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Abstract: Silicon photonic platforms are of significant interest for a variety of applications that
operate in the mid-infrared regime. However, the realization of efficient mid-IR modulators, key
components in any integrated optics platform, is still a challenging topic. Here, an ultra-compact
high-speed hybrid Si/VO, modulator operating at a mid-IR wavelength of 3.8 um is presented.
Electrical properties of graphene are employed to achieve a reversible insulating-metal phase
transition in VO, by electrical actuation. The thermal characteristics of graphene are employed to
improve the response time of the VO, phase transition through speed up heating and dissipation
processes, thus enhancing the modulation speed. Optical and thermal simulations show an
extinction ratio of 4.4 dB/um, an insertion loss of 0.1 dB/um, and high modulation speed of
23 ns. A larger modulation depth as high as 10 dB/um can be achieved at the cost of lower
modulation speed.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

After significant development in the near-infrared (IR) region for more than two decades, silicon
photonics is of great interest for realizing mid-IR photonic integrated circuits due to its unique
properties such as low loss and compatibility with CMOS technology. In the mid-IR regime,
there are a large number of potential applications including thermal imaging, medical diagnostics
and gas sensing [1-4]. However, due to the lattice symmetry of silicon, the material does not
exhibit a second-order susceptibility that is essential for realizing an optical modulator as a key
building block for a wide variety of applications [5—7]. Alternative approaches for realizing
optical modulators rely on the thermo-optic effect [8] and the free-carrier dispersion (FCD)
effect [6,9,10]. However, these effects are relatively weak, and consequently, the corresponding
modulators require a large footprint and high energy consumption to reach reasonable modulation
performance that limits applications in silicon photonics. Although resonance-based structures
can be employed to reduce the footprint and energy consumption, they suffer from narrow optical
bandwidth and limited temperature tolerance [11,12]. These limitations motivate the need to
combine efficient active materials with silicon photonics to form a hybrid structure mixing the
properties of the incorporated material and silicon.

Among several materials under study, VO, stands out due to its unique properties [13]. First, it
is compatible with the standard CMOS fabrication process that facilitates the integration of VO,
with silicon photonics and electronic devices and hence the realization of silicon optoelectronic
integrated systems. Second, VO; is a phase change material exhibiting a reversible insulator-metal
phase transition that provides a huge refractive index change of An > 1 and Ak =~ order of
magnitude [14—16]. This refractive index change is orders of magnitude larger than that of
pure silicon photonic devices based on FCD or thermo-optic effect. It is therefore possible to
diminish the footprint of hybrid silicon modulators by orders of magnitude compared to that of
pure silicon. Nowadays, many different types of hybrid Si/VO, optical modulators operating in
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the near-IR band have been already proposed [16—19]. However, the main notable challenge of
VO,-based optical modulators is the relatively low phase transition speed of the VO, that limits
the maximum achievable modulation speed. This restricts the application of VO,-based optical
modulator to the sub-Gbps range.

For triggering VO, electrically, the insulating to conducting phase transition can occur within
the first tens of nanoseconds while the reverse transition from conducting to insulating is a slower
process, thus limiting switching time of VO, [20]. This is mainly because due to the weak
thermal conductivity of the structure, the heat dissipation rate of devices is limited, and thus the
VO, returns to the conducting phase with significant delay. Although current-limiting resistance
[20] and dual-polarization four-level pulse amplitude modulation [19] are suggested to improve
the speed limitation of the VO, phase transition, the latter has the drawback of complexity in
structure and fabrication and the former has the drawback of poor extinction ratio. Therefore, a
viable solution to overcome this limitation remains the main challenging in the designation of
high speed VO,-based optical modulators and other active devices.

Graphene, a 2D material consisting of carbon atoms arranged in a hexagonal lattice, has been
widely used in silicon photonics devices owing to many unique properties [21-25]. In particular,
it has the highest thermal conductivity up to 5300 W/mK among all known materials [26]. It has
been reported that the use of graphene as a microheater can significantly reduce the response
time of thermo-optic Si modulators relative to devices without graphene [27,28]. To this point,
the combination of graphene sheet with VO,-based modulators can significantly help to achieve
a high heat transfer rate in a device. This ensures the heat of VO, dissipates at high speed which
reduces the recovery time of VO, transition and improves the modulation speed. Shrinking the
volume of active VO, also can aid to reach lower response time. However, the reduction of
active VO, volume leads to a reduction of modulation performance such as extinction ratio. To
overcome this problem, an embedded VO, layer in vertical silicon slot waveguide is employed to
enhance the interaction between VO, and light [17].

In this paper, a high speed ultra- compact mid-IR silicon modulator based on VO, material and
electrically triggered with graphene electrodes is proposed. The VO, material is embedded in a
vertical silicon slot waveguide in order to shrink the volume of VO, while maintaining the high
performance of the modulator. The thin embedded VO, layer leads an increase in the heating
process while the graphene electrodes help to speed up the heat dissipation in VO, material and
as a result the response time of reverse phase transition is significantly reduced. Our simulation
results show a theoretical modulation speed below 23 ns and an extinction ratio of 4.4 dB/um
with insertion loss of lower than 0.1 dB/um near mid-IR wavelength of 4 = 3.8 um. Also, 10
dB/um extinction ratio can be obtained by sacrificing the modulation speed.

The rest of this paper is organized as follows: the structure of the electrical triggered VO,
by graphene electrodes and the modulation behavior are described in Section 2. Then the
performance of the proposed modulator in term of extinction ratio, insertion loss, and wavelength
dependency calculated by using three-dimensional FDTD simulation, and compared against
the results of the previously reported devices in the same section are investigated in Section
3. Thermal simulations to show the superior benefit of graphene electrodes in the improving
modulation speed are also conducted in this section. Finally, a brief summary of the results and
the concluding remarks are provided in Section 4.

2. The proposed structure

The perspective and cross-sectional view of the proposed hybrid Si/VO, mid-IR modulator are
shown in Fig. 1. It consists of a silicon-graphene-VO,-graphene-silicon vertical stack layer that
is inserted into a silicon waveguide. To realize the device, the lower silicon rail is buried in the
SiO, substrate. Electrical signals are applied on the VO, layer by two graphene sheets contacted
via two Ti/Au electrodes that are placed sufficiently far from the waveguide core to avoid mode
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disturbance induced by metal. A Ti adhesion layer between graphene and Au is considered to
reduce the Au/graphene contact resistance [29].
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Fig. 1. (a) Perspective view and (b) cross-sectional view of the proposed hybrid Si/VO,
modulator. The power distribution profile of excited optical mode in hybrid Si/VO,
waveguide when the VO, is in the (c) insulting and (d) conducting phase.

An input silicon waveguide with a cross-section of w x 7 = 1.2 x 0.34 um? is designed to
ensure that only fundamental quasi-TE mode is well-guided at a mid-IR wavelength of A =
3.8 um. Single-mode operation prevents multi-mode interference that distorts the spectrum
of the device. According to the cross-section of the device shown in Fig. 1(b), the thickness
and the length of the VO, layer are 7 and L, respectively. The optical properties of the material
incorporating the device at the central wavelength A = 3.8 um are listed in Table 1. Also, in our
optical simulation, graphene material is modeled as a surface conductivity layer characterized
by the Kubo formula [30], and it depends on Fermi energy level Er, the operating frequency w,
carrier scattering time 7, and the temperature 7. In what follows, we choose Er = 0.5 eV and
7 = 0.5 ps. The wavelength dispersion of the refractive index is also taken into account in our
simulations.

The optical performance of the proposed structure is simulated using FDTD-based commercial
software Lumerical FDTD Solutions with an auto non-uniform meshing accuracy of 8 and
perfectly matched layer boundary conditions, which are sufficiently far away from the modeled
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Table 1. Material Properties.

Material Refractive index Density Cp Thermal conductivity
(kg/m?) (J/kgK) (W/mK)

VO, (Insulating) [31-33] 2.71+0.08i 4571 656 35
VO, (Conducting) [31-33] 4.05+5.32i 4653 757 5.5
c-Silicon [34] 3.43 2300 700 148
a-Silicon [34,35] 3.82 2285 992 1.5
SiO; [34] 1.40 2203 703 1.38

Graphene [36] - 2267 2082 3000

structure to avoid their disturbance on the results. The input power is launched to the device
by exciting the fundamental quasi-TE mode of the silicon waveguide and frequency-domain
field and power monitors are employed to collect the power reaching the end of the device at
silicon waveguide. Therefore, the coupling loss between the silicon waveguide and the proposed
modulator originating from their field profile mismatch are included in our results. This device
has two working states depending upon applied voltage pulse, ON- (voltage is ON) and OFF-
(voltage is OFF) states. In the OFF-state, VO is in the insulating state and has relatively high
refractive index of 2.71 (ns; = 3.43). Considering thin thickness of the embedded VO, layer, this
causes mode profile of hybrid Si/VO, waveguide to be similar to the input silicon waveguide,
which mainly distributes in the waveguide center where the VO, layer is laid as shown in Fig. 1(c).
Due to low absorption of insulting VO,, the light propagating along the waveguide experiences
negligible attenuation and hence the insertion loss is very low despie of high overlap between
VO, layer and waveguide power distribution . Once a voltage pulse is applied to the graphene
sheets, the modulator switches to the ON-state. Electron injection followed by resistive heating
induces the VO, phase transition from the insulating state to the lossy conducting state. This
changes the power distribution profile of the excited optical mode as shown in Fig. 1(d). This is
mainly because the conducting VO, behaves like a metal with high absorption and reminds us a
plasmonic propagation [37]. A portion of power directly interacts with the conducting VO, layer
and the rest pushes into side layers in vertical direction. Consequently, the propagation loss rises
significantly, and the output power of the device is reduced. When the voltage is removed, the
heat dissipates mainly through graphene at high-speed rate and the VO, returns to the insulating
state. Therefore, the propagation loss of the structure drops and the output power of the device
reaches that of the OFF-state.

3. Results and discussions

The performance of the device in term of extinction ratio, insertion loss, power consumption, and
modulation speed depends on the VO, thickness ¢, and hence it should be optimized to achieve
the desired operation. So, we sweep the VO, thickness ¢ and the insertion loss of the device in
both OFF- and ON-states are plotted in Fig. 2. In the OFF-state, due to the close effective index
of input silicon and hybrid Si/VO, waveguide, the coupling loss is lower than 0.05 dB (0.2 dB)
for VO, thickness of = 10 nm (100 nm) according to our simulations. This implies that the
insertion loss mainly dictated by absorption in VO, material. However, the proposed modulator
possesses negligible OFF-state insertion loss because the VO, has a low loss in the insulating
phase. With an increase of VO, thickness t, the insertion loss slightly increases since the overlap
between the power distribution of waveguide mode and VO, layer that is a lossy medium becomes
stronger and hence the overall loss increases slightly. On the other hand, in the ON-state, the
high absorption of VO, in the conducting phase combined with significant coupling loss between
input silicon and Si/VO, waveguide incur large insertion loss that increases sharply for the thicker
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VO, layer. As ¢ increases beyond 60 nm, the insertion loss continues to slightly increase. This
can be justified by the power distribution of hybrid Si/VO, waveguide. For thick VO, thickness,
the optical mode of waveguide spreads in vertical directions which causes a significant portion of
the power to propagate in the region outside of the lossy VO, layer into the substrate and silicon

regions.
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Fig. 2. The extinction ratio and insertion losses for both OFF- and ON-states of the proposed
modulator as a function of VO; slot thickness.

The extinction ratio of the modulator defined as the ratio of the propagation loss when the
modulator works in the OFF- (VO, Insulation phase) to the ON- (VO, conducting phase) state
i.e. ER = ILopr/ILonN is plotted in Fig. 2. For example, an extinction ratio of ER=10.3 dB/um
can be achieved for VO, thickness of = 100 nm while the corresponding insertion loss is only
0.43 dB/um. For the case of # = 10 nm, the proposed modulator offers an extinction ratio of
4.4 dB/um and insertion loss of only 0.11 dB/um. Compared to the previous mid-IR modulator
based on FCD [5,6], and thermo-optic effect [8] the length of the device reduces orders of
magnitude with similar extinction ratio while the insertion loss also decreases. Also, it is worth
noting that the resulted extinction ratio is among the highest value in comparison with that of the
previous reports using phase change materials while our insertion loss is much lower [13]. It
should be noted that the proposed device can work in the near-IR wavelength regime as well. Our
simulations show an extinction ratio of ER = 9 dB/um with an insertion loss of 1.6 dB/um at A =
1.55 um for VO, thickness of # = 100 nm embedded in a redesigned launching silicon waveguide
with 450 x 220 nm? cross-section, using the refractive index of incorporated material at A =
1.55 um.

For further understanding the operation of the proposed device, Fig. 3 shows the top view of the
power intensity along the propagation direction of the device for a fundamental quasi-TE mode of
input silicon waveguide when VO is in the insulating and conducting phases, respectively. The
device length and VO, layer thicknesses are L = 1 um and ¢ = 50 nm, respectively. In OFF-state,
light travels through the device with a negligible insertion loss of 0.3 dB as the VO, is in the
insulating phase. By switching the VO, phase to conducting corresponding ON-state, the light
decays strongly during the propagation along the device.

The wavelength-dependent operation of a modulator is an important parameter. For this reason,
the extinction ratio and OFF-state insertion loss of the device as a function of wavelength for
different VO, thicknesses ¢ are plotted in Fig. 4. Along with the increase of wavelength, the
OFF state insertion loss remains nearly unchanged while extinction ratio declines slightly. In the
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Fig. 3. The top view of the power intensity along the propagation direction of proposed
modulator for VO, is in (a) insulating phase and (b) conducting phase, where L= 1um and
t= 50 nm.

entire wavelength range of 3.7 um to 3.9 um, the extinction ratio is larger than 10 dB/um (4.2
dB/um) for ¢ = 100 nm (10 nm) which shows only 0.6 dB/um (0.3 dB/um) drop compared to the
best extinction ratio of the proposed device at given wavelength spectrum. This indicates the
proposed device supports broadband spectral operation.
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Fig. 4. The extinction ratio and insertion loss of the proposed modulator as a function of
wavelength for different VO, thickness z.

Apart from extinction ratio and insertion loss, modulation speed and energy consumption are
vital and important in addition to parameters for estimating the performance of the proposed
modulator. The speed of the proposed structure is determined by VO, phase transition speed
and RC response time of the structure. The capacitance C can be approximately estimated from
a simple parallel plate capacitor model (formed by the VO, layer as a dielectric sandwiched
between two graphene electrodes acting as two conductive plates). The total structure resistance
R consisting of graphene sheet resistance R, and Ti-Au/graphene contact resistance R., which
can be calculated by R = R + R. = (Ryd + 2R.)/L. Here, in our calculation Ry = 200 /] and
R, = 100 Q.um were used [29]. According to our calculations, the RC response time of the
modulator is estimated as 7 = 0.12/¢ (ps-nm). This indicates that the RC response time is in the
range of the picosecond scale and therefore does not restrict the modulation speed considering
the nanosecond range of VO, transition time. To estimate the speed of the VO, phase transition,
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a thermal simulation using finite-element-method (FEM) is conducted to solve the heat transfer
equation and current flow equations. In our simulations, the used thermal properties of materials
including VO,, SiO,, and Si are provided in Table 1. Graphene is treated as a 0.34 nm layer
with thermal conductivity, heat capacity, and density given in Table 1. Also, the heat conversion
coefficient of air is set to be 10 W/m2K [28].

To change the phase of VO, from insulator to metal, a proper voltage pulse providing an
electric field stronger than that of threshold 6.5 x 107 V/m is applied to the VO, layer by graphene
contacts. This causes carriers to inject to the insulating VO, layer via the electronic process of
the Poole-Frenkel mechanism [20,38] leading to rapid heating and formation of a current path in
the VO, layer between the graphene contacts. After that, the electric field drops and the current
flows through it that causes a joule heating process and extends the metaled volume of VO,.
Figure 4 plots the temperature of the VO, layer as a function of time for different r and L = 1 um.
The required electric field is achieved with voltages of 0.65 V, 3.25 V and 6.5 V with a duration
of 6 ns for a VO, thickness of £ = 10 nm, 50 nm, and 100 nm, respectively. One can see that the
heat up process time increases for the thicker VO, layer because the larger volume VO, needs
more energy for the phase transition. For = 10 nm, only 6 ns takes to reach temperature of
about 68°C which indicates a fast dynamic response for phase transitions.

This result is much less than other results exploiting Joule heating with lower input power
[13,16,18]. Figure 6 depicts the spatial temperature distribution of the proposed modulator at 6
ns after applying power for t = 10 nm and L = 1 ym. The temperature of the VO, layer rises to
above 68°C that ensures the phase transition is induced by heat. Note that the temperature in
graphene regions in contact with the VO, is lower than that of the other regions due to instant heat
transfer to the VO, layer at a faster rate. More details can also be seen clearly from temperature
distributions in the cross-sections along cut lines (cut 1 and cut 2) as shown in Fig. 6(b) and (c).
At the end of the pulse duration, the modulator switches from the ON- to OFF- state and the VO,
transfers back to the insulating state with a delay. According to Fig. 5, as expected, the required
time for the reverse phase transition from conducting to insulating is longer than that of the
insulator to conducting transition. However, it occurs very faster than the other reported response
times for the electrical actuation of the VO, [13,16,19]. For example, the reverse transition time
is only about 17 ns for = 10 nm. Because of the huge thermal conductivity of graphene, it draws
the heat of the VO, layer at high-speed rate and then the VO, temperature reduces to below of
the threshold value rapidly, which leads to a phase transition to the insulating state. With the
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Fig. 5. Temperature in the VO, layer as a function of time for different VO, thicknesses ¢,
where L = 1 yum and 1.5-mW heating power.
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increase of the VO, layer thickness #, the recovery time becomes longer. Because thicker VO,
layers require more energy for transition and thus the dissipation time is longer.
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340 320
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Fig. 6. (a) Three-dimension spatial temperature distribution of the heated hybrid Si/VO,
structure induced by graphene microheater. (b) and (c) Temperature distribution for the
cross sections along Cut 1 and Cut 2, respectively, for a heating power of 1.5 mW at 6 ns
after applying power and # = 10 nm, and L = 1 pm.

It should be noted that the heating process of the VO, layer also increases the temperature
of the other regions of the structure including Si, SiO; and graphene sheets. However, in
the working temperature range, the proposed structure is not sensitive to the variations of the
refractive index of the Si and SiO; and hence the achieved results changes are ignorable. Also, the
conductivity of graphene varies slightly when the temperature increases [30] so that the results
remain approximately unchanged. Note that the modulation speed of the proposed modulator can
be further improved by the combination of our proposal presented in this paper with a four-level
pulse amplitude method, which is well-argued in [19].

The most challenging part in realizing our designed structure is to obtain a good VO,
performance deposited on the graphene layer. Recently, VO, material has been successfully
deposited on the graphene layer so it is possible to experimentally realize our proposed structure
[39]. However, it is well known that the properties of VO, depend on the substrate, thickness, and
other fabrication parameters [14,16,31,40,41]. This potentially causes a deviation in the overall
performance of the modulator. Our simulations show that the sensitivity of the modulator to
optical properties and uncertainties is low and not has a significat effect. Note that the prior works
demonstrated that the thermal conductivity of non-suspended graphene lies between 2000-4000
W/mK [28,36,42]. Guided by this point, in the manuscript, a mean thermal conductivity of 3000
W/mK is considered.
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4. Conclusion

In conclusion, optical and thermal designation of a high-speed ultra-compact mid-IR hybrid
Si/VO, modulator in the form of a vertical Si-graphene-VO,-graphene-Si vertical stack layer,
is proposed and analyzed in this paper. Extraordinary electrical and thermal properties of
graphene motivate to use it as electrodes for two reasons: 1) its electrical properties are used
to electrically trigger a phase transition in the VO, layer. 2) The high thermal conductivity
helps the heating and dissipation process and hence significantly improves the modulation speed.
The presented numerical simulations show a low rise time ~ 6 ns and fall time ~ 17 ns for the
proposed modulator with an extinction ratio of 4.4 dB/um and very low insertion loss of 0.1
dB/m. According to our calculations, the proposed modulator provides higher modulation speed
compared to the previously reported VO,-based optical modulator.
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