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ABSTRACT Vanadium dioxide (VO,) has emerged as a prominent optical phase change material (O-PCM)
for creating high performance devices based on hybrid silicon platforms. However, realizing an efficient and
compact optical modulator required for Mach-Zehnder interferometer (MZI) structures, still remains a major
challenge in active Si-platforms enabled by VO,. This is mainly due to the simultaneous variation of both real
and imaginary parts of the refractive index during the phase transition process, which is a significant issue.
A modified MZI structure is proposed in this paper while the refractive index variation issue is overcome
by operating in the wavelength range between 1.5 to 1.6 um including the optical C-band. An indium tin
oxide (ITO) layer is considered as the microheater for the thermal excitation. An optimized triggering signal
with an amplitude of 12.5 V along with an arm length of 2.35 pum of the MZI device (V;L; = 30V - um)
established a m-shift at the output of the device. The proposed device has ER > 35 dB at the entire optical
C-band and consumes ~26 pJ for modulating a single bit with a delay of 3.5 ns.

INDEX TERMS Mach-Zehnder interferometer, optical modulation, phase change material, thermo-optical

modulator, vanadium dioxide.

I. INTRODUCTION

Photonics has enabled new functionalities in photonic inte-
grated circuits (PICs) in recent years with increasing impor-
tance due to the introduction of modern optical applications
[1] and compatibility with electronic fabrication technology.
Standard active devices based on silicon-on-insulator (SOI)
platforms have a large footprint and relatively high power
consumption [2]. Hybridization silicon-waveguide structures
has emerged as an effective solution for the mentioned issues.
Optical phase change materials (O-PCMs) such as vana-
dium dioxide (VO,) [3], [4], Ge-Sb-Te (GST) alloys [5],
[6], and Ge,SbySesTe (GSST) [2] have become dominant
among other materials considered for hybridization. They
have become common due to their superior characteristics
including compatibility with complementary metal-oxide-
semiconductor (CMOS) technology and the tuneability of
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their optical characteristics via external excitation [7]. Optical
phase change materials are desirable due to their physical and
optical properties at the micro- and nano-scale [8]. Note that
O-PCM materials generally benefit from a high finite extinc-
tion ratio (ER), while they suffer from relatively high inser-
tion loss (IL) [9] that hindered the introduction of devices
with high optical performances. Among the OPCMs, vana-
dium dioxide (VO) has become dominant due to its optical
distinct characteristics such as convenient volatile excitation
methods that in comparison with other OPCMs, result in
devices with low power consumption. Also, it exhibits a
substantial variation of the refractive index during a phase
transition phenomenon that drastically changes both the real
and imaginary parts of the refractive index of VO, [10], [11].
This phase transition can be induced, either thermally [3],
[12], [13], electrically [14], [15], or optically [16], [17]. As a
result, a range of optical devices based on VO, including
switches [18], [14], metasurfaces [19], [20], polarizers [21],
absorption modulators [22], [23], modulators based on
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resonating structures including micro ring resonator (MRRs)
[24] and Bragg gratings [10], and devices for the realization
of advanced modulation schemes such as four-level pulse
amplitude modulation (PAM4) [25] have been introduced
recently.

The phase transition consists of two states namely the
high-loss opaque state known as the metallic phase when an
external excitation is applied to VO, and it is in the low-
loss transparent state identified as the dielectric phase when
the excitation is removed. Thermal excitation is typically
reported due to its robustness among other triggering methods
in which VO3 is in its metallic phase when its temperature
rises above 341 K that is known as the critical temperature
(Tc). Here, the VO, phase is reversed to the dielectric phase
again when the temperature declines to less than 7¢. The
refractive index of VO, at the dielectric phase experiences
a considerable change from 3.243 4 j0.353 to 1.977 + j2.53
at the metallic phase at a wavelength of 1.55 um [26].

One of the very first hybrid VO,/Si optical devices was
introduced for working in the telecom wavelength range with
an active length of 2 um that showed a moderate extinction
ratio of 6.5 dB and insertion loss of around 2 dB [27]. There
is always a trade-off between the extinction ratio and the
insertion loss in VO;-based optical absorption modulators
[8], [26]. Extensive efforts have been performed to pro-
duce a higher extinction ratio with a lower insertion loss by
enhancing the optical properties of the hybrid VO,/Si waveg-
uides [8]. Although, resonance-based modulators have been
introduced to cope with the mentioned issue, these devices
usually are highly sensitive to fabrication process parameters
that leads to an extremely difficult realization [10]. Among
the introduced structures, a robust device with high optical
performance such as a Mach-Zehnder modulator (MZM) is
absent as it has not yet been reported yet to the best of our
knowledge. Thus, we aim to design a compact VO;-based
MZM that reveals high performance in terms of footprint,
power consumption, and optical characteristics in the C-band
wavelength range.

The paper is organized as follows. Section II contains
three parts that explains the characteristics of the proposed
VO;-based MZM structure. The introduced structure com-
prises of VO;-based Mach-Zehnder arms that is explained
in part II-A. The geometric parameters of the MZM are
determined with an optimization drawn in part II-B. The
electro-thermal simulations are devoted in part II-C. where
an ITO microheater is simulated and the corresponding
specifications including the actuating voltage signal, phase-
transition delay, and power consumption are determined.

Il. PROPOSED MODULATOR

VO;-based Mach-Zehnder modulator (MZM) is illustrated
in Fig. 1. The structure consists of a 3-waveguide cou-
pler at the input as the power splitter within VO,-based
Mach-Zehnder arms. The structure is followed with a power
combiner that collects the light from the arms at the output.
The substrate and the passivation layers are considered to
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be formed based on SiO;. The proposed structure utilizes a
silicon-based waveguide that supports only a TE polarized
propagating mode at the telecommunication wavelength of
1.55 pum. The arms include of the silicon waveguide, VO,
thin-layers, and an ITO-based microheater that is exploited
to heat up the active layer via the Joule heating mechanism
to handle the VO, phase-transition process. The height and
width of the silicon waveguide are labeled with 4 and w,
respectively shown in Fig. 2(b). The thickness of the VO,
layer is represented as tv. Also, the width and thickness of the
ITO layer are indicated as wy and 1, respectively. Herein, the
carrier concentration of ITO is considered to be 10! cm™3
resulting in a refractive index of 1.9615+j0.0059 at the wave-
length of 1.55 pum that is calculated via the Drude-Lorentz
model. Here, w, h, wr, and #1 are chosen to be 500 nm, 200 nm,
600 nm, and 50 nm, respectively. Considering these dimen-
sions, the effective refractive index of the silicon waveguide is
simulated to be 2.284 at a wavelength of 1.55 um. Two pads
are utilized for applying an appropriate voltage (indicated
as Vg in Fig. 1(a)) to trigger the modulator. The fabrica-
tion process is briefly explained to address the realization
of the proposed device. Starting with the Si-waveguide that
is followed with the deposition of the VO, layers using
a standard patterned-lithography associated with different
methods including chemical vapor deposing (CVD), sputter-
ing physical vapor deposition (PVD), and molecular beam
epitaxy (MBE) [28], and then a layer of SiO; is coated on
the pre-fabricated structure using a plasma enhanced chem-
ical vapor deposition (PECVD) process within a patterned
area to be excluded for the following deposition of the ITO
layer as the micro heater. A very similar approach has been
reported for fabricating phase shifters actuating with thermal
excitation [29], [30].

The MZM core is consists of active and passive arms.
The active arm is actuated when an appropriate voltage is
applied to its corresponding ITO-layer that causes a thermal
excitation denoted as the ON-state. On the other hand, the
OFF-state is introduced when no voltage is applied. This
is shown in Fig. 1 that the active arm is attached to the
pads and consequently the other arm is considered to be
passive. The effective refractive index of the arms at ON- and
OFF-states are denoted as Negr v and Negr p, respectively,
where the subscript “M” and “D” indicate the metallic
phase and dielectric phase, respectively. It can be addressed
that tailoring the real part of the effective refractive index
(nefr) of VOz-based modulators has been always accompa-
nied with the change of its imaginary part (kefr) [26]. Note
that a VO,-based MZM hasn’t been reported yet due to the
above mentioned refractive-index-related issue, although a
compact MZM can be expected by exploiting the intense
variation of nefr during the phase transition. Hence, the struc-
ture in Fig. 1 is presented to cope with the mentioned issue,
where the input light is injected to unbalance the arms to
have the output light combined with an equal amplitude in
the ON-state. A 3-waveguide coupler is used to inject the
input light unevenly with an appropriate ratio to the arms
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(b)

FIGURE 1. (a) The perspective three-dimensional schematic view of the proposed device with the geometrical and electrical parameters. (b) The

cross-section (AA’ plane) of the arms with the geometrical specifications.

to compensate the difference of ks between the active and
passive arms. This can be achieved by identifying the geo-
metrical properties of the power splitter including distance
from the input waveguide to the active arm (g,) and that of the
passive arm (gp), and its coupling length (Lc). Note that L¢c
should be determined properly to maintain a complete light
injection into the arms.

A. MODULATOR ARM DESIGN

The determination of vy must be carried out to accomplish
the design of the arm cores. To do so, tv is swept from
0 to 200 nm, and at each step of the sweep process, the
effective refractive indices have been calculated in both
ON- and OFF-states. The result of this simulation is shown in
Fig. 2(a, b). To satisfy the single-mode operation, the modu-
lator arm must support only one TE polarized mode as the
input silicon waveguide operates. It has been seen in the
OFF-state that the modulator always supports both TE and
TM polarized modes that has no conflict with the single-mode
operation due to the negligible coupling efficiency of the
input TE mode to TM mode of the modulator (in order of
10~14). On the other hand, for #y > 120 nm, there is a hybrid
mode with a notable TE to TM polarization ratio coupled to
the input light with a significant efficiency. Thus, #y should
be chosen less than 120 nm to maintain the single-mode
operation criteria. We have introduced a parameter namely
W for the determination of 7y expressed as W = Anef X
ketr M/ketf, D, Where Aneff = nefrp — neff,M. In this equa-
tion, Anest reflects the length of MZM (L) with a reverse
relation. Also, ket v and kefr p represent the absorption in
the ON-state and the insertion loss in the OFF-state with a
direct and reverse relation with the modulator performance,
respectively. Fig. 2(c) shows W as a function of #y where the
optimum thickness of VO, layer is calculated to be nearly
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70 nm that satisfies the single-mode operation, as well. By the
choice of the optimum value for tv, Nesrm and Negrp are
obtained to be 2.498 4 j0.0651 and 2.217 + j0.123, respec-
tively at the wavelength of 1.55 pm.

B. OPTIMIZATION OF THE GEOMETRICAL PARAMETERS
OF THE MZMZ

The injected optical power into the passive arm (7p) and
active arm (74) of MZM by the unbalanced power splitter
is determined by considering ga, gp, and Lc. Note that the
power splitter causes an unequal phase at the input of the
active and passive arms denoted as ¢5 and ¢p, respectively.
Therefore, a phase difference is generated at the input of the
arms that is represented as A¢p = ¢ao — ¢p. This phase
difference should be taken into account during the design
process of MZM that is governed by the determination of Ly, .
The MZM characteristics can be modified by varying ga and
gp that explicitly affect Lc and A¢, and consequently, estab-
lishes an implicit change in L, . The power splitter owns three
super modes namely even symmetric super-mode (ESM), odd
symmetric super-mode (OSM), and anti-symmetric (ASM)
that govern Lc by their effective refractive indices as follows:

A

Le=—-—"2%
2 (ngsm — nosm)

(H
where ngsm, nosm, and A are the effective refractive indices
of ESM and OSM, and wavelength, respectively. Also, for
having a complete input light coupling into the arms, nasm =
% (ngsm + nosm) should be hold where nasy is the effective
refractive index of ASM.

The design can be started by determining ga or gp, and
here, g is chosen. To do so, we define a parameter G = (gp—
ga)/ga, and then Lc and insertion loss (IL) of the coupler
can be determined as a function of G for the different values
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FIGURE 2. Refractive index of the modulator as a function of ty in

(a) ON-state and (b) OFF-state at the wavelength of 1.55 um. (c) ¥ as a
function of t,.

of gp and ga. The result of these calculations are shown in
Fig. 3(d, e). Hence, for a compact device with IL < 1 dB, ga
is considered to be 50 nm.

Afterward, gp is swept from 50 nm (G = 0) to 200 nm
and Ta, Tp, and A¢ are calculated at each step, and the
results are depicted in Fig. 4(a). As is apparent, there is a
non-vanishing A¢ that must be considered during calculating
L, to obtain a total phase difference of 180° between arms.
Note that A¢ can be either compensated or to be considered
as a portion of total required 180° phase difference. The
first approach suffers from an additional component for A¢
compensation, while the second method results in a smaller
structure, but comes with a slightly higher insertion loss
(Torr) as it is considered for our design. Based on the transfer
matrix method (TMM), The total optical power transmission
(T) can be determined by multiplying the transfer matrix
of each component of the structure namely input power
splitter (Yj,), Mach-Zehnder arm core (Mpznm), and output
power combiner (Yoyut). The power splitter is consisting of a
3-waveguide coupler while the electric field of each output
waveguide has a distinct amplitude and phase. Therefore, Yi,
can be expressed, as follows:

JTae—ion
Yin = |: JTpeite 2)
Note that, Myzm and Yoy are determined as follows:

e—itae— (% Lx) 0 ‘
e~itpe—(FLx) |

] 3

Myzm = [

Yout = [
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FIGURE 3. The electric field profile of the (a) ESM, (b) ASM, (c) OSM. and
(d) Lc. (e) IL as a function of G for different values of g,.

)

where ap and ap are the absorption coefficients of the active
and passive arms, respectively where the absorption coef-
ficient (o) is defined as 47 kegr / A. The following equation
describes the relation between the input and output of the
electrical field of the device:

Eout = YoutMMZMYinEin (4)

where Ej, and Eqy denote the electric field of the travel-
ling wave at the device input and output, respectively. Thus,
the total optical transmission of the device is calculated as
follows:

2
Eout

E;

TZ‘ &)

Combining (5), (4), (3), and (2) leads to following equation:

1 1 _ ap+ap
T=§TAe—aALn +§TPe—aan+ TaTpe ( 2 )Lﬁ

Anef
)

In the ON-state, the following equation should be held
to satisfy the destructive interference condition in our
designed MZM:

X COS (Ad) +27L,

A
A+ 27L, < _ 5

N

We have used Eq. 6 and Eq. 7 to calculate L, and the total
transmission of the device in the ON-state (Ton) as a function
of gp, and the results are illustrated in Fig. 4(b). It specifies
that for gp ~ 98 nm, the destructive interference condition is
fulfilled, and hence, the maximum performance is obtained.
Here, we have considered gp as its optimum value having
corresponding L, = 2.35 um and Lc = 11 pum.

The short distance (650 nm) between arms must be main-
tained to achieve a compact device. This reduced distance
potentially causes a disturbance in the modulation process
due to the optical power coupling phenomena between arms.
To examine this issue, the coupling efficiency between the
arms in both ON- and OFF-states are calculated. To do so,
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FIGURE 4. (a) Ty, Tp, and A¢, (b) Toy and L, as a function of gp.

the perturbed super-modes established in the vicinity of the
arms in the structure must be calculated in both operating
states. The percentage of the optical power that couples
from one arm to the other can be estimated using p (L;) =
100 sin? (%Ln Aneff) where Anegr is the difference of the
effective refractive indices of the super-modes.

For the OFF-state, P(Ly ) is calculated to be ~2.3 x 107%%
confirming a very low coupling efficiency between arms
that can be neglected. On the other hand, in the ON-state,
simulations show that none of the arm’s optical modes are
perturbed at the distance of 650 nm between arms due to
a very high difference in the effective refractive indices in
the metallic and dielectric phases. Thus, no super-mode will
be established in the structure based on two arms. It can
be deduced that there is no optical coupling between arms
of the MZM in the ON-state. This argument addressed no
disturbance in the modulation performance due to the short
distance between arms. The optical properties of the designed
MZM within the 3D-FDTD simulations including optical
power output spectrum and the electric field distribution of
the propagating light are represented in Fig. 5 and Fig. 6,
respectively. The insertion loss of the MZM is simulated
to be about 7 dB at the wavelength of 1.55 um and the
total transmission in ON- and OFF-states of MZM at the
entire simulated wavelength range from 1.5 um to 1.6 um
(includes the entire optical C-band) remains less than —35 dB
and greater than —8 dB, respectively. The thermoelectric
characterization and optimizations will be discussed in the
next section.

C. DEVICE THERMAL CHARACTERIZATION

Here, the feasibility of phase transition of the VO, layer
placed on the top of the active arm of the proposed MZM
designed in section II-A is investigated. The thermal exci-
tation for the phase transition is induced by Joule heating
mechanism. The multiphysics electro-thermal simulations
using the 3D finite element method (3D-FEM) are performed
based on the material parameters including material density,
thermal conductivity, and heat capacity.
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FIGURE 6. The optical electric field distribution at the wavelength of
1.55 pum in the (a) OFF-state and (b) ON-state. The in-set figures are
provided to show the dominant electric field (Ex) distribution in both
corresponding states where the destructive interference in the ON-state
(180° phase difference between arms) at the output of the device is
recognizable.

These thermal parameters of ITO, VO,, SiO, and Si are
reported [29], [31], [32]. Note that, ITO is considered as the
conductive material of choice for the heater and electrodes.
The electrical properties of ITO, specifically the electrical
resistivity (p) required for the calculations are defined by
its free carrier concentration. Particularly, for a given carrier
concentration of 10!° cm™—3, p is reported as 0.0016 2 - cm
according to experimental measurements [33]. As mentioned
earlier, applying an appropriate voltage pulse to the ITO
heater makes it warm which establishes the phase transition
of VO, layer of the active arm when the temperature esca-
lates above the critical temperature (Tc = 341 K). Various
voltages are applied to the ITO heater from 5 to 20 V, and the
simulations are kept running until the coolest regions reach
341 K to ensure a complete phase transition and then the
applied voltage will be dropped to zero.

The result of the simulations specifies the pulse duration
for each applied signal at the mentioned voltage range. The
lowest-temperature region of VO as a function of time for
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different applied voltages is plotted in Fig. 7(a) that meets the
total phase transition condition. Note that the energy-delay
product is an imperative factor for determining the efficiency
in digital systems. The necessary energy (E), delay time (D),
and their product (E x D) for reaching the critical temperature
at each voltage step are simulated and depicted in Fig. 7(b, c).
It can be seen from Fig. 7(c) that the minimum E x D product
is obtained at Vg = 12.5 V corresponding to E ~ 26 pJ
and D ~ 3.5 ns.

Note that V; L, is considered as a figure of merit to express
the electro-optic performance of Mach-Zehnder modulators.
Here, the VL, measure is calculated to be ~30 V - um by
considering V; = Vg = 12.5 Vand L, = 2.35 pum.

Compact-MZM devices have been reported previously
including a plasmonic-MZM with a V; L,; of almost 60 V-um
with experimental results showing almost the same IL, but
with an approximate ER of 6 dB [34] in comparison with
the proposed MZM in this work. Also, an ITO-MZM has
been introduced earlier with VL, of 63 V - um while it
showed a fairly low ER of 2.2 dB [35]. A hybrid platform
has been utilized to come up with an experimental design of
an MZM based on lithium niobate and silicon nitride thin-
film. Their device offered a VL, of 2.11 V - cm with IL
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FIGURE 8. The thermal distribution profile of (a) the entire device. (b) the
active arm (cross-section distinguished by solid-line). (c) both arms (area
distinguished by dash-line). (d) The temperature of the coolest region of
active VO, layer and average temperature of Si-waveguide as a function
of time for an appropriate actuation signal.

and ER of 5.4 dB and 30 dB, respectively [36]. Moreover, a
graphene-based MZM is notable with an ER of nearly 35 dB
that is designed with V; L, of 44 V- um [37]. Finally,a 5 um
integrated MZM with photonic crystal phase shifter in a p-i-n
diode structure is represented. This device requires nearly 1 V
as the operating voltage with an insertion loss less than 1 dB
[38]. The temperature distribution profile of the device after
3.5 ns of applying the trigger signal of 12.5 V is illustrated
in Fig. 8. As the simulation result indicates, the stimulation
of the active arm does not affect the temperature distribution
of the passive arm (Fig. 8(c)). Thus, the phase transition
occurred only for the active arm and no phase-change is
observed in the passive arm. The average temperature of the
Si-waveguide is also depicted in Fig. 8(d) that implies the
temperature variation of the Si-waveguide will not exceed
20 K. This low-temperature variation in the Si-waveguide is
accompanied by a low thermo-optic coefficient of dn/dT =
1.8 x 107% [39] results in a negligible variation in the refrac-
tive index of silicon.

The same argument is applied to the ITO-layer, as well. The
thermal considerations do not noticeably impact the optical
characterization of Si and ITO. Therefore, the results remain
approximately unchanged. Note that ITO-based heaters have
been extensively explored [29], [30], [31] where the effect
of passivation-coating material, distance of heater from the
phase shifter, and the specifications of the heater on the
thermal characterization have been studied extensively.

lll. CONCLUSION

We have proposed an MZI structure to realize modula-
tion using VO,-based waveguides as the arms. The device
is designed using 3D-FDTD consisting of a 3-waveguide
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directional coupler power splitter and a phase shifter. The
characteristics of the active waveguide enable the design
of a compact device based on the proposed MZM due to
employing the intense variation of refractive index in VO,
during its phase transition. The VL, of nearly 30 V - um
and the power consumption of about 26 pJ are calculated for
our MZM with the active length of 2.35 um. The ITO heater
provides the thermal requirements and the electro-thermal
characterization including the properties of the actuating volt-
age signal and phase transition delay of the modulator have
been performed using 3D-FEM simulations.
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