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Abstract: We report a novel four-port optical router that exploits non-linear properties of
vanadium dioxide (VO;) phase-change material to achieve asymmetrical power threshold
response with power limiting capability. The scope of this study lies within the concept, modeling,
and simulation of the device, with practical considerations in mind for future experimental
devices. The waveguide structure, designed to operate at the wavelength of 5.0 um, is composed
of a silicon core with air and silicon dioxide forming the cladding layers. Two ring resonators
are employed to couple two straight waveguides, thus four individual ports. One of the ring
resonators has a 100-nm-thick VO, layer responsible for non-linear behavior of the device. The
router achieves 56.5 and 64.5 dB of power limiting at the forward and reverse operating modes,
respectively. Total transmission in the inactivated mode is 75%. Bi-stability and latching behavior
are demonstrated and discussed.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Asymmetry in optical devices is a phenomenon well-suited to the protection of delicate optical
sensors that can be subject to high-power jamming signals or other unwanted input. As
computation evolves from solid state transistors and diodes to lightwave circuits on chips,
asymmetry can be used in integrated optical devices. Optical diodes have been previously
demonstrated in free space with a blank vanadium dioxide (VO;) thin film on a sapphire substrate
and gold layer [1]. Previous studies explored dual-ring resonator devices where high-power
signals activate VO, and allow signal passthrough [2]. There is also prior art on free-space phase
change material (PCM) based optical metasurface [3] and multi-layer limiters and switching
structures [4—7]; however, there is currently no published work on phase change material (PCM)
based integrated optical limiters.

VO, is a PCM whose physical properties change with temperature, electric field, current,
or strain. VO, undergoes a reversible change between monoclinic (dielectric) and tetragonal
(metallic) phases around 68°C (341 K) [8], called the insulator-metal transition (IMT) or metal-
insulator transition (MIT). For the purposes of this work, we use IMT to refer to the transition
when heating, and MIT for the transition when cooling. This transition is sharp and nonlinear,
making it an ideal sensing material in devices such as thermal imaging microbolometers [9]. It is
particularly attractive for tunable and smart devices due to its low transition temperature and its
ability to actuate from self-generated heat. VO, has a volatile phase transition, which adds to its
appeal for smart devices because it requires no power to reset, unlike non-volatile PCMs such as
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germanium telluride (GeTe) or its variant germanium antimony telluride (GST), which requires
high melting temperatures above 891 K to return to its amorphous phase [10]. Additionally, VO,
has a sub-picosecond intrinsic phase response time [11,12], meaning its switching speed depends
only on the speed of the actuating stimulus. Finally, it is highly reliable, showing no degradation
in operation after 100 million external heating and cooling cycles [13].

In the mid-infrared (mid-IR) bands, VO, is especially useful and efficient for smart and
reactive devices. In the microwave domain, room-temperature VO, does not have sufficient
conductivity and imaginary permittivity to effectively absorb power on its own [14,15]. It
instead requires intimate contact with a lossy metal to be able to absorb incoming microwave
radiation and subsequently transition. However, VO, at mid-IR and near-IR is slightly lossy at
room temperature [16—18] and thus can act on its own as a self-heating material [1,7]. Once
the activation temperature is reached, the VO, becomes extremely lossy, creating a positive
feedback system that allows for self-activation and large bi-stability. This can be thought of as
a quasi-latching behavior. It still requires power input to sustain the lossy state (unlike GeTe,
which holds its altered phase), but the power requirement for maintaining the activated state is
much lower than the one to initiate activation. The volatility of VO,’s transition is preferred over
the fully latching behavior of GeTe in cases where PCM activation is needed many times in quick
succession, as GeTe must be brought to its high melting temperature every time it switches to
reset its phase. The choice of VO, for planar lightwave circuits is pragmatic not only for these
properties and performance attributes, but also for realizing devices in nanofabrication. VO,
deposition has been extensively investigated; it can be integrated with various substrates such as
sapphire [8,17,19-25], quartz [17,26], and silicon [8,20,27-29]. Popular deposition techniques
include sputtering [8,17,26,30] and pulsed laser deposition [21].

The remainder of the manuscript is organized as follows: Methods, Results and Discussion, and
Conclusion. Methods details the design and simulation setup; Results and Discussion contains
two subsections detailing the heating activation (insulator-metal transition, IMT switching
behavior) and the cooling deactivation (metal-insulator transition, MIT switching behavior).

2. Methods

The goal of the router design concept is to combine asymmetric/diode-like behavior and routing
ability in an on-chip planar lightwave circuit. The switching component is VO,, which activates
when the IR light causes it to heat up past its transition point of 68 °C. At low input power levels,
light is passed through with minimal absorption, and at higher input power levels, light is blocked
by the activated VO, and rerouted to an alternate output port. Once VO is in its activated state,
it is highly lossy, so the input power required to sustain beam routing decreases from the level
required to activate. Conceptual schematics of each of these states are given in Fig. 1.

The proposed device acts as a power limiter for either direction of light propagation. The
limiting threshold in our case is defined as the input power level triggering the dielectric-to-metal
transition in VO,. Due to the device asymmetry, the limiting threshold for the forward light
propagation is different from that for the backward light propagation. The latter implies that if the
input power lies between the two thresholds, the device will act as a magnet-free optical isolator
(aka, optical diode), transmitting light only in one of the two opposite directions. This kind
of “nonlinear” optical diode can be used for the broad-band protection of high-power sources
from unwanted feedback. Another potential application is an asymmetric power switch or router.
In any case, the difference between the forward and the backward limiting thresholds of the
optimized device should be as large as possible.

The device in this work consists of two bus waveguides and two ring resonators. The device
has four ports and is symmetric about the xz-plane as illustrated in Fig. 1. As such, the four
directions of input are represented in two pairs of identical behaviors. This is for brevity and
clarity of presentation; the two pairs of input directions are referred to hereafter as “forward” or
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Fig. 1. Conceptual depictions of optical router operations, showing (a, ¢) forward propagation
and (b, d) reverse propagation with VO, in (a, b) insulating state and (c, d) metallic state.
Temperature-dependent real (n) and (k) refractive index of VO, is shown, measured at
A =5 pm [16]. Insulator VO, has n=2.65 and k= 0.07, and metallic VO, has n=5.38 and
k=5.96.
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“F” and “reverse” or “R”. In each case, the light power initially routed to an output port is blocked
and subsequently rerouted to another output port. In the forward case, F13 mode, the light enters
via Port 1 and exits via Port 3; upon transition, the light to Port 3 is blocked and rerouted to Port
2. The latter is called Fy,. In the reverse case, R3j, light enters via Port 3 and exits via Port 1;
upon transition to the metallic (conductive) phase, the light to Port 1 is blocked and rerouted to
Port 4 (R34 mode). The design goals of this device are to exhibit power limiting by > 40 dB with
initial transmittance > 70%, while rerouting the blocked light at 50% transmittance.

The waveguide core is Si, with SiO, substrate and air as the upper cladding. One of the two
ring resonators has a 100 nm layer of VO, on top. The other ring and both buses are Si only and
are wg; = 850 nm wide and &g; = 1300 nm tall for a transverse magnetic (TM) fundamental mode.
The Si + VO, ring has the same Si height but a smaller width of 800 nm such that the propagation
constant, 8, =2.8959, is consistent between both rings. Having matching propagation constants
between the bus and ring waveguides was key to maximizing coupling between the buses and rings
and between the two rings. These waveguide dimensions and the remaining device dimensions
are given in Table 1. The key temperature-dependent material parameters for thermo-optic
simulation of VO, are refractive index, thermal conductivity, and heat capacity. Below the IMT
threshold (in dielectric phase), the refractive index is characterized as n=2.65 and k=0.07,
and above the transition (in metallic phase), refractive index is n=5.38 and k=5.96. These
refractive index values are based on interpolated measured data at A=5 um [16]; our interpolation
is shown in Fig. 1. Thermal conductivity values are based on external measured data [26], and
heat capacity is derived from measured electrical resistivity, published in previous work by our
group [8,31]. Thermal conductivity ranges from 3.6 W/meK at room temperature to 6 W/meK
above 349 K, and heat capacity ranges from 757 J/kgeK at room temperature to a peak value of
6053 J/kgeK at 347 K and reduces back to 958 J/kgeK at 363 K. Exact temperature-dependent
property curves are available upon request.

Table 1. Device model parameters. Critical parameters are shown in bold

Description Symbol Value
Waveguide core width (Si) wgi 850 nm
Bus length Ipus 19.76 um
Waveguide core width (Si+ VO,) WSi + V02 800 nm
Waveguide core height (Si) hg; 1300 nm
VO, thickness hyoz 100 nm
Circumference (electrical) ms 20
Circumference (mechanical) C 43.39 um
Ring-ring coupling distance drr 250 nm
Ring-bus coupling distance drp 250 nm
EWFD substrate height Nsub, EWFD 2 um
EWFD substrate/air width Wsub, EWFD 5.95 um
EWEFD air height hair EWFD 3.3 um
HT substrate height x length x width Nsub HT X Lsub HT X Wsub HT 10 pm x 39.53 pm x 59.29 ym
HT air height x length x width hair. HT X lair HT X Wair, HT 15 pm x 39.53 pm x 59.29 um

To build and simulate the model, we used COMSOL Multiphysics, with the Heat Transfer
(HT) and Electromagnetic Waves Frequency Domain (EWFD) modules and the Electromagnetic
Heating Multiphysics interface. These simulations are memory-, computation-, and time-intensive
when performed on 3-D models with multiple beam paths and VO, non-linear phase change
behavior. Single simulation runs frequently take 1-3 days to complete on a multi-processor server.
Therefore, model adjustments are non-trivial and require careful conceptualizing between runs.
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The device structure is seen in Fig. 2 and includes a set of domains containing only the waveguide
core, substrate, and cladding for EM simulation and expanded domains of SiO; and air as bulk
thermal material to ensure physical accuracy and restricting it to heat transfer only to reduce
computation cost. Keeping computation cost down was key, as simultions involving the nonlinear
self-activation of VO, can take several days to complete. In the EWFD parameters, numeric
ports are used for all ports, and all ports have zero input power except the active port, which is set
as port 1 for one case of input direction and port 3 for the other. The device is mirrored across
the zx-plane; therefore, port 2 and 4 input cases are considered as exact, mirrored copies of the
port 1 and port 3 inputs, respectively. To facilitate accurate representation of the guided mode,
surrounding the core is 2 um of SiO, substrate below, 3.3 um of air above, and 2.55 pum air on
either side. Perfect electric conductor (PEC) boundaries are used for the top and bottom faces of
the air cladding and the substrate; these reduce computation cost without sacrificing accuracy,
as all variation in field above and below the core is evanescent. The side walls of the EWFD
domains are set as scattering boundaries so that the destructive interference at the coupling sides
is accurate. The router is designed at mid-IR wavelengths 5.01-5.05 pum.
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Fig. 2. Router geometry (a) top view, (b) cross-section of Si-only and Si + VO, waveguide
(c) isometric view with expanded SiO; and air thermal domains, and (d) isometric view of
strictly EM domains.

The coupling between the bus and ring waveguides involved considerations for fundamental
propagation mode, device footprint, absorptive losses in VO,, and maintaining realizable
fabrication. Coupling is strengthened by increased surface area of the waveguide at the coupling
interface, which can be accomplished via greater circumference to increase the length of the
coupling interface or increasing the height of it by heightening the waveguides. Because VO,
is slightly lossy at room temperature, it is preferable to reduce the length of beam propagation
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through the Si+ VO, waveguide and therefore reduce absorptive losses. For this reason, the
overall performance was limited by the trade-off between increasing coupling and decreasing
VO, absorption, both affected directly by the ring resonator circumference. To increase coupling
without increasing the VO, absorption, we kept the circumference at 207t (43.49 um) and designed
using TM fundamental mode, rather than TE. Thus, we increased the height and consequently
the surface area of the waveguides at the coupling interfaces. Coupling also increases with
decreasing distance between the bus and ring and between the rings. With practical fabrication
limitations in mind, we kept the distance at 250 nm.

For HT simulation, the boundaries of the outer airbox and substrate domain are set to room
temperature or 293 K. This approach keeps model simplicity, giving reduced computation cost
and time. We verified the technique in preliminary studies by increasing airbox and substrate
domain size until no change was apparent in resultant behavior. Specifically, we examined the
temperature profile in the VO, over time as we increased hgup ur, Lub HT> Wsub HT > Pair,HT» Lair HT»
and wg; gT. Once the temperature profiles were consistent from a smaller size of HT domain to
larger, we were confident that the temperature is calculated correctly.

3. Results and discussion

The device is characterized in several modes of operation. To investigate the asymmetries in
its behavior, we first established the room temperature resonant behavior, shown in Fig. 3. The
router has an expanded 65% output port transmittance band of 5.010 um to 5.048 owing to the
dual-ring design. From here, we simulated the router with the power input to port 1 and port 3 to
examine differences in switching behavior between the two cases of operation: source being from
within the chip side (transmission) or source originating from without (receiving), or otherwise
from different devices within the chip. The respective output ports at room temperature for port 1
and port 3 input are port 3 and port 1. Upon VO, IMT, the new output ports are port 2 and port 4,
respectively. For all simulations, S4; and S»3 are less than 2 X 1073 as well as reflection. The
device being symmetric about the zx-plane, the port 2 and port 4 input cases are mirrored exactly
from port 1 and port 3 inputs and thus are fully represented in them and omitted for clarity of
presentation.

The behavior described in this section is simulated at A=5.015 pm, the first peak of output
transmittance shown in Fig. 3. The H field is visualized in Fig. 4 for each input case at the initial
time step (i.e., at room temperature) and when the VO, reaches and crosses through the IMT.
The two input cases exhibit nearly identical initial port transmittance (T) and absorptance (A)
(with S»; mapped to S43 and S3; mapped to Si3). Attime r=0, S31=S;3=73.7%, S1 =1.5%,
S43 = 1.4070, and Atotal,l =24.8% and Atotal,S = 24.9070, with Ttotal,l =75.2% and Ttotal,S =75.1%.

3.1.  Heating and IMT switching behavior

After switching, the incoming light now sees different geometries, each having its path to the
opposite bus severed. For port 1 input, the new output is port 2 with Sy; =48.3%=Toa,1 and
Avotar,1 =51.7%. The effective structure seen by the incoming wave can be considered as a lossy
or leaky ring resonator. For port 3 input, the new output is port 4 with S43 = 53.3%=Ti,,1 3 and
Atoral 3 =46.7%. The effective structure now seen by the incoming beam is a bus and coupler
leading away and attenuating quickly. This behavior is presented graphically in Fig. 5 and
depicted as well in decibel (dB) scale. Whereas the routing behavior is most easily described in
percent values, the power limiting capabilities are best represented in dB; in the port 1 input case,
power is limited by 56.5 dB, and in the port 3 input case, power is limited by 64.5 dB. The results
shown are at the respective VO, activation power threshold for each input direction: 7.1 mW for
port 1 input and 7.2 mW for port 3 input.

Furthermore, we see asymmetries in the temperature profile between the input cases. Visual
observation of the temperature as seen in Fig. 6 shows similar profiles between the two cases in
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Fig. 3. Resonant port transmittance behavior of the router at room temperature.

the time steps leading up to the device switching, and then the highest temperature separately
at the different sites of coupling. This follows as a matter of course, given that VO, becomes
much lossier in the metallic state, thus the rapidly attenuating light will only produce heat where
it is absorbed. Because of this increase in losses upon switching, there is positive feedback,
giving a sharp increase in temperature by ~100 K, whereafter it levels off at ~430-440 K for the
aforementioned threshold input power levels. Considering this positive feedback system, we
examine the maximum temperature in the VO, volume; when any part of the VO, crosses the
IMT, it causes the rest to follow suit.

Examining the maximum temperature profiles for the two input cases illustrated in Fig. 7, the
most glaring distinction is that the IMT occurs in the port 1 input case at 7.1 mW but levels off
in the port 3 input case. The IMT occurs at 7.2 mW in both cases but reaches different steady
state temperatures of 443 K and 430K for port 1 and port 3 inputs, respectively. Curiously, in the
sub-threshold input power levels, the port 3 input reaches higher steady state temperatures per
mW increase (5.74 K/mW) than port 1 (5.66 K/mW), a 1.4% asymmetry. The lower switching
threshold for the port 1 input case is then informed by the difference in specific transient switching
behavior—for port 1 input, the max temperature continues to increase in a linear fashion near the
IMT temperature before fully switching, but the port 3 input exhibits a brief leveling-off before
finally switching. Upon examination of the switching of the port 1 input case, one can see the
dependence of switching time on input power. At the threshold (7.1 mW), the IMT takes 50 ps to
complete, but an increase even as small as 0.1 mW shortens the switching time to 10 ps. This
implies that higher levels of input power give shorter switching times valuable for power limiting
application, but within the scope of this study, we are more interested in the behavior at threshold
power.
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3.2. Cooling and MIT switching behavior

To study the bi-stability of the device, we began each cooling simulation with an initial step from
the steady state of a 10 mW input power above the VO, IMT temperature, then used decreasing
input power levels for a duration of 200 ps until the VO, fully deactivated (i.e., underwent the
MIT). Additionally, the physical properties of VO, were shifted to be a function of (T—4 K)
to account for the hysteresis in VO,. We found that due to the positive feedback/self-heating
property of VO,, input power can be decreased down to 5 mW in each input case with no loss
in rerouted power. This gives a 30% reduction in input power from the activation threshold
to maintain light routing performance for port 1 input and a 31% reduction for port 3 input.
Decreasing the input power to 4 mW yields only a small reduction in routing performance as the
rerouted power decreases from Sy =48% to Sy =46% for port 1 input and from S43 =53% to
S43=49% for port 3 input. This above-MIT cooling behavior is seen in Fig. 8, along with dB
scale and a more moderate degradation in routing performance at 3 mW input power: Sy; =35%
and S43 =37%.

In each input case, the threshold for VO, s MIT deactivation is 2.2 mW. This is a 69% reduction
in input power to maintain VO, s metallic state. The transition occurs at 68.9 us for port 1, which
is 5.6 ps earlier than port 3 input MIT, which occurs at 74.5 ps. This demonstrates that there is
asymmetry in the deactivation of VO, as well as that which was demonstrated in the previous
subsection for its activation. The sharp MIT takes 1.3 us at deactivation threshold power for port
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Fig. 5. Port transmittance behavior of the router through the IMT switching at VO,
activation thresholds for port 1 input case (7.1 mW) and port 3 input case (7.2 mW).

1 input and 1.6 ps for port 3 input. The MIT switching port transmittance behavior is shown
graphically in Fig. 9.

In the steady state maximum temperature profile, we find asymmetries as well. These
differences are shown in Fig. 10. Firstly, the maximum temperature from the 10 mW initial
condition is 500 K for port 1 input and 480 K for port 3 input. This is likely due to the heat
in the port 1 input case being concentrated in an an area of the device that is more thermally
isolated (i.e., less nearby thermal mass to act as heat sink) than in the port 3 case. Namely, for
port 1 input, heat is concentrated near the ring-to-ring coupling site, and for port 3 input, the
heat is concentrated near a ring-to-bus coupling site, where there is less distance through the
substrate for heat to diffuse to nearby Si. From here, one can see that the steady state temperature
is reached more quickly as power decreases, giving a nonlinear relationship between steady state
temperature and input power when approaching the threshold.
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4. Conclusion

We have demonstrated the phenomenon of asymmetric activation of phase change material VO,
using a simulated mid-infrared optical router, bringing PCM-based asymmetry into the planar
lightwave circuit domain. Using equal input power at opposite waveguide ports, we observe
different heating behavior in the VO, material with the maximum steady state temperature
increasing by 5.66°C/mW when applied in the port 1 input case and 5.74°C/mW when applied in
the port 3 input case. These values are taken below the respective IMT activation thresholds of
7.1 mW and 7.2 mW. Additionally, the heat being concentrated in different areas of the device per
input direction, there is more heat-sinking material to draw heat way when port 3 is used as the
input. This results in lower steady state temperatures in the port 3 input case after VO,’s IMT
and differing transient heating behavior than in the port 1 input case.

When cooling past the MIT deactivation threshold, both directions of input power allow the
VO, to revert to its initial state at 2.2 mW but with the forward input deactivating sooner than
the reverse by 5.6 ps. In addition to these asymmetries, the router exhibits performance metrics
in the forward direction through the heating IMT of 56.5 dB power limiting and 48% rerouted
power to port 2, and in the reverse direction through the heating IMT of 64.5 dB power limiting
and 53% rerouted power to the port 4. For each input direction, initial total transmission is 75%
with total absorptance 25%; this confirms the simulation’s adherence to energy conservation.
The total power lost before reaching the output port is the same in each case, but the proportion
lost to heat in the VO, and to bending/radiation depends on input port.

As for bi-stability, the router maintains consistent routing performance with input powers
down to 5 mW, after IMT takes place. This is a 30% reduction in input power from the activation
threshold in the port 1 input case and a 31% reduction of the same in the port 3 input case. Input
power of 4 mW yields only slight decreases from 48% to 46% in rerouted power for port 1 input
and 53% to 49% for port 3 input. With the MIT deactivation power being 2.2 mW, the full
bi-stability of the metallic state of VO, is described as a 69% reduction in input power from the
IMT activation threshold. Thus, the quasi-latching behavior of the VO, device is proven. In the
future, similar design schemes can be optimized to enhance this heating asymmetry effect to the
advantage of strategic routing and power limiting capabilities, and other on-chip optical devices.
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