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In this report, we describe our accomplishments during this project in four areas: (1) optical 
switching of Si-VO2 ring resonators and Mach-Zehnder interferometers; (2) nanosecond all-
optical switching of Si-VO2 absorption modulators and ring resonators;  
(3) nanosecond electrical switching of Si-VO2 absorption modulators; and (4) designs for fiber-
to-chip couplers and alternative modulator geometries. The operation of the Si-VO2 modulator is 
initially demonstrated by using photothermal heating to induce the VO2 semiconductor-to-metal 
phase transition and modulate the transmitted optical signal intensity.  Ultrafast, all-optical 
switching at the nanosecond time scale is then demonstrated by using a pulsed nanosecond laser 
for excitation.  Ultrafast electro-optic switching is also demonstrated at the nanosecond time 
scale using a geometry that would allow for straightforward integration with existing optical 
interconnect technologies.  Finally, extensions to the Si-VO2 modulator are presented for 
increased efficiency of source-to-modulator coupling using a transformation optics design 
approach and increased quality factor-to-mode volume ratio using a slotted nanocavity design. 
 
Statement of Objective and Summary of Outcomes: The overall objective of this project was 
to develop reconfigurable photonic devices based on the integration of vanadium dioxide (VO2) 
with silicon waveguide structures to enable of a new generation of silicon-compatible optical 
circuits operating at THz speeds.  By utilizing the sub-picosecond semiconductor-to-metal 
transition (SMT) in VO2 as the active switching mechanism that enables direct modulation of the 
effective index of silicon waveguides, hybrid Si-VO2 structures have the potential to overcome 
intrinsic limits in the optical response of silicon while maintaining compatibility with existing 
silicon microelectronic architectures. Record values of optically induced broadband in-line 
absorption modulation (~4 dB μm-1) and intracavity phase modulation (~π/5 rad μm-1) were 
achieved at nanosecond time scales (limited by the FWHM of the excitation laser) with optical 
modulation depths in excess of 7 dB from high-bandwidth (>100 GHz) hybrid structures. Record 
low switching times < 2ns (possibly limited by the experimental setup) for the electrically 
induced SMT of VO2 were shown on hybrid Si-VO2 absorption modulators, which represents the 
first demonstration of electro-optic switching using the electrically triggered SMT of VO2.   
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1. Optical switching of Si-VO2 ring resonators and Mach-Zehnder interferometers 

(1) Ring resonators 
The Si-VO2 hybrid micro-ring resonator structure was fabricated on a silicon-on-insulator 

(SOI) substrate with a 220nm p-type, 14–22 Ω cm resistivity, Si(100) layer and 1 μm buried 
oxide layer (SOITEC). Electron-beam lithography (JEOL JBX-9300–100kV) was performed 
using ZEP 520A e-beam resist spun at 6,000 rpm (~300nm thick). After pattern exposure and 
development in xylenes for 30s followed by an IPA rinse and N2 drying, anisotropic reactive-ion 
etching was performed (Oxford PlasmaLab 100) using C4F8/SF6/Ar process gases to completely 
etch the exposed portion of the 220nm Si layer.  

A second stage of electron-beam lithography (Raith eLine) was performed to open windows 
for VO2 deposition, using ZEP 520A spun at 2,000 rpm (~500nm thick) to better facilitate VO2 
lift-off. Amorphous VOx was then deposited by electron-beam vaporization of VO2 powder (100 
mesh, 99.5% purity) in an Ångstrom Engineering deposition system. After deposition, lift-off in 
acetone under ultra-sonication was performed, leaving behind amorphous VOx patches across the 
silicon rings. Samples were then annealed in a vacuum chamber with 250 mTorr of oxygen at 
450°C for five minutes to yield polycrystalline, switching VO2 patches.  

The fabricated device structure is shown in the scanning electron microscopy (SEM) image 
in Fig. 1a [1].  The radius of the ring, measured to the center of the ring waveguide, is 1.5μm.  
The ring waveguide width is ~500nm while the bus waveguide width is slightly reduced to 
~400nm to promote better phase matching. A coupling gap of ~75nm is employed to achieve 
near-critical coupling. Note that a top air cladding is used in this structure and all subsequent 
measurements.  A ~560nm long patch of nanocrystalline VO2 with a low-apparent roughness 
covers a small portion of the ring.  Profilometry measurements revealed the VO2 film thickness 
to be ~70nm. The quality of the VO2 film was evaluated by temperature-dependent reflectance 
measurements on witness samples that consisted of VO2 films deposited on Si(100) substrates at 
the same time and under the same conditions as the device structures. Figure 1b reveals the 
hysteresis behavior in optical reflectivity, measured using a white-light source and silicon photo-
detector. As the film temperature is increased beyond a critical temperature, ~63°C, a dramatic 
increase in reflectivity is observed, indicating initiation of the transition between semiconducting 
and metallic phases.  The steep slope, high contrast, and relatively narrow hysteresis exhibited by 
these reflectivity measurements indicate the high quality of the deposited VO2 films [2]. 

 

Fig. 1. (a) SEM image of a hybrid Si-VO2 micro-ring resonator with 1.5μm radius.  The lithographically placed VO2 
patch is highlighted in false-color. (Inset scale bar is 250nm). (b) White-light reflectivity versus temperature on a 
thin film VO2 control sample deposited on a Si(100) substrate. Adapted from [1]. 
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Passive transmission measurements of hybrid Si-VO2 ring resonators were performed to 
characterize the structures.  In preparation for the optical measurements, samples were cleaved 
across each end of the bus waveguide, several millimeters away from the central device, and 
mounted on an XY positioning stage. Piezo-controled XYZ stages were used to position and 
couple light to/from polarization-maintaining lensed fibers (OZ Optics Ltd.) as shown in Fig. 2a. 
A tunable cw laser (Santec TSL-510) was used as the probe in passive transmission 
measurements, utilizing quasi-TE polarization, over the wavelength range 1500–1630nm.  

In Fig. 2b, the transmission of two 1.5μm radius ring-resonators with and without integration 
of VO2 are compared. Both devices exhibit a very large free-spectral range (FSR) near 60nm, 
which is highly desirable for enabling multiplexed photonic architectures. Taking the average 
FSR values and resonance positions, we estimate group indices of ~4.385 and ~4.415 for the all-
Si and hybrid Si-VO2 resonators, respectively. Note that in the case of the hybrid resonator, the 
measured group index comprises contributions from both the bare-Si and VO2-coated sections. 
Thus, when taking into account the ~6% VO2 coverage on the ring, we approximate a group 
index closer to ~4.9 for the VO2 coated section of the ring waveguide.  Further, we find that the 
Si-VO2 hybrid resonator has deeper resonances than the Si-only devices, which suggests near-
critical coupling. This result is deliberately achieved by initially over-coupling the all-Si 
resonator by the use of the small ~75nm air gap. Introduction of the small VO2 patch increases 
the round trip loss, primarily due to the modal mismatch between the bare-Si ring waveguide and 
hybrid VO2-coated waveguide sections.  

 

Fig. 2. (a) Schematic of the optical measurement set-up. (b) Passive spectral measurements of optical transmission 
on 1.5m radius micro-ring resonators with (bottom) and without (top) an integrated VO2 patch. For clarity, the top 
all-Si curve has been offset by +20dBm. Adapted from [1]. 

To characterize the active optical response of the hybrid Si-VO2 micro-ring resonator, a 
532nm cw pump laser (New Focus 3951-20) was focused onto the device with a 20x objective as 
shown in Fig. 2a. An infrared (IR) camera was used for alignment purposes. IR imaging at 
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maximum exposure and contrast settings was used to determine an upper bound for the Gaussian 
beam size, w0 ≈ 90μm. Given that nearly 100% of the total power (Ptotal) is contained within the 
radius 2w0, we estimate the average intensity to be approximately 15 W/cm2. The peak on-axis 
intensity is therefore ~30 W/cm2. In our experiments we found that precise positioning of the 
pump beam, to within approximately 10m, was required to trigger the SMT, suggesting that the 
peak on-axis intensity may be a more reasonable indicator of the laser intensity near the Si-VO2 
micro-ring. 

In Fig. 3, we present the optical transmission of the 1.5μm radius hybrid Si-VO2 ring 
resonator as measured before and after triggering the SMT with the 532nm pump laser. These 
measurements reveal a sizeable shift Δλ = –1.26nm in the resonance wavelength, coinciding with 
an optical modulation greater than 10dB at the initial resonance position, λ = 1568.78nm. 
Because VO2 exhibits a dramatically reduced refractive index in the metallic state, a blue-shift in 
resonance frequency is naturally expected to arise from triggering the SMT.  However, 
additional effects are also expected to be present during this experiment, including dependence 
on: (1) the thermo-optic (TO) effect in silicon, Δn/ΔT = +1.86×10-4/K [3], and (2) the free-carrier 
index (FCI) [4]. These two effects are substantially weaker than the much larger optical response 
of the VO2 and, in this experiment, also carry opposite signs. Thus, the photothermal approach 
for triggering VO2’s SMT enables silicon’s TO and FCI refractive index contributions to be used 
against each other so that the optical signature of VO2 can be more readily distinguished. We 
verified that the dominant contribution to this resonance shift was indeed coming from the VO2 
by performing a control experiment on an all-Si micro-ring with the same dimensions, revealing 
a Δλ =  +0.938nm net red-shift in resonance wavelength. This indicates that in the absence of TO 
or FCI effects, the achievable resonance blue-shift arising solely from VO2’s SMT is even larger 
than the net Δλ = –1.26nm value reported from this experiment. 

 

 

Fig. 3. Optical transmission of the 1.5m radius hybrid Si-VO2 ring resonator as a function of wavelength, before 
and after triggering the SMT with a 532nm pump laser. The lines are Lorentzian fits. Inset: IR camera images 
revealing vertical radiation at a fixed probe wavelength, λ = 1568.78nm (dashed line). Adapted from [1]. 
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Figure 4 illustrates the time-dependent optical response at the fixed probe wavelength 
λ = 1568.78nm.  When VO2 is in the semiconducting state, this wavelength corresponds to being 
‘on-resonance’, and thus the initial optical transmission is very low. Illuminating the device with 
the 532nm pump laser results in an immediate increase in the optical transmission followed by a 
~15s decay toward low transmission and then an increase toward high transmission lasting about 
3 min (Fig. 4a). This time-dependent optical response can be explained entirely in the context of 
laser-induced heating.  The initial spike to high transmission results from rapid heating of the 
silicon ring and a thermo-optic dominated shift to longer resonance wavelength.  However, once 
the SMT threshold temperature is approached, the resonance immediately begins to blue-shift 
back toward its original position and beyond, effectively sweeping across the resonance and 
producing a dip and rise in transmission.  The photothermal approach for triggering the SMT 
taken in this experiment (Fig. 2a) can be tuned to reduce response time by over three orders of 
magnitude by increasing the pump intensity [5]. As we describe in the next section of this report, 
increasing the pump intensity through nanosecond pulsed lasers allows for faster optical 
switching times that are limited by the pump pulse width rather than the intrinsic sub-ps time 
scale of the VO2 SMT.  
 

 

Fig. 4. Optical transmission as a function of time at λ = 1568.78nm, in the 1.5μm radius hybrid Si-VO2 device, when 
turning the 532nm pump laser (a) ON and (b) OFF. (c) Infrared camera images highlighting the delayed probe 
response observed in (b). Adapted from [1]. 

 
In Fig. 4b,c we examine the optical response, again at λ = 1568.78nm, after turning off (i.e. 

blocking) the 532nm pump laser.  When this occurs, the device immediately begins cooling off, 
ultimately resulting in a return to the VO2 semiconducting state and an ‘on-resonance’ level of 
low transmission. However, an immediate drop in transmission is not observed; rather, turning 
off the laser coincides with a very small (~0.5dB) increase in transmission followed by a ~2s 
delay before a dramatic, ~2-5dB, drop in transmission.  The initial increase, which was 
repeatedly observed during multiple experiments, might possibly be attributed to either a small 
TO shift from the cooling silicon ring waveguide or to the recombination of photo-generated 
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carriers in the silicon, which would eliminate free-carrier absorption effects.  Most importantly 
however, we attribute the ~2s delay to device cooling at temperatures above the threshold SMT 
temperature. Once the threshold temperature is reached, the transition between metallic and 
semiconducting states is triggered. The ~2s delay between the pump shut-off and large probe 
response is similarly observed using the IR camera (Fig. 4c), and is strong evidence that a 
complete SMT indeed takes place prior to blocking the pump laser beam. After crossing the 
metal-to-semiconductor threshold temperature, the device requires several more minutes to cool 
completely back to room temperature. We note that this cooling time-scale was not fundamental 
to the phase transition, but was rather a function of our experimental configuration and the 
absence of well-designed heat dissipation components in this proof-of-concept experiment.  

The slow, photothermal switching of the Si-VO2 ring resonators discussed in this section laid 
an important foundation for our project.  We established a fabrication procedure that led to high 
quality resonances for the hybrid ring resonators and we demonstrated that the SMT of VO2 
could be used to dynamically modulate the intensity of the transmitted optical signal. 

 
(2) Mach-Zehnder Interferometers (MZIs) 

MZI devices were fabricated using an unbalanced geometry adapted from Ref. [6], as shown 
in Fig. 5a. The unbalanced structure features a ‘built in’ optical path length difference, producing 
interference fringes and sharp spectral features which are favorable for performing sensitive 
measurements of phase or refractive index with an improved signal-to-noise ratio. Figure 5b 
shows the experimental results for photothermally switching a hybrid MZI with a L0 = 100 m 
path length offset and a VO2 patch length LVO2 = 2 m [7]. Photothermal switching was 
performed with a continuous wave laser, similar to the ring resonator experiments described 
above. The transmission spectra show a clear blueshift of the interference fringes, as well as 
reduced fringe amplitude. Analysis of the transmission spectrum revealed a phase shift of   -
0.584 rad, an effective index change of n  -0.07, and an intensity modulation of  0.156 due to 
the VO2 SMT occurring in the active arm of the MZI. Considering the 2 m VO2 patch length 
employed in this study, the change in transmission corresponds to a large absorption modulation 
value of 4 dB/m.  Although very large extinction ratios can be achieved with the Si-VO2 MZI 
geometry, the necessarily long VO2 patch lengths that would be required would result in large 
insertion losses for the structure when VO2 is in the metallic state.  However, we believe the MZI 
design is well-suited for future studies investigating the time-dependent dielectric function of 
VO2, which has not been previously characterized.  

 
Fig. 5. (a) SEM image of unbalanced Si-VO2 hybrid MZI. (b) Transmission spectra of MZI with VO2 in the 
semiconducting (laser off) and metallic (laser on) states. Adapted from [7]. 
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2. Nanosecond all-optical switching of Si-VO2 absorption modulators and ring resonators 

After completing proof-of-concept experiments described in section 1, we strived to reduce 
the switching times by using a nanosecond pulsed laser to excite the VO2 phase transition. As 
illustrated in Fig. 6, Si-VO2 hybrid absorption modulators and ring resonators were fabricated to 
investigate their capabilities for nanosecond all-optical signal modulation [8]. We employed a 
nanosecond Nd:YAG pulsed laser to drive the VO2 phase transition that modulated the 
transmission intensity of the hybrid photonic structures. The SMT of VO2 dramatically alters the 
optical properties of the material and, as was previously mentioned, has been shown to occur on 
sub-picosecond timescales, comparable to the pump pulse duration down to ~75 fs [9]. For the 
absorption modulator configuration where a VO2 patch is deposited onto a single-mode silicon 
waveguide, the SMT is harnessed to introduce a significant change in absorption, Δα. This non-
resonant configuration utilizes the large contrast in the imaginary part of the VO2 refractive 
index, on the order of +2.6i at 1550 nm [10]. The absorption induced in the waveguide is 
engineered by controlling the overlap of the evanescent field with the VO2 patch (i.e., waveguide 
dimensions and patch thickness) and by tuning the VO2 patch length. For the ring resonator 
configuration, the large contrast in the real part of the VO2 refractive index, approximately -1.06 
at 1550 nm, is used to introduce a significant change in effective index or phase Δ of light in the 
ring. The large change in refractive index enables large changes in transmission through the ring 
resonator, even with ultra-compact rings (e.g., radius of 1.5 m in our work). Both Si-VO2 
hybrid photonic devices were measured using the pump-probe configuration illustrated in Fig. 6c 
with a tunable continuous wave probe laser and a pulsed pump laser (~25 ns FWHM, 1064 nm).   

 

Fig. 6. (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 for nanosecond all-optical switching studies. 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). Adapted from [8]. 

 Figure 7a shows the time-dependent optical transmission of the Si-VO2 absorption 
modulators for varying pump fluences (~0.5-8 mJ cm-2) and patch lengths (LVO2 ~ 1 μm and 
500 nm).  An abrupt reduction in optical transmission in response to optical pumping is observed 
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 [9, 11]. The modulation 
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depth increases approximately linearly with pump intensity and saturates near a threshold fluence 
of ~1.27 mJ/cm2. At threshold, the modulation depth of the Si-VO2 in-line absorbers is estimated 
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) [12] and more than three orders of magnitude larger than silicon-based 
two-photon cross-absorption modulation (~0.001 dB μm-1) [13]. Broadband device operation 
was verified over a wide range of probe wavelengths, 1500-1600nm, as shown in Fig. 7c.  

Figure 8a shows the transmission spectra for an ultra-compact Si-VO2 hybrid micro-ring 
resonator, 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 pump-probe experiment is shown in 
Fig. 8b, 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 [14]. Time dependent measurements at varying probe 
wavelengths were also conducted to examine the spectral characteristics of the ring resonator 
response. With optical pumping above threshold at 1.9 mJ/cm2, a rapid shift in resonant 
wavelength of approximately Δλ = -3.07 nm, corresponding to a resonant frequency 
reconfiguration of ~360 GHz, results. The associated intracavity phase modulation is estimated at 
~π/5 rad μm-1, while that of a Si-only device would be three orders of magnitude lower, 
~π/5000 rad μm-1. 

 

Fig. 7. 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 1500-1600 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. Adapted from [8]. 
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Fig. 8. (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). 
Adapted from [8]. 

 Importantly, the all-optical switching results of the Si-VO2 hybrid photonic structures 
demonstrate record values of optically induced broadband in-line absorption modulation and 
intracavity phase modulation at time scales controlled by the FWHM of the pump pulse.  
Although the presented data shows longer relaxation times on the order of several 10s of ns, 
these relaxation times are 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 [11, 15, 16], it should be possible to extend device operation to ultrafast all-optical 
switching (less than a few ps).  Recent studies touting a monoclinic metallic phase of VO2 can be 
leveraged to ensure that only the electronic and not structural phase transition of VO2 is initiated, 
which will significantly reduce the relaxation times of the hybrid Si-VO2 modulators [17, 18]. 
 

3. Nanosecond electrical switching of Si-VO2 absorption modulators 

For the most direct integration into existing microelectronic architectures, Si-VO2 hybrid 
modulators based on electrical switching may provide the lowest entry barrier. It has been 
previously shown that the electrical SMT can occur on nanosecond time scales in VO2 films [19, 
20], and on tens of picosecond time scales in V2O3 [21]. Based on the very recent work using 
V2O3 films that suggested thermal processes can induce the phase transition at picosecond time 
scales, and similar trends observed using optical terahertz-field excitation of VO2 [22], there is 
strong reason to believe that VO2 films can be electrically switched at sub-ns time scales. Here 
we report on our progress towards electro-optic Si-VO2 hybrid modulators and the investigation 
of the thermal processes taking place after the initial onset of the VO2 phase transition. We use 
the in-plane absorption modulation configuration shown in Fig. 9 with an electrical contact 
separation of 100 nm to ensure that a high electric field intensity is supported in the underlying 
2.5 m long VO2 patch with relatively low applied voltages [23].  Sufficient field strength and 
electric current will induce the SMT of VO2, which will drastically increase the absorption loss 
and reduce the transmitted intensity of light.  It should be noted, however, that the trade-offs 
between electric field and Joule heating in the switching dynamics remain open questions, and 
almost certainly depend on VO2 film dimensions and electrical contact geometry. 
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Fig. 9. (a) Device schematic representation, (b) False color SEM image of the device (VO2 is shown in purple and 
gold contacts are shown in yellow). 

We first characterized the electrical properties of our devices by varying the voltage and 
measuring the current through the device [23]. At a certain threshold voltage, a metallic current 
path is formed through the VO2 and a significant jump in current is observed, as shown in 
Fig. 10a. COMSOL heat transfer simulations were performed to estimate the temperature 
increase as a result of the induced current (Fig. 10b). According to our simple model that 
assumes VO2 to be in the semiconducting state, the temperature increase is negligible compared 
to the temperature at which the VO2 phase transition occurs (340 K). However, our model does 
not take into account the increased number of carriers present injected by the applied field [21]. 

In order to further electrically characterize the performance of our hybrid Si-VO2 absorption 
modulator, we used a function generator to supply square voltage pulses, with varying pulse 
amplitudes and pulse durations down to 10ns, to a simple circuit consisting of our device in 
series with a current limiting resistor of 50Ω (see Fig. 10c inset) [23]. The voltage across this 
resistor was measured and the device resistance was calculated based on the amplitude of the 
input voltage pulse. Figure 10c shows the time-dependent voltage measured across the current 
limiting resistor when two different 10ns voltage pulses are applied: one below the threshold 
voltage needed to induce the VO2 phase transition and the other above threshold. The device 
resistance is decreased one order of magnitude (from 5kΩ to 500Ω) when the voltage is above 
threshold, indicating that a current path was formed through the VO2 patch. Figure 10c also 
suggests that the phase transition occurs faster than our measurement setup resolution, which is 
less than 2ns. This electrical switching time is the fastest reported for VO2 films. As mentioned 
previously, faster electrical switching times have been reported for V2O3 films (300ps), and there 
is reason to believe that the ultimate switching frequency for VO2 is faster than 1 GHz [21]. 

Next, two electro-optic measurement approaches were explored to assess the modulation 
depth of the hybrid Si-VO2 absorption modulator [23]. The first method involved applying 
square voltage pulses of varying duration and magnitude to the electrical contacts while 
measuring the optical transmission from the waveguide (“pulse”). A typical result is presented in 
Fig. 10d, where the value of the current limiting resistance is 5.1kΩ and the applied voltage is 
5V for three 1s pulses followed by one 5 second pulse.  A clear demonstration of electro-optic 
switching, a first for a VO2–based device, is evident, albeit at very slow speed. The second 
method consisted of ramping up the voltage from 0V to 7V in 1V increments and then ramping 
the voltage back down to 0V (“steps”, Fig. 11a). As expected, the relative change in transmission 
intensity of the hyrid Si-VO2 absorption modulator depends on the magnitude of the applied 
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voltage, which relates to the switching state of the VO2 patch between the semiconductor and 
metallic states. The modulation depth, defined as the ratio of the optical power in the “ON” state 
(0V) to the “OFF” state (voltage applied), is plotted as a function of applied voltage in Fig. 11b 
for both the “pulse” and “steps” methods. Good agreement is shown, and large modulation 
depths are achievable for sufficiently high applied voltages.  The modulation depth is also a 
function of VO2 patch length so higher modulation depths can be obtained at lower voltages 
using longer VO2 patches.  In order to control the effective length of the VO2 patch that is 
switched to the metallic state, the magnitude of the current limiting series resistor was varied.  As 
shown in Fig. 11c, at higher values of resistance, the modulation depth is very low, indicating 
that only a very small portion of the VO2 patched is switched.  The highest modulation depth 
occurs when the full patch is switched to the metallic state. The magnitude of the induced current 
in the device is a strong indicator of the switched fraction of the VO2 patch.  As shown in Fig. 
11d, the modulation depth is directly proportional to the current, suggesting that higher current 
corresponds to a larger fraction of metallic state VO2 and a larger device resistivity change.  The 
current can be varied by changing either the series resistor or the applied voltage. Importantly, 
the dependence of modulation depth on current is indicative of a purely thermal process. 

 
Fig. 10. (a) IV behavior of the hybrid Si-VO2 absorption modulator, indicative of a semiconductor-to-metal 
transition. (b) COMSOL heat transfer simulation of the device measured in (a), assuming VO2 is in a 
semiconducting state, showing negligible temperature increase caused by Joule current. (c) 10ns voltage pulse 
response below (green) and above (black) the switching threshold voltage. (d) Measured optical transmission as 5V 
pulses of various duration are applied to the electrical contacts of the device. Adapted from [23]. 
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Fig. 11. (a) Electro-optic modulation of Si-VO2 absorption modulator with staircase voltage excitation (“Steps”).  
(b) Dependence of modulation depth on (b) applied voltage, (c) in-series resistance, and (d) current through the 
device.  The modulation depth is dependent on the fraction of the VO2 patch that is switched to the metallic state. 

 

 Understanding the mechanism and dynamics of the electronic SMT is critical to improving 
device performance.  The electronic SMT can be separated into two stages: the first stage is 
before a metallic current path is formed and the second stage is after filament formation. The 
first stage has been studied in the context of V2O3 [21] with a conclusion that a very fast thermal 
process (<40ps) is responsible for the initial current path formation. However, with only 
electrical measurements, no information can be obtained about the reverse process of the metal-
to-semiconductor transition during the second stage. Our electrical measurements presented 
above are consistent with the V2O3 studies, and, importantly, our electro-optic measurements 
discussed below provide the opportunity to gain insight into the metal to semiconductor 
transition. According to our electrical measurements, a high conductivity current path forms 
almost immediately after an above threshold voltage is applied and the current through the 
device is dramatically increased, inducing rapid heating. COMSOL simulations show that a 
current of 1mA increases the temperature of the device to 380K, switching the entire 2.5m long 
VO2 patch and inducing a modulation of 7dB (as determined by 3D FDTD simulations using 
Lumerical®), which is consistent with our experimental measurements (Fig. 11d). If the current is 
limited by the external resistance, the modulation depth is proportional to the current and drops 
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to extremely low values of approximately 0.1dB (Fig. 11d). Using optical FDTD simulations, for 
0.1dB modulation, we estimate the volume of the VO2 switched to the metallic state to be 
approximately 100nm × 60nm × 60nm, which corresponds to a single crystal grain of VO2 
switched to a metallic state. Hence, the steady-state optical behavior of our device can be 
described entirely in terms of a simple thermodynamic model assuming a metallic path is already 
formed between the gold contacts and occurs within a single crystalline grain of VO2.  

In order to investigate the thermal processes that take place after the current path is formed, we 
perform optical measurements while nanosecond square voltage pulses are applied [23]. Since 
the electrical signal that triggers the VO2 phase transition is completely separated from the 
optical probing signal, it is possible to monitor the optical transmission dynamics after the 
voltage is turned off, which provides critical information about the metal to semiconductor 
transition dynamics of VO2.  Note that for purely electrical measurements, the internal 
capacitance of the oscilloscope prohibits the investigation of such relaxation dynamics. In all the 
nanosecond optical measurements, the value of the current limiting resistor was chosen to be 
2.7kΩ. First, the input voltage pulse duration was varied from 100ns to 900ns with the pulse 
voltage set at 4V. Results are shown in Fig. 12a. For all the pulse durations shown, the 
modulation depth of ~5dB is achieved within <100ns and the recovery time is ~600ns. By 
matching the modulation depth to FDTD simulations, we conclude that nearly the entire 2.5μm 
patch of VO2 must be switched to the metallic state. Moreover, the experimental recovery time is 
in good agreement with dynamic heating simulations performed using COMSOL (Fig. 12e,f).  

It should be noted that the transmission starts to decrease as soon as the voltage is turned on, 
confirming that the high-conductivity current path formed between the electrodes is indeed 
metallic VO2. In order to reduce the heating of the VO2 patch, the voltage was reduced to 3V for 
a 100ns voltage pulse, which reduces the excess energy delivered to the device after VO2 is 
switched to the metallic state. As shown in Figure 12b, the time-dependent optical transmission 
is significantly different for only a 1V change in applied voltage: the 4V pulse measurement 
shows purely thermal recovery while the 3V pulse measurement shows a distinct jump when the 
voltage is turned off, followed by a thermal recovery. A similar observation in recovery 
dynamics can be made by investigating shorter time duration pulses with a fixed amplitude of 
4V, as shown in Fig. 12c.  For these shorter applied voltage pulses, there is not enough time for 
the entire patch of VO2 to heat up so the slow thermal recovery time is eliminated (20ns curve in 
Fig. 12c). This effect can also be observed in the 10ns pulse optical measurements shown in Fig. 
12d. The modulation depth is the case of the 10ns pulse is ~0.7dB, suggesting that a 200nm × 
200nm × 60nm portion of the VO2 patch between the contacts is switched to the metallic state. 
This volume of VO2 is larger than that estimated to be switched in the case of minimal current 
(0.1dB for 100nm × 60nm × 60nm region of VO2), suggesting that heating still plays a role for 
10ns applied voltage pulses. While it should be possible to further reduce or possibly eliminate 
the heating contribution by placing a larger resistor in series with the device, it would not be 
possible to measure the resulting optical signal due to the signal-to-noise ratio of our current 
measurement setup. Further investigation is required to determine the intrinsic VO2 metal-to-
semiconductor transition times, which have been widely debated and previously ranging 
anywhere from picoseconds to hundreds of nanoseconds depending on the switching method [8, 
18-21, 24-27]; however, the Si-VO2 electro-optic modulator is an excellent platform on which to 
continue these studies. 
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Fig. 12. (a) Optical transmission measurement of Si-VO2 absorption modulator as a 4V voltage pulse of varying 
length (100ns-900ns) is applied to the contacts. (b) Optical transmission as a 100ns voltage pulse of varying voltage 
is applied. (c) Optical transmission measurement as a 4V voltage pulse of varying length (20ns-100ns) is applied.  
(d) Optical transmission measurement as a 3V 10ns voltage pulse is applied. (e) COMSOL heat transfer simulation 
5μs after the voltage is turned on (steady-state). (f) Dynamic heating simulation using COMSOL, showing a thermal 
decay constant near 600 ns. Adapted from [23]. 
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4. Designs for fiber-to-chip couplers and alternative modulator geometries  

Fiber-to-Chip Coupler 

    

Fig. 14. Transformation optics fiber-to-waveguide coupler design, fabrication, and characterization. (a) Grid 
illustrating the positioning of air holes in silicon to achieve the desired permittivity profile, which is overlaid in 
color. Color scale bar calibrates permittivity values. (b) Scanning-electron microscope image of transformation 
optics coupler. (c) Electric field (Ey) snapshot of the transformation-optical coupler with 110 nm holes 
demonstrating efficient in-plane mode conversion (top view). (d) Experimental transmission through the couplers: 
transformation optics coupler (w. holes), transformation optics coupler outline without holes (w/o holes), and butt-
coupled waveguide with no coupler (butt coupling). Adapted from [28]. 

  While optical modulators are important components in optical interconnects, efficient 
couplers to bring source light from a fiber-coupled laser to a bus waveguide are also required, 
among other essential components.  We employed a transformation optics approach to design a 
compact fiber-to-chip coupler that can be fabricated with a single-step lithography process 
simultaneously with the optical modulator [28].  As shown in Fig. 14, our design minimizes 
coupling losses by efficiently and compactly converting the effective mode size from a larger 
fiber mode to the smaller waveguide mode. In the design of the coupler, a coordinate 
transformation is performed wherein spatial variations of the refractive index are used to 
compress the mode profile resulting in near perfect in-plane mode conversion; the desired 
permittivity profile is achieved by employing a hexagonal lattice of fixed diameter sub-
wavelength air holes with varying filling fraction.  Both the finite element method and finite-
difference time domain simulations were performed to design and simulate the performance of 
the coupler.  Figure 14d shows the experimentally measured transmission of the fabricated 
transformation optics coupler (w. holes) in comparison to butt coupling (i.e., no coupler between 
the fiber and the on-chip waveguide), as well as transmission using the transformation optics 
coupler design without holes (w/o holes).  The transformation optics coupler exhibits a factor of 
5 improvement in transmission efficiency over butt coupling for fiber-to-waveguide mode 
conversion.  It is important to highlight that this result is achieved with a coupler that is only 
10 microns in length, significantly more compact than traditional tapered coupler designs.  

(a) 

(b) 

(c) 

(d) 
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Interestingly, the coupler outline (no holes) also performs well.  Given its simpler fabrication 
without the submicron sized holes, this coupler design is even more straightforward to integrate 
with on-chip silicon photonic components.  
 
Slotted photonic crystal nanobeam 

Beyond the hybrid Si-VO2 ring resonators and absorption modulator designs, we also 
considered alternative configurations with enhanced light-matter interaction that could be used 
for optical switching.  As shown in Fig. 15, by combining a slot waveguide and a one-
dimensional photonic crystal, it is possible to produce strong localized field enhancements [29, 
30].  The fundamental cavity mode supported by the slotted photonic crystal nanobeam cavity 
features localized field enhancements within the slot region between air holes. This “pinched” 
field distribution significantly reduces the cavity mode volume. The slotted photonic crystal 
nanobeam cavity achieved a record low mode volume V ~ 0.01(λ/n)3 and an experimental quality 
factor near 104 [30].  The strong field confinement and low mode volumes afforded by this 
geometry offer the potential for developing ultracompact Si-VO2 hybrid structures with very low 
energy requirements.   

 

 
Fig. 15 (a) 3D FDTD simulated near field distribution for slotted photonic crystal nanobeam cavity mode with low 
V = 0.025(λ/n)3 and high Q = 35,000. (b, c) SEM images of a fabricated device. (d) Experimentally measured cavity 
resonance revealing Q = 7,420. 
 
Hybrid Si-VO2-Au Plasmonic Modulator 

 In order to further increase modulation depth and decrease the footprint of electrically 
tunable Si-VO2 optical modulators, we considered the incorporation of plasmonic elements and 
assessed the performance of the new hybrid modulator through simulation. Figure 16a shows the 
design of our hybrid Si-VO2-Au plasmonic modulator with silicon as a bottom layer, VO2 as the 
active layer in the middle, and gold nanodisks on top [31]. The gold nanoparticle chain is chosen 
to facilitate a compact footprint and regions of very high electric field confinement where the 
active material, VO2, can be switched. Fig. 16b shows the electric field distribution of the 
fundamental quasi-TM plasmonic mode for this structure, confirming that most of the mode is 
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confined within the VO2 layer to maximize the extinction ratio of the modulator and allow 
lower-loss propagation of the hybrid plasmonic mode in the semiconducting VO2 film. When 
VO2 is switched into a metallic state (Fig. 16c), the hybrid mode no longer propagates and the 
loss is significantly increased, resulting in signal modulation.  

 

Fig. 16. (a) Schematic representation of the proposed hybrid plasmonic modulator design based on Au, VO2, and Si. 
Electric field intensity of the hybrid mode for VO2 in the (b) semiconducting state and (c) metallic state. Adapted 
from [31]. 

The hybrid Si-VO2-Au plasmonic modulator exhibited excellent simulated performance in 
several important categories, including ultra-small footprint (560 nm × 200 nm), extinction ratio 
per unit length (~9 dB/µm), and operating power (4.8 mW) [31]. With the potential for direct 
integration into silicon waveguides, this new design is expected to dramatically improve the 
performance of silicon electro-optic modulators.  
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