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Abstract: Vanadium dioxide (VO2) is a promising reconfigurable optical 
material and has long been a focus of condensed matter research owing to 
its distinctive semiconductor-to-metal phase transition (SMT), a feature that 
has stimulated recent development of thermally reconfigurable photonic, 
plasmonic, and metamaterial structures. Here, we integrate VO2 onto silicon 
photonic devices and demonstrate all-optical switching and reconfiguration 
of ultra-compact broadband Si-VO2 absorption modulators (L < 1 μm) and 
ring-resonators (R ~ λ0). Optically inducing the SMT in a small,          
~0.275 μm2, active area of polycrystalline VO2 enables Si-VO2 structures to 
achieve record values of absorption modulation, ~4 dB μm−1, and 
intracavity phase modulation, ~π/5 rad μm−1. This in turn yields large, 
tunable changes to resonant wavelength, |ΔλSMT| ~ 3 nm, approximately 60 
times larger than Si-only control devices, and enables reconfigurable 
filtering and optical modulation in excess of 7 dB from modest Q-factor 
(~103), high-bandwidth ring resonators (>100 GHz). All-optical integrated 
Si-VO2 devices thus constitute platforms for reconfigurable photonics, 
bringing new opportunities to realize dynamic on-chip networks and 
ultrafast optical shutters and modulators. 

©2013 Optical Society of America 
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1. Introduction 

Active photonic devices featuring compact size and a large, rapid, and energy efficient optical 
response are essential to nanophotonic technologies incorporating reconfigurable filters, 
lasers, photonic networks, optical memories, and optical modulators. While silicon remains 
the preferred platform for large-scale manufacturing and provides natural advantages for 
optoelectronic integration, silicon suffers from limited dynamic optical functionality owing to 
its indirect band gap and modest electro-optic and nonlinear responses. Electro-optic or 
nonlinear effects in silicon can in fact be used in modulators or optical logic components, for 
example, but this typically requires long-path-length interferometers [1] (mm scale) or very 
narrow band resonators [2, 3] (less than 15 GHz), which are extremely sensitive to thermal or 
ambient fluctuations and fabrication errors. 

Circumventing these challenges and realizing devices with improved functionality 
continues to be a central aim of nanophotonics research. One option is to construct active 
optical devices through optomechanics [4]. Utilizing the robust mechanical properties and 
large refractive index of silicon, it is possible to construct devices whose optical properties 
are exquisitely sensitive to mechanical actuation or reconfiguration. Although modest 
optomechanical response times (~μs) may limit their use in optical modulation, robust active 
devices capable of all-optical operation, ranging from reconfigurable filters [5] to optical 
memories [6], have been demonstrated. A second option is to harness the electro-optic or 
nonlinear properties of secondary materials integrated onto silicon, such as germanium, 
graphene, or organics. Electro-absorption effects in germanium [7] and graphene [8] have in 
fact been used to construct broadband optical modulators operating above GHz speeds; 
however, these devices are still tens of microns in length, and not suitable for on-demand 
optical routing, filtering, or all-optical switching. Silicon-organic hybrid geometries can 
provide all-optical and ultrafast operation capabilities [9, 10], but require very long (100 μm 
to several mm) interaction lengths even in waveguides with very high nonlinear waveguide 
parameters (γ  > 105 W−1 km−1) or slow-light effects [11]. 

The challenges highlighted by these examples motivate a continued search for alternative 
materials that can be integrated with silicon photonics to provide a large, rapid, and energy-
efficient optical response while promoting wavelength-scale device dimensions and the 
capability for all-optical operation. Vanadium dioxide (VO2) is a promising active optical 
material owing to its semiconductor-to-metal phase transition (SMT), which provides orders 
of magnitude change in resistivity, as well as large changes to absorption and refractive index 
[12]. The SMT alters the optical properties of VO2 from the near- to far-infrared. The most 
substantial optical contrast between the semiconducting and metallic states occurs near 1.5 
µm, making VO2 particularly attractive for applications in optical communications [13]. The 
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first-order SMT is nearly congruent with a structural transition from a monoclinic to rutile 
crystal structure and occurs above a critical temperature Tc ~67 °C (340K). Importantly, it has 
been shown that the SMT of VO2 can be triggered by strain [14], electric current or bias [15, 
16], terahertz electric fields [17], hydrogenation [18], hot-electron injection [19], and all-
optical pumping [20]. In the case of all-optical pumping, the transition has been shown to 
occur on timescales comparable to the pump pulse duration, down to ~75 fs [21]. The SMT is 
fully reversible and has recently been demonstrated at least in principle for use in a variety of 
reconfigurable or active metamaterial [22, 23], plasmonic [24, 25], and photonic [26–28] 
devices, generally relying on either global or local system heating. 

Here we report the first demonstration of all-optical switching and reconfiguration of 
silicon photonic devices driven by a nanosecond photo-induced SMT in VO2. Aside from 
triggering devices much faster than conventional thermal excitation, all-optical operation 
eliminates unwanted thermo-optic effects in the silicon waveguides, enabling large and robust 
reconfiguration. In the Si-VO2 hybrid devices considered here, we demonstrate record values 
of optically induced broadband in-line absorption modulation (~4 dB μm−1) and intracavity 
phase modulation (~π/5 rad μm−1). By optically controlling attenuation or phase in both non-
resonant and resonant structures, a variety of compact, highly reconfigurable and active 
photonic devices can be realized including filters, routers, shutters, and modulators. This 
work further sets the stage for SMT-driven optical limiters, semiconductor saturable 
absorbers, optical logic gates, and optical memories compatible with current silicon 
architectures. 

2. Device and measurement geometries 

Figures 1(a) and 1(b) illustrate the two device geometries utilized in this work. By integrating 
VO2 onto single-mode silicon waveguides, the SMT can be harnessed to introduce a 
significant change in absorption, Δα, as shown in Fig. 1(a). This non-resonant configuration 
utilizes the large contrast in the imaginary part of the VO2 refractive index, ΔIm(nVO2) = 
Im(nM) - Im(nS), on the order of + 2.6i at 1550 nm [26]. The absorption induced in the 
waveguide can be engineered by controlling the evanescent field overlap with the VO2 patch 
(i.e., waveguide dimensions and patch thickness) and by tuning the VO2 patch length. 
Because the absorption contrast provided by VO2 exists throughout the near-infrared, device 
operation can be considered to be broadband; however, high optical contrast requires 
substantial volumes of VO2 that may be detrimental to overall system performance. 

Alternatively, the large contrast in the real part of the VO2 refractive index, ΔRe(nVO2) = 
Re(nM) - Re(nS), approximately −1.06 at 1550 nm, can be used to introduce a significant 
change in effective index or phase Δφ. When incorporated into an optical cavity, such as an 
ultra-compact micro-ring resonator [R  =  1.5 μm, Fig. 1(b)], a short ~0.5 μm-long patch is 
sufficient to promote large changes in resonant wavelength without significantly affecting Q-
factor [22]. In principle, this configuration could serve as a wavelength-selective 
reconfigurable filter or modulator, or combined with a drop port for use as a router. With 
longer patch lengths, intracavity absorption modulation could also effectively extinguish 
resonances [29]; however, given the evident disadvantages of this approach in realistic device 
structures, in this work we will emphasize resonant frequency reconfiguration. 

The pump-probe configuration used for these experiments is depicted in Fig. 1(c). Near 
infrared (NIR) lasers are used for both the cw probe (tunable from 1500 to 1600 nm) and 
pulsed pump (~25 ns FWHM, 1064 nm). Probe light is coupled into and out of the single-
mode silicon-on-insulator (SOI) bus waveguides using compact on-chip tapers and lensed 
fibers, which are aligned using piezo-controlled XYZ stages. Pump light is focused onto the 
active Si-VO2 devices at normal incidence through a 5x microscope objective. The spot size 
and pump fluence are estimated with an IR camera and power meter. Use of a large (~75 μm) 
radius spot size makes it easier to deliver low ~mJ/cm2 pump fluences with precise control; 
these fluences correspond to ~pJ incident and sub-pJ absorbed energies for sub-micron-
dimension VO2 patches. Because the threshold fluence required to complete the SMT is 
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independent of pump-photon energy above the ~0.67 eV band gap of VO2 [30], similar results 
would be expected for pumping at telecom frequencies (~0.8 eV). Probe optical transmission 
(typically of order ~μW) is monitored by a fast photo-detector and oscilloscope. 

 

Fig. 1. Overview of the Si-VO2 hybrid photonic devices and all-optical experimental setup. (a) 
Illustration of a phase-change absorber where the SMT induces a broadband change in 
absorption Δα. SEM image of a typical ultra-compact Si-VO2 absorber with a 1 μm VO2 patch 
length. (b) Illustration of a phase-change ring resonator where the SMT induces an intracavity 
phase modulation Δφ. SEM image of an ultra-compact Si-VO2 micro-ring resonator with 
radius R = 1.5 μm and a ~500 nm VO2 patch length. Scale bars in both SEM images 
correspond to 1.5 μm, approximately the probe wavelength in free space. (c) Schematic of the 
experimental pump-probe configuration utilized in this work. Tunable probe laser transmission 
is monitored with a photo-detector and oscilloscope, while nanosecond-pulsed pump light is 
delivered to the device through a microscope objective (MO) and two beam-splitters (B1 and 
B2) with power controlled by a linear polarizer (P). 

3. Methods 

3.1 Device fabrication 

The Si-VO2 hybrid structures were made from silicon-on-insulator (SOI) wafers with a 220 
nm p-type Si(100) device layer and a 1 μm buried oxide (SOITEC). Two stages of electron 
beam lithography (EBL) were used to pattern the silicon photonic structures and VO2 patches. 
After the first stage of EBL (JEOL JBX-9300-100kV), the Si device layer was created by 
anisotropic reactive ion etching (Oxford PlasmaLab 100) with C4F8/SF6/Ar process gases. 
After the second stage of EBL (Raith eLine), amorphous sub-stoichiometric VOx was 
deposited by electron-beam vaporization of V2O4 powder (100 mesh, 99.5% purity). Lift-off 
in acetone was performed prior to final annealing. The VOx patches were annealed in a 
vacuum chamber under 250 mTorr of oxygen at 450 °C for ten minutes to form 
stoichiometric and polycrystalline VO2 in accordance with our prior work [31]. This process 
temperature is thus within the regime required for CMOS-compatible processing                   
(T ≤ 450 °C). 

3.2 All-optical experiments 

Devices were tested in a pump-probe configuration as illustrated in Fig. 1(c). Probe light from 
a tunable cw laser (Santec TSL-510) was coupled into and out from ~mm length bus 
waveguides using polarization-maintaining lensed fibers (OZ Optics Ltd.) mounted on piezo-
controlled XYZ stages. Photo-detection of the transmitted probe light was performed using a 
fiber-coupled avalanche photodiode photoreceiver (Newport 1647), with differential outputs 
monitored by an oscilloscope (Tektronix TDS 2024(c)). The oscilloscope was triggered 
directly from the nanosecond pump laser controller, a Q-switched Nd:YAG laser operating at 
1064 nm with a low 10 Hz repetition rate (Continuum Minilite). Pump intensity was 
controlled by a polarizer (P) and delivered to the sample through two beamsplitters (BS1 and 
BS2) and a 5x, long working-distance microscope objective (MO). Use of a power meter 
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(Newport 2936 C) and IR camera (Sensors Unlimited 320M) enabled the calibration and 
measurement of pump fluence and precise positioning of the pump beam onto each device. 

4. Pump-probe experiments 

4.1 Si-VO2 hybrid absorbers 

Figure 2(a) shows the time-dependent optical transmission of the SOI waveguide with Si-VO2 
in-line absorbers for varying pump fluences (~0.5-8 mJ cm−2) and patch lengths (LVO2 ~1 μm 
and 500 nm). Both devices exhibit an abrupt reduction in optical transmission in response to 
optical pumping. This drop occurs on a time-scale comparable to the pump-pulse FWHM 
(~25 ns), consistent with reports using ~10−8-10−14 s laser pulses to optically trigger the SMT 
in VO2 thin films [21]. In the devices tested here, the modulation depth increases 
approximately linearly with pump intensity and saturates near a threshold fluence of ~1.27 
mJ/cm2 [Fig. 4(a)]. This saturation is indicative of a completed SMT occurring throughout the 
VO2 patch and is a hallmark of the structural phase transition (SPT) [32]. The observed 
threshold of ~1.27 mJ/cm2 is comparable to other reports of the SMT spanning both 
nanosecond and femtosecond measurements [33, 34]. At threshold, based on the two device 
lengths measured, we estimate the modulation depth of the Si-VO2 in-line absorbers to be      
4 ± 0.3 dB μm−1, which is approximately 40 times larger than monolayer graphene-on-Si 
absorbers (~0.1 dB μm−1) [8] and more than three orders of magnitude larger than silicon-
based two-photon cross-absorption modulation (~0.001 dB μm−1) [35]. The insertion loss of 
the 1 μm Si-VO2 device was within fiber-to-chip coupling variations, estimated between 
~0.5-2 dB. Broadband device operation was verified over a wide range of probe wavelengths, 
1500-1600nm, as shown in Fig. 2(c). 

 

Fig. 2. Normalized probe transmission through Si-VO2 absorbers with (a) 1 μm and               
(b) ~500 nm VO2 patch lengths. The pump fluence is incrementally increased over the range 
~0.5-8 mJ cm−2. Inset shows a magnified view of the time response. The pump pulse is 
illustrated above and plotted on the same time scale. (c) Transmission through a 500 nm Si-
VO2 absorber for probe wavelengths ranging from 1500 to 1600 nm, demonstrating that the 
SMT of VO2 can be used to realize broadband absorption modulation. Pump fluence was 
above threshold, ~5 mJ cm−2. Plots are vertically stacked (0.25 offset) for clarity. 

4.2 Si-VO2 hybrid ring resonators 

In addition to the Si-VO2 in-line absorbers [Fig. 1(a)], we also tested the dynamic switching 
of Si-VO2 hybrid micro-ring resonators [Fig. 1(b)]. Figure 3(a) shows the transmission 
spectra for an ultra-compact device, R  =  1.5 μm, with an integrated ~500 nm long and ~70 
nm thick VO2 patch coating a portion of the ring waveguide. Owing primarily to bending 
losses at this ultra-compact ring radius, this device shows a modest Q ~103, resulting in an 
optical bandwidth exceeding 100 GHz. The time-dependent optical transmission for the 
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pump-probe experiment is shown in Fig. 3(b), where probe wavelength is tuned to match the 
resonance minimum (λ = 1588.5 nm). Photoinducing the SMT results in an abrupt increase in 
transmission, estimated in this case to be ~7.2 dB, followed by a slower relaxation to the low 
initial value. The observed modulation depth is several times larger than what can be 
achieved for the in-line absorber with the same active VO2 area. The large increase in 
transmission observed for this modest Q-factor device suggests that the resonance wavelength 
is significantly modified by the photoinduced SMT. This is in stark contrast to conventional 
Si-only devices, where relatively weak electro-optic or nonlinear effects necessitate the use of 
high Q-factor, very narrow band (less than 5 GHz) resonators to observe significant 
modulation [3]. These effects are examined in greater detail in Section 5. 

 

Fig. 3. (a) Typical resonance in the transmission spectra for a Si-VO2 micro-ring resonator 
with radius R = 1.5μm. (b) Corresponding probe transmission where the probe wavelength is 
tuned to on-resonance (λ = 1588.5nm). 

4.3 Relaxation time and dependence on VO2 patch length 

As shown in Fig. 3(a), the temporal dynamic of the reverse transition to the semiconducting 
phase of VO2 can be significantly slower than the SMT, and depends strongly on both pump 
fluence and VO2 patch length. The photoinduced SMT is an abrupt and potentially ultrafast 
athermal process, driven by photogeneration of electron-hole pairs and an electronically 
controlled lattice transformation into the higher-symmetry rutile structure [20, 33]. In our 
experiment, the ensuing thermalization transiently increases the internal temperature of the 
VO2 patch [21]. Reversing the SPT is a thermally mediated relaxation process dependent on 
thermal diffusion and diffusion-limited nucleation of the monoclinic phase [32, 36]. It is 
important to emphasize that all-optical switching does not generate a localized heating effect, 
as the underlying silicon ring structure experiences virtually no temperature change during the 
SMT. Structural relaxation of the VO2 patch depends strongly on the thermal interface to the 
underlying heat sink, in this case the Si waveguide. Because the Si waveguide remains at 
room temperature during the SMT, and has a much larger thermal conductivity than           
VO2 (149 W m−1 K−1 vs. ~6.5 W m−1 K−1), the transient thermal relaxation of the VO2 patch to 
the semiconducting state can still be relatively fast (~10−9 s) [37, 38]. Dramatic improvements 
in relaxation time, τM-S, to less than 10−12 s may be possible through various schemes, such as 
triggering the SMT without driving the SPT to completion [33, 39]. 

Our experiments show that in experiments where the SPT is driven to completion, simply 
changing the VO2 patch length on a SOI waveguide to sub-micron dimensions, from 1 μm to 
500 nm, reduces the relaxation decay time τM-S by approximately one order of magnitude 
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[Fig. 4(b)]. A thermal boundary-resistance model would predict a faster relaxation time when 
film thickness (d) is reduced (τ ∝ d) [37], but it cannot account for the observed effect when 
the VO2 volume and thermal interface area are changed in the same proportion, as the 
classical relaxation time is τ ∝ V/A. This faster relaxation time with shorter VO2 patches 
likely arises partially from the quasi-one-dimensional geometry of the SOI waveguide (for 
1D, τ ∝ L2 since the waveguide dimensions are comparable to the phonon mean free path in 
silicon, ~250 nm), or perhaps some other size-dependent effect in the nanocrystalline VO2 
patch. The Si-VO2 hybrid ring resonators utilizing the shorter ~500 nm VO2 patch length also 
show similarly reduced relaxation times, with some sample-to-sample variation [Fig. 4(b)]. 
We take this as further evidence that the thermal properties of the nanostructured interface 
play a significant role in the dynamics of the reverse SPT and can therefore be optimized. 

 

Fig. 4. (a) Saturation in the modulated probe signal is observed beyond a critical threshold 
fluence ~1.27 mJ cm−2. (b) Relaxation time, τM−S, for the transition from the metallic state to 
the initial semiconducting state as a function of pump fluence plotted for Si-VO2 absorbers and 
micro-ring resonators with 500 nm or 1 μm VO2 patch lengths. 

5. Si-VO2 hybrid ring resonator spectral reconfiguration 

5.1 Multi-wavelength pump-probe experiments 

We carried out time-dependent measurements at varying probe wavelengths to examine the 
spectral characteristics of resonator response to the SMT. The response of an ultra-compact,   
R  =  1.5 μm, Si-VO2 hybrid ring resonator with LVO2 ~500 nm is shown in Fig. 5 and further 
analyzed in Fig. 6(a). This device is pumped at 1.9 mJ/cm2, above the threshold required to 
complete the SMT by forming the rutile crystalline phase in VO2. Optically triggering the 
SMT results in a rapid shift in resonant wavelength estimated to be ΔλSMT = −3.07 nm [Fig. 
6(a)], extracted by fitting the data to a Lorentzian lineshape. Performing this experiment on a 
control Si-only resonator, pumped at the same fluence, reveals a wavelength shift estimated to 
be ΔλSi = −0.057 nm, nearly sixty times smaller [Fig. 5]. Whereas the large ΔλSMT reduction 
in resonant wavelength for the Si-VO2 hybrid device arises from the substantial modification 
of the VO2 refractive index, ΔRe(nVO2) = −1.06, the small ΔλSi reduction arises from the weak 
dependence of the silicon refractive index on free-carrier concentration, estimated in this case 
to change by ΔRe(nSi) = −1.6 × 10−4. The Si-only device was also tested under a pump fluence 
about six times higher, 11.5 mJ/cm2, and showed a wavelength shift about six times larger 
than before, ΔλSi = −0.325 nm [Fig. 5]. At this high fluence, in addition to the free-carrier 
effect, phonon excitations in the Si lattice produce a residual thermo-optic redshift as high as 
ΔλSi =  + 0.13 nm, visible in Fig. 6(a) at times beyond ~30 ns. This corresponds to a transient 
temperature increase of the Si waveguide estimated between 1 and 2 °C [40]. No such effect 
is observed at 1.9 mJ/cm2 fluence, indicating that the Si waveguide temperature is not 
affected by the pump pulse near but just above threshold. By eliminating the thermo-optic 
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contribution of the Si waveguide at the low pump fluence, the optical response of the device 
is entirely controlled by the SMT in the VO2 patch. This greatly simplifies device operation 
and maximizes the achievable optical response, as the SMT in VO2 and the thermo-optic 
effect in Si generally provide opposing contributions to refractive index. Furthermore, we can   
assume the timescale for device operation is dictated solely by the switching time of the VO2. 

 

Fig. 5. Spectral reconfiguration of an ultra-compact Si-VO2 micro-ring resonator. Mapped 
optical transmission for variable wavelength pump-probe measurements performed on a Si-
VO2 micro-ring resonator (R = 1.5 μm) at a pump fluence above threshold (1.9 mJ/cm2). Right 
column reveals a zoomed in mapping for the same device as well as results from a Si-only 
control device pumped at 1.9 mJ/cm2 and 11.5 mJ/cm2. Colorbar indicates a logarithmic scale. 

As shown in Fig. 6(a), the SMT-induced resonance shift and the SPT were completed in 
~25-30 ns. At threshold, this time scale is primarily controlled by the FWHM of the pump 
pulse. Following optically driven reconfiguration of the resonator, the reverse SMT returns 
the VO2 to its higher-index semiconducting state, bringing the resonant wavelength back to its 
initial value in ~50-70 ns. As mentioned earlier, this ~10−8 s relaxation time scale is not 
intrinsic to the phase-transition of VO2 and can be controlled by a variety of factors including 
the thermal design, film dimensions, and method of triggering the SMT. Indeed based on the 
reported response times of VO2 thin films optically excited with shorter pulses [20, 21, 41], it 
should be possible to extend device operation to ultrafast all-optical switching (less than a few 
ps). In the regime where the SMT coincides with a completed SPT from monoclinic to rutile 
structure, improving the timescale for the reverse transition could be achieved through more 
sophisticated thermal design, such as reducing the VO2 thickness, depositing a top-cladding 
(e.g. SiO2), or tailoring the SOI substrate geometry. Alternatively, recent THz conductivity 
experiments indicate lattice-relaxation times less than 2-3 ps are possible when the fluence for 
ultra-fast, ~15 fs, pump pulses is maintained below a threshold of 7 mJ/cm2 [39]. In this 
regime, it has been hypothesized that photogenerated carriers may rapidly excite the 
electronic transition and rapidly decay through a fast trapping or relaxation pathways without 
cooperatively driving a complete SPT. There is additional evidence for the existence of a 
monoclinic metallic phase during both thermal and ultrafast excitation of VO2 that suggests 
an operating window just above threshold where fast relaxation of a transient metallic phase 
is possible [36, 42, 43]. It may also be possible to enhance relaxation times using an applied 
bias to rapidly sweep out photogenerated carriers [44]. Thus there are several feasible design 
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strategies through which Si-VO2 hybrids could be realized as a practical basis for ultrafast all-
optical devices, such as modulators or logic gates, in silicon platforms. 

The observed ΔλSMT = −3.07nm for the ultra-compact, R  =  1.5 μm, Si-VO2 hybrid ring 
resonator corresponds to a resonant frequency reconfiguration of ~360 GHz. This large 
reconfiguration is achieved utilizing a very small ~0.275 μm2 active area of ~70 nm thick 
VO2, corresponding to a ~5.3% surface coverage on the micro-ring. By controlling the 
surface coverage, VO2 thickness, or modal overlap, the resonant reconfiguration induced by 
the SMT could be tuned and optimized. For a hybrid Si-VO2 waveguide, with Si dimensions 
220 × 500 nm and a 70 nm thick VO2 layer, the SMT is expected to produce a large change in 
effective index ΔNSMT ~-0.14, as indicated by finite difference time domain (FDTD) modal 
calculations shown in Fig. 6(b). To demonstrate that the response derived from this effect is 
both large and highly tunable, we fabricated devices with the same ~0.275 μm2 VO2 patch 
area, but varying ring radii ranging from 1.5 to 10 μm. The maximum wavelength shift, 
Δλmax, for each ring radius R was then determined by performing variable wavelength pump-
probe measurements. As shown in Fig. 6(c), the magnitude of the resonant response, |Δλmax|, 
follows an R−1 dependence. This agrees with calculations where the average effective index 
change in the ring resonator can be modeled as ΔNeff = ΔNSMT LVO2 (2πR)−1. We 
experimentally estimate ΔNSMT ~ −0.164 ± 0.033, from the relation Δλmax /λ0 = ΔNeff /Ng, 
where Ng is the group index of the ring waveguide (~4.4) and λ0 is the initial resonant 
wavelength (~1550-1590 nm), which is close to, but slightly larger than, the value calculated 
in FDTD simulations. The intracavity phase modulation ΔφSMT / LVO2 = 2π/λ0 ΔNSMT induced 
by the SMT is then estimated at ~π/5 rad μm−1, while that of the Si-only device is estimated 
to be three orders of magnitude lower, ~π/5000 rad μm−1. It is for this reason that the small 
(~0.275 μm2) active area of VO2, equivalent to ~5.3% surface coverage on the ring, can still 
provide a resonant response approximately sixty times larger than that of the Si-only device. 

 

Fig. 6. Analysis of Si-VO2 micro-ring resonator reconfiguration. (a) Resonant wavelength as a 
function of time, extracted from the variable wavelength pump-probe measurements shown in 
Fig. 5. The pump signal is overlaid for comparison purposes. (b) FDTD mode simulation for a 
hybrid Si-VO2 waveguide, with Si dimensions 220 × 500 nm and a 70 nm thick VO2 patch on 
top. (c) Magnitude of the resonance wavelength blue-shift Δλmax, occurring in response to 
photo-inducing the SMT on Si-VO2 micro-ring resonators with varying ring radii and a fixed 
~500 nm VO2 patch length. Shaded region indicates the regime where Δλ < 0.3 nm, 
corresponding to typical thermo-optic variability of Si resonators under temperature variations 
± 3°C, also equivalent to ~2 linewidths for a high Q (~104) resonator. 

5.2 Discussion 

A notable advantage of a large resonant response is that devices can operate outside the 
regime where ambient effects, such as thermal fluctuations, can play a significant role. The 
shaded gray region in Fig. 6(c) covers the region where Δλ ≤ 0.3 nm, and corresponds to a 
temperature tolerance of ± 3 °C for silicon resonators with a typical thermo-optic sensitivity 
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of ~0.1 nm/°C. This region also corresponds to roughly two linewidths for a cavity with Q 
~104. High-Q silicon photonic devices that operate in this regime are highly susceptible to 
noise or error and thus require added complexity or energy consumption for active thermal 
compensation. The longer cavity lifetime of these high-Q resonators also limits the speed at 
which they can operate. Thus, constructing ultrafast reconfigurable photonic devices, capable 
of speeds exceeding 100 GHz, will ultimately require either non-resonant effects (e.g. 
interferometers, absorbers), or modest Q ≤ 103 resonators with a large optical response. As 
noted previously [27], reducing the ring radius from 10 μm to 1.5 μm can reduce the Q-factor 
from ~104 to ~103 owing to increased bending losses. By providing larger enhancements for 
larger fractional VO2 surface coverage, the Si-VO2 platform further favors ultra-compact 
device geometries. This can be clearly seen in Fig. 6(c), where the smallest micro-ring 
resonator exhibits the largest resonant response. Given the fixed VO2 volume, this is 
equivalent to a wavelength sensitivity inversely related to the cavity mode volume, V. While 
the R  =  1.5 μm micro-ring has a low mode volume, ~11.5(λ/n)3, further reducing the cavity 
mode volume would be attractive for realizing super-ultra-compact, ultra-low-power devices. 
For example, by integrating VO2 with a slotted nanobeam cavity [45], where V is on the order 
of ~0.01(λ/n)3, we anticipate that the same ~nm scale Δλ resonant reconfiguration could be 
achieved at sub-femtoJoule switching energies using single nanoparticles of VO2. 

6. Conclusion 

In summary, we have demonstrated all-optical operation of Si-VO2 broadband in-line 
absorbers and micro-ring resonators. The laser-induced SMT in VO2 yielded record values of 
modulation (~4 dB μm−1) and intracavity phase modulation (~π/5 rad μm−1) for all-optical 
silicon photonic devices. For resonant devices, the large optical response enables larger 
bandwidth, reduced ambient sensitivity, ultra-compact geometries, and reduced power 
requirements. With this platform, a wide variety of reconfigurable active photonic devices 
operating on the nanosecond time scale can be reduced to practice, including filters, routers, 
shutters, and modulators. Given the potential to trigger the SMT in less than 100 fs both 
optically and electro-optically, and with a plausible strategy for reducing the switch-off time 
below 3 ps, the Si-VO2 platform could lead to a new class of ultrafast silicon photonic devices 
ranging from optical limiters to optical logic gates and ultrafast optical memories. 
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