 1.5 mW and a duration of 100 ns.
The inset shows the temperature variation of the graphene and at the center
Si3N4 layer.

Fig. 6. (a) Three-dimension spatial temperature distribution in the proposed
modulator structure. (b) and (c) Temperature distribution for the cross-sections
along Cut 1 and Cut 2 [in Fig. (a)], respectively, 100 ns after applying the
actuating electrical pulse.

respectively. As can be seen, the temperature of the whole VO2

layer is raised above 68 ◦C which ensures the heat-induced phase
transition. Note that the temperature in the graphene region that
is in contact with VO2 is lower than the temperature of the
suspended graphene region which shows the fast heat transfer
from graphene to the VO2 layer.

IV. CONCLUSION

We have proposed a compact wideband hybrid Si3N4/VO2

electro-absorption modulator for operation at the communica-
tion wavelength of 850 nm. In the proposed structure the opti-
cal amplitude modulation was achieved through the thermally
triggered phase transition of the VO2 layer. To decrease the
triggering time and the required actuation energy, a mono-layer
graphene microheater was designed. 3D-FDTD simulation of
the designed modulator showed the ER of ∼8.3 dB/µm and the
IL of ∼2.8 dB/µm at λ = 850 nm. Furthermore, the ER of the
modulator remains above 7.7 dB/µm in the wide wavelength
range of 800900 nm. Electro-thermal simulation of the structure
also revealed that fast transition times of 100 ns and 200 ns
for insulating-to-conducting and reverse phase transition of the
VO2, respectively, can be achieved by applying an electrical

pulse with the power of 1.5 mW to the structure. Mentioned
transition speeds show improvement over previously reported
values for VO2based modulators with Joule heating actuation.
The results of this manuscript show the potential of the proposed
modulator for use in configurable photonics integrated circuits.
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