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Sub-Picosecond Response Time of a Hybrid VO,:Silicon

Waveguide at 1550 nm

Kent A. Hallman,* Kevin J. Miller, Andrey Baydin, Sharon M. Weiss, and Richard F. Haglund*

Hybrid material systems are a promising approach for extending the capa-
bilities of silicon photonics. Given the weak electro-optic and thermo-optic
effects in silicon, there is intense interest in integrating an ultrafast-switching
phase-change material with a large refractive index contrast into the wave-
guide, such as vanadium dioxide (VO,). It is well established that the phase
transition in VO, thin films can be triggered by ultrafast, 800 nm laser pulses,
and that pump-laser fluence is a critical determinant of the recovery time of
thin films irradiated by femtosecond pulses. However, thin-film experiments
are not reliable guides to a VO,:Si system for all-optical, on-chip switching
because of the differences in VO, optical constants in the telecommunication
band, and the complex sample geometry and alignment issues in a wave-
guide geometry. This paper reports the first demonstration that the reversible,
ultrafast photoinduced phase transition in VO, can achieve sub-picosecond
response when small VO, volumes are integrated into a silicon waveguide as
the active element. The result suggests that VO, can be pursued as a strong
candidate for waveguide switching with sub-picosecond on-off times.

performance of on-chip components for
silicon photonics.'> For ultrafast optical
switching, VO, has long been viewed as a
promising candidate for integration with
silicon photonics components. However,
while experiments during the last decade
have shown that VO, thin films can be
optically switched from the insulating to
the metallic state and then recover on a
picosecond time scale at low pump flu-
ences,®8 most experiments were carried
out at pump wavelengths near 800 nm,
and none directly incorporated VO, into
a silicon waveguide. Moreover, ultrafast
electron-diffraction studies comparing the
photo-induced phase transition (PIPT)
using near band-edge (2000 nm) excitation
versus 800 nm pumping showed that the
former requires half the enthalpy change
of the latter,®] consistent with the observed

1. Introduction

Phase-change materials, such as vanadium dioxide (VO,)
and Ge,Sb,Tes glass, are attracting widespread attention due
to large changes in their optical properties that can be ini-
tiated by optical excitation and leveraged to modulate the
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monotonic decrease in PIPT threshold as

the pump-laser photon energy approaches
the VO, band edge and suggesting that the transition can be
driven in a low-fluence, athermal regime.m Hence, while prior
work provides a rationale for integrating VO, into Si photonic
components,!'*13 there is still no direct evidence that a fem-
tosecond optical pulse at telecommunication frequencies tra-
versing a hybrid VO,:Si waveguide can be switched on and off
at ultrafast time scales, less than 1 ps.

The incorporation of VO, into silicon waveguide geometries
is relatively recent. The transmission modulation of a contin-
uous-wave (CW) signal by heating a Si ring-resonator with a
VO, patch on a small section of the ring first demonstrated
the feasibility of using VO, as the active material on a silicon
photonic component; while the steady-stating heating carried out
in this experiment did not allow investigation of response time,
a modulation depth exceeding 6 dB was shown.'”l Nanosecond
all-optical switching of a CW laser beam at 1550 nm in both in-
line Si waveguide modulators and ring resonators subsequently
showed that the response time of VO, incorporated atop these
silicon photonic components could track the pulse width of the
1064 nm out-of-plane nanosecond pump laser.'?l Most recently,
optical switching of a CW 1550 nm signal beam in Si;N, dual
waveguides covered with a thin film of VO,, by 140 fs pulses
from an 80 MHz Ti:Sapphire oscillator at wavelengths between
800 to 1000 nm, demonstrated the feasibility of using an in-plane
all-optical pumping scheme with p]J threshold switching energy;
however, the “on-off” switching time was not measured.!

Here, we take a significant step forward in establishing the
feasibility of Tbps on-chip optical switching using hybrid VO,:Si

© 2020 Wiley-VCH GmbH
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Figure 1. a) Schematic view of the pump-probe experiment, showing 1550 nm femtosecond pulses (bright blue) injected into the waveguide from the
left and the gating femtosecond pulses (red) at 1670 nm illuminating the embedded VO, segment (green) from above. The attenuated pulses (faded
blue) propagate to a detector (not shown). b) False color scanning-electron microscopy image of the embedded VO, modulator, 700 nm long; it is

enlarged in the inset, where the scale bar is 200 nm.

photonic components by demonstrating record high-speed
sub-picosecond response times in a silicon waveguide with an
embedded section of VO,. Importantly, unlike prior work, both
the signal and pump beams are near 1550 nm. A 105 fs pulse
(1550 nm), launched into a TE waveguide mode, is switched
by a temporally synchronized 135 fs pulse (1670 nm) with “on-
to-oft” times below 1 ps at modest pump fluences. While the
observed fluence dependence of the differential transmission
is similar to pump-probe results on thin VO, films that show
a transient metallic phase at low pump fluence and growth of
a rutile metallic phase as high pump fluence, >l there are
additional complexities that must be considered in the optical
dynamics of VO, when embedded in the spatially and ther-
mally confined geometry of a waveguide despite the athermal
nature of the low-fluence transition. In particular, the nonlinear
dependence of the response time on pump fluence and on the
injection geometry of the probe-beam indicates that incorpo-
rating a submicron length of VO, into a waveguide form factor
creates a nonlinear material structure that has both design chal-
lenges and opportunities to optimize switching performance.
Thus, this novel nonlinear optical material in a silicon wave-
guide geometry can drive significant progress in all-optical sil-
icon photonics with its inherent advantages over all-electronic
or electro-optic systems.

-
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2. Experiment Layout and Procedure

Figure 1a illustrates the experimental concept: a train of fem-
tosecond probe (signal) pulses at a pulse repetition frequency
of 1 kHz (bright blue, 1550 nm), injected into one end of a
silicon waveguide, is attenuated in a section of the waveguide
filled by VO, (green) by pump pulses (red, 1670 nm) generated
synchronously in the same optical parametric amplifier as the
signal pulses. The transmitted, attenuated signal pulses (darker
blue) are detected using a lock-in amplifier. Figure 1b shows
one example of a hybrid VO,:Si waveguide. The embedded VO,
segment, 700 nm long, is located near the middle of a silicon
waveguide about 3 mm long, as shown by the scanning elec-
tron microscopy image, where the embedded VO, segment is
indicated in false color (green).

Figure 2 shows the experimental configuration in which
the dynamical response of the waveguide was measured. An
amplified titanium-sapphire laser system (Spectra Physics Spit-
fire Ace) producing nominal 100 fs pulses at 800 nm pumps
an optical parametric amplifier (OPA, Light Conversion Topas)
at 1 kHz repetition frequency. The OPA signal output is the
probe beam that propagates through the waveguide; the idler
output at 1670 nm is the free-space pump beam. A polarizing
beam splitter separates the orthogonally polarized signal and
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Figure 2. a) Experimental layout for the out-of-plane pump, in-waveguide probe configuration used to measure the temporal response of the embedded-
VO, silicon waveguide. The inset shows a 3D perspective of the free-space geometry of the pump. b) The lock-in amplifier (LIA) trace corresponding
to the optical data shown in Figure 3a. The delay-stage scan length between the FWHM points (=0.2 mm) of the LIA trace corresponds to an optical

pulse duration at the LIA of 0.64 ps.
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Table 1. Probe and pump-beam characteristics.

Probe beam Pump beam
Wavelength 1550 nm 1670 nm
Repetition rate 500 Hz 1000 Hz
Pulse duration 105 fs 130 fs
Pulse energy 0.5 p)? 6-360 n)
Beam diameter 220 x 700 nm? 70 um (e7?)
Insertion loss 10dB 0
Fluence 33 ) cm=2) 0.13-7.8 m) cm2
Intensity 310 MW cm29) 1-60 GW cm™

At input face of the waveguide; P)In the waveguide.

idler beams at the OPA output. The temporal duration of the
pump and probe pulses are derived from a spectral scan of, and
a Gaussian fit to, the OPA output, as described in Section S1
(Supporting Information). The characteristics of the pump and
probe beams at the OPA output are summarized in Table 1.

The pump beam (red, Figure 2) is delayed with respect to
the probe beam in a delay line comprising a corner cube on
a computer-driven translation stage and focused onto the
sample by a parabolic mirror. A pair of crossed polarizers on a
computer-controlled rotation mount adjusts the fluence of the
pump beam; to maintain the polarization of the pump beam
fixed at the focusing mirror, only the upstream (laser side)
polarizer is rotated, while the downstream polarizer remains
fixed. The InGaAs detector for a pyroelectric power meter (not
shown) on a flip mount in front of the parabolic mirror meas-
ures the average power of the pump beam, from which the
energy per pulse and the fluence can be calculated.

The probe beam is chopped at 500 Hz, half the laser rep-
etition rate, and this frequency provides the reference for
phase-sensitive detection in the lock-in amplifier (LIA); the
rationale for this configuration is discussed in Section S2
(Supporting Information). The input tapered fiber focuses the
probe beam to a 2.5 um spot and x—y-z piezoelectric actua-
tors are adjusted to maximize the coupling of light from the
tapered fiber into the proximal end facet of the silicon wave-
guide (220 nm x 700 nm). The average power coupled into
the tapered fiber carrying the probe beam was estimated by
exchanging the tapered fiber for an ordinary patch fiber con-
nected to a fiber-coupled power meter. The insertion loss, esti-
mated to be =10 dB, was confirmed by measuring the probe
transmission through a waveguide without embedded VO, and
is attributed, in part, to imperfect deposition of the VO, patch
in the Si waveguide.['”]

The light transmitted through the VO, segment and onto
the distal facet of the silicon waveguide is collected by the
output tapered fiber, the alignment of which is controlled with
similar piezoelectric actuators. Without further optical filtering
or attenuation, the probe signal is then transmitted to a fiber-
coupled indium gallium arsenide (InGaAs) detector (Thorlabs
D400FC).

The pump beam is focused onto the VO, section by a para-
bolic mirror to avoid chromatic and spherical aberration. The
pump-beam and parabolic-mirror axes must be parallel to guar-
antee that translating the mirror does not distort the shape of the
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beam spot, and negligible differences between measurements
when the parabolic mirror is swept parallel and perpendicular
to the waveguide axis justify the claim that the axes are appro-
priately aligned. The waist of the roughly Gaussian pump-beam
focus—70 um diameter at e7? of peak intensity—was measured
by blocking the probe, changing the LIA reference frequency
to 1000 Hz, and translating the parabolic mirror so the beam
spot was swept across the device. In this configuration, scat-
tered pump light coupled into the waveguide was measured
by the LIA as a function of beam spot (parabolic mirror) posi-
tion and fit to a Gaussian distribution. Given the dimensions
of the waveguide, this implies that when perfectly aligned, the
fluence is essentially constant across the embedded VO,. Infor-
mation about the relevant optical properties of VO, are given in
Section S3 (Supporting Information); relevant characteristics of
the probe and pump beams are exhibited in Table 1.

It is important to note here that the pump beam illuminates
a 35-40 um segment of the silicon waveguide on either side of
the VO, section. Since the threshold for nonlinear absorption
in silicon pumped in the near IR is of order 2 cm GW12% one
might be concerned about potential nonlinear effects on the
probe-beam transmission in the silicon. However, studies of
the nonlinear pulse propagation in silicon waveguides?!l and in
silicon nanowires?223 confirm that nonlinear effects are totally
negligible for such short lengths of silicon.

3. Experimental Results

Figure 3 shows the differential transmission [-AT/T (%)] as
a function of pump-probe delay and illustrates the temporal
switching behavior for the embedded-VO, silicon waveguides
with a 700 nm long section of embedded VO,. Figure 3a,
acquired at a moderate pump fluence of 2.7 mJ] cm™, shows
that the duration of the signal pulse reaching the InGaAs
detector is no more than 640 fs full width at half-maximum
(FWHM). The pulse traces were fit by the sum of a Gaussian
and a sigmoidal background.

Figure 3b shows the differential transmission for thirteen
values of incident pump fluence, all acquired in a separate
experiment and therefore under slightly different alignment
conditions than the measurement in Figure 3a. The photo-
induced switching exhibits three distinct responses: i) a low-
fluence regime in which the signal returns to baseline in less
than 1 ps (cool colors); ii) an intermediate-fluence response
in which there is rapid switching, but an elevated background
after switching is complete (earth tones); and iii) a high-fluence
regime above roughly 5 mJ cm™ in which the peak amplitude
continues to rise sublinearly but the background after switching
also rises (warm colors).

The rising background as one progressively increases fluence
through these three regimes shows that an increasing, fluence-
dependent fraction of the VO, is in the rutile crystallographic
state, in contrast to data at the low end of the fluence range,
where the signal recovers quickly to the initial background level.
The rising background in (iii) indicates the onset of the increasing
fraction of the VO, section to the rutile crystallographic state and
the long relaxation time associated with rutile-to-monoclinic relax-
ation, consistent with experiments at 800 nm.[*!

© 2020 Wiley-VCH GmbH
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Figure 3. Differential transmission —~AT/T (%) as a function of pump-probe delay a) for an incident pump fluence of 2.7 mj cm=% and b) for a range
of incident pump fluences indicated by the legend on the right-hand side (units of m) cm™2), showing transition to the nearly fully switched rutile
crystallographic phase at high fluences. The full width at half-maximum of the pump-probe response in (a) is 0.64 ps assuming a Gaussian temporal
profile. Raw data for the curves in (b) were smoothed using a five-point moving average. c) Differential transmission versus incident pump fluence and
absorbed energy density from below- to above-threshold levels for the monoclinic to rutile structural transformation, color-coded as in (b). d) Duration
of the Gaussian component of the detected signal from the pump-probe measurements in (a) and (b), full-width at half-maximum (black circles). The
error bars represent the 95% confidence intervals from the fits to all unsmoothed data from (b). The dashed blue line corresponds to a switching time
of 1 ps. The brown square points were acquired at a different time than the black circle data, with adjusted alignment parameters. Error bars for these

two points are smaller than the plotting symbols.

Figure 3c shows the differential transmission as a function of
incident pump fluence at time ¢ = 0, incorporating the data from
Figure 3b as well as other experiments. Details of the calcula-
tion of the absorbed energy density are discussed in Section S4
(Supporting Information). From previous studies,/® about 10 ps
after the pump pulse, either reversion to the semiconducting
phase or the structural phase transition and evolution to the
rutile VO, phase begins to take place, depending on the fluence.

We calculated the FWHM duration of the Gaussian compo-
nent of the pump-probe dynamics for the data in Figures 3a,b
and 4 using the fitting procedure described in Section S5 (Sup-
porting Information) and shown for the data in Figures 3a,b
and 4 in Supporting Information Section S6.

The circular black data points in Figure 3d show that the
FWHM signal duration corresponding to the differential trans-
mission data in Figure 3b decreases monotonically to less than
1 ps as the pump fluence is increased, and is less than 1 ps at
the highest fluences. The change in the pulse duration—not
typically seen at all in thin-film experiments—is nonlinear and
saturates as a function of pump fluence.

The brown square points in that same figure, corresponding
to the transmission spectra in Figures 3a and 4d, were
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measured on a different day under different alignment condi-
tions. In these two measurements, the “on-off” switching times
are substantially shorter, of order 550-640 fs—and probably rep-
resent the shortest achievable switching times at near-optimal
alignment for the intermediate-fluence regime. The difference
between the two sets of measurements probably results from
day-to-day variations in OPA tuning, alignment differences for
the lensed fiber couplers to the waveguide, or spatial chirp at
the input and output silicon waveguide facets due to variations
in the interaction of the probe pulse with the lensed fiber tips.
The fiber-to-waveguide alignment may be particularly sensitive
to modest day-to-day variations because of contributions of the
nonlinear refractive index in the mid-to-high range of pump
fluences. (See Table S1 and accompanying text, Supporting
Information.)

Figure 4 shows three pump-probe spectra selected from the
measurements plotted in Figure 3b representing the modulator
response at low, moderate and high pump fluences, as well as
the pulse durations extracted for these spectra using the fitting
procedure described in Section S6 (Supporting Information).

At the lowest pump fluences (see Figure 4a), the embedded
VO, is just barely switched. The pulse duration thus reflects the

© 2020 Wiley-VCH GmbH
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Figure 4. Differential transmission data (colored points) as a function of pump-probe delay, with fits to Gaussian pulse and background components
for incident pump fluences of a) 0.23 mj cm™2, b) 1.2 mj cm™2, ¢) 6.3 m) cm™2, and d) 1.6 m) cm™2, derived from fits to data in Figure 3a,b. Data in
(d) are collected on a different day with better alignment and are shown for comparison.

input probe pulse duration at the interface between waveguide
and the embedded VO,, and is dominated by the effects of dis-
persion in the input delivery fiber. Thus, the pulse duration
reflected in the lock-in detector signal for Figure 4a can rea-
sonably be considered to represent the instrumental response
function. In Figure 4b, in the moderate fluence regime, one
sees the sharp onset of the gating pulse, but also the hint of a
long-term response that does not recover to background within
10 ps. In Figure 4c, the overall trend of rising background with
increasing pump fluence is fully developed; and high back-
ground relative to the peak signal indicates substantial metal-
lization of the VO, modulator—foreshadowing nanosecond
recovery.

Figure 4d shows the differential transmission data for one
of the brown square data in Figure 3d, acquired at a different
time than the data in Figure 4a—c, which correspond to spe-
cific fluences in Figure 3b. The difference in pulse duration
between the data of Figure 4b and Figure 4d is more than a
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factor 2, even though the data were acquired at the same pump
fluence. Moreover, the contrast ratio is significantly higher for
the pulse in Figure 4d—about a factor 2—due to the higher
ratio of signal to background.

4, Discussion

Our experimental results are consistent with more than two
decades of studies in which the ultrafast photo-induced phase
transition (PIPT) in VO, has been explored for potential appli-
cation to all-optical switching technologies.?*?/l The PIPT in
VO, generates both an insulator-to-metal transition (IMT) and a
monoclinic-to-rutile structural phase transition (SPT). Evidence
from many experiments on thin films of VO,’**728l indicates
that the IMT and SPT do not occur congruently, whether initi-
ated by local heating!?! or by nanosecond laser.'>3% Moreover,
there is a critical threshold pump fluence above which the

© 2020 Wiley-VCH GmbH
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rutile phase nucleates and grows,® and from which relaxation
to the initial monoclinic crystal structure takes a few nanosec-
onds. Below this threshold, however, a transient metallic phase
is observed that results from a coherent phonon excitation,
which creates an excited electronic state that is not representa-
tive of the equilibrium nuclear positions in either the semicon-
ducting monoclinic or metallic rutile phases. These observations
are inconsistent with a purely thermal process. This transient
sub-threshold phase has been observed in VO, thin films in
time-dependent reflectivity,>! transmissivity,®! THz conduc-
tivity?6?1 and photoelectron spectroscopy;*! the selftrapped-
exciton-like excited state relaxes to near initial conditions on a
time scale of a 2-5 ps.

In a conventional pump-probe experiment, the pump and
probe pulses have roughly the same duration, and the probe
pulse is focused in a small fraction of the area illuminated by
the pump to ensure that boundary effects do not distort the
probe signal. However, the experiment reported here differs
from conventional pump-probe studies in significant ways:

1. Assuming that the input tapered fiber has a dispersion
of 15 ps km™ nm™ typical of fused silica, the 105 fs signal
pulse from the OPA is stretched to a duration of about 1.2 ps
FWHM at the waveguide input, as measured in Figure 4a for
the lowest pumping fluence.

2. The transit time for a point on the phase front of a probe
pulse to pass through the 700 nm VO, section is of order
10 fs, negligible compared to probe-pulse duration, thus ...

3. ...the nonlinear absorption of the probe induced by the 135 fs
pump pulse occurs during a small fraction of the probe-pulse
duration as it traverses the embedded VO, segment.

4. The geometry of the VO, in this experiment is severely
constrained compared to pump-probe studies on bulk thin
films,[*1 with typical focal-spot volumes more than a thou-
sand times greater than the volume of VO, in the waveguide.

Against this background, we interpret the data in Figures 3
and 4 as follows. The linear absorption coefficient for mono-
clinic VO, over the spectral range spanned by pump and probe
beams (Supporting Information, Section 1) is nearly constant,
at o = 2 um™% absorption in the rutile phase is roughly an
order of magnitude larger. The embedded VO, functions as
an ultrafast absorptive modulator activated by the pump pulse.
Because of the short pump-pulse duration, the absorption
—AT/T rises rapidly to its peak; the initial slope of the pump-
probe signal steepens with increasing fluence due to third-
order nonlinear absorption. Even for pump fluences as low
as 1 mJ cm™2, the nonlinear absorption—at 800 nm equal to
B =270 £ 30 cm GW! B2 —already exceeds 0.1¢4. Moreover,
the probe pulse experiences this nearly instantaneous non-
linear absorptive effect—which enhances the total absorption
exponentially—throughout the entire 700 nm segment of VO,.

With increasing fluence, the conduction-band electron con-
centration increases from 10%° cm™3, and the fraction of unit
cells excited in the embedded VO, begins to increase beyond
the roughly 0.1 required for cooperative nucleation of the rutile
phase;”! significant metallization—and subsequent growth of
the rutile phase—begins, leading to a rising background with
increasing fluence, indicated by sigmoidal dashed curves that
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appear in the fits. The hot electrons and initially cold mono-
clinic lattice then equilibrate in a mixed rutile-monoclinic
phase on a picosecond time scale.!"®!

Measurements on VO, thin films excited by femtosecond
pulses at 800 nm have shown that there is a fastrecovering
metallic monoclinic transition that recovers on the time scale of
a few picoseconds for incident fluences below 1-2 m] cm™; as
fluence rises from 1 to 5 m] cm™2, the post-switch background
relaxes on an increasingly long timescale. This behavior also
appears in thin films undergoing the ultrafast PIPT across a wide
range of lattice mismatches and spatial correlation lengths.[®
This same behavior is evident in Figures 3a,b and 4b,c: for inci-
dent fluences below 3 m] cm™ the background signal returns
close to baseline within the 10 ps measurement window, showing
that at these fluences the VO, remains largely in the monoclinic
phasel”7:28] after the transient metallization phase.

The implications of these results for the present experi-
ment are that 1) at an incident fluences of 1-3 m] cm™2, the
embedded VO, has been only partially transformed from the
monoclinic to the rutile crystalline phase, slightly slowing relax-
ation to the initial state; 2) the maximum value of contrast ratio
between “on” and “off” states of the VO, will be reached near
this threshold (see Figure 3d); and 3) because this threshold
electron density is reached by the end of the 135 fs pump pulse,
we expect that the maximum probe-pulse signal also reaches
the detector not long after the pump pulse is over because at
that point the absorbing rutile phase is well formed.

Moreover, the VO, section is thermally isolated by the SiO,
substrate, and thus sheds the absorbed pump energy only very
slowly by diffusive transport to the silicon waveguide. Given
the confined geometry of the waveguide and the interface with
the embedded VO,, boundary effects on the waveguide and the
substrate probably constrain the recovery time for the PIPT to
the nanosecond time scale. The rising postswitch background
beyond 4 ps for the higher fluences observed in this experiment
would clearly be problematic for high modulator frequencies,
because above the intermediate fluence range, so much of the
embedded VO, transforms to the rutile crystalline phase that
recovery to the initial state takes nanoseconds or longer—thus
posing a critical obstacle to switching faster than a few GHz.
This residual signal is almost certainly due to the pump beam,
as the probe fluence—33 uJ cm=2—is not sufficient to initiate
substantial metallization of the VO, at ambient temperature.?’]

Nonlinear pump-pulse effects on the silicon waveguide
can be ruled out. Given the measured two-photon absorption
Br=0.5 cm GW! and nonlinear index n, = 2.8 x 10> cm? GW~!
for silicon at 1670 nm,/?% the fractional change in absorptive
and refractive properties of silicon even at the highest intensi-
ties in this experiment is of order 107 This also rules out free-
carrier absorption effects; the small change in —AT/T signal
at the lowest fluence (see Figure 4a) is due solely to the low
density of electronic excitation. Furthermore, by translating the
pump-beam spot from the hybrid waveguide to a silicon wave-
guide on the same chip, we found that there was no change in
the measured probe signal at the pump fluences employed.

Perhaps surprisingly, the dynamics for the 1670 nm pump-
1550 nm probe sequence resemble those observed in optical
pump (800 nm)—(white-light) probe experiments;!>1! in the
latter, with pump-photon energies twice the bandgap energy
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of VO,, one expects to generate a substantial population of hot
phonons that heat the VO, as they cascade down the ladder of
excited states. In fact, however, the observed kinetics are also
quite consistent with the pump-wavelength dependence at
2000 nm reported by Tao et al..®! in the high-fluence regime
here—where the transformation to the rutile phase is nearly
complete—the measured values for the switching energy are of
order 0.6 eV nm~3, within a factor two of the value 1 eV nm™3
measured in the ultrafast electron-diffraction experiment.

Therefore, the nonequilibrium dynamics of the photo-
induced phase transition in even this simple in-line struc-
ture poses significant questions still to be resolved. The VO,
fluence-versus-substrate temperature phase diagram proposed
by Cocker et al. based on optical pump-THz probe measure-
ments on thin VO, films on a-cut sapphire substrates suggests
that substrate temperature plays a crucial role in ameliorating
the evolution of the rutile crystalline phase and permitting
picosecond relaxation. Consistent with the present results, the
phase diagram shows that at room temperature and even at
incident fluences as low as 1.5 m] cm™2, the crystallographic
phase transition begins to nucleate and convert a fraction of the
illuminated volume into the metallic phase with its long relaxa-
tion time; at fluences of 8 mJ cm™2, in fact, the entire pumped
volume of the film transitions immediately into the rutile
phase.33 But at 225 K substrate temperature, picosecond relax-
ation to background is observed even for fluences approaching
4m] cm™2. That temperature range could be reached by thermo-
electric cooling—thus enabling the optimal ultrafast dynamics
at higher fluence, albeit at the cost of modest additional power
consumption. Better overall thermal management might also
be achieved by building this in-line waveguide switch on a
silicon-on-sapphire (SOS) substrate that would have better
thermal diffusivity away from the pumped VO, waveguide seg-
ment. The magnitude of the thermal loading from a single
pulse and repetitive switching are estimated in Section S4 (Sup-
porting Information), and are found to be much smaller than
necessary to drive the phase transition.

Finally, it should be noted that the issue of lifetime of VO,
switching performance at high pulse repetition frequency is
obviously a critical one. The longest life-cycle tests in the lit-
erature are for thin-film VO, microwave switches, which have
shown of order 250-10° switching cycles without degradation
in performance.’ Experiments on our device carried out over
several months reached a similar level of switching longevity
without any evidence of degradation. Recently switching rates
in microwave circuits employing VO, as a modulating ele-
ment have been tested at repetition rates up to a few tens of
GHz, which show a modest decrease in switching contrast
above 10 GHz.’l However, these are tests employing electrical
switching that in principle cost a good deal more energy per
switch, have intrinsically longer switching times and poten-
tially alter the VO, characteristics at a more rapid rate than the
photo-induced phase transition with its low energy input.

5. Conclusions

The results presented in Figures 3 and 4 show the first experi-
mental demonstration of a sub-picosecond response time for a
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small block of VO, embedded in a Si waveguide driven by the
VO, insulator-to-metal phase transition to switch between insu-
lating and metallic states while embedded in a Si waveguide.
The transmission intensity of an ultrafast 1550 nm probe pulse
propagating in the waveguide was modulated by another fem-
tosecond pulse incident on the VO, patch with a maximum
transmission contrast of about 22%. Response times as short
as 0.55 ps were measured at modest pump fluences, and are
probably close to the absolute limits for this in-line absorption
waveguide switch configuration. The dispersion-lengthened
duration of the input pulse, which is injected into the wave-
guide by a tapered silica fiber, does not appear to be the fun-
damental limiting factor in the performance of the in-line
modulator. Thus, for the in-line hybrid waveguide, the pursuit
of substantial reductions in switching time is now less urgent
than optimizing the size, shape and volume of the VO, struc-
ture, as well as addressing the thermal management of the chip
at high pump rates. Implementation of extant on-chip, in-plane
optical pumping designs®>3 and investigation of alternate
optical-switching geometries such as resonant and interfero-
metric configurations offer significant opportunities to make
further progress toward practical implementation of a hybrid
VO,:Si all-optical switch.

6. Experimental Methods

Device Fabrication: Silicon waveguides with embedded VO, sections
(green segment in Figure 1) were fabricated on silicon-on-insulator
wafers (220 nm device layer, 3 um buried oxide layer, SOITEC) using
standard lithographic procedures.l' Silicon waveguides with 700 nm
gaps and widths of 700 nm were defined by electron beam lithography
(JEOL 9300FS-100kV) and subsequent reactive ion etching using a C4Fg/
SF¢/Ar gas mixture (Oxford Plasmalab 100). A second round of electron-
beam lithography (Raith eLine) opened windows over the gaps in the
waveguides for the VO, deposition. Then, VO, was deposited at room
temperature by RF magnetron sputtering of vanadium metal at 6 mTorr
total pressure with 20 sccm Ar and 1 sccm 0,.]

After lift-off, the devices were annealed for 7 min at 450 °C in
250 mTorr of O, to form polycrystalline VO, sections in the waveguide
gaps. The complete VO, lithography, deposition, liftoff, and annealing
process was performed in two identical iterations to ensure complete
O, diffusion during the anneal step. Atomic-force microscope (AFM)
measurements on similarly prepared samples suggested that the
average thickness of the VO, over the 700 nm-long waveguide gap was
=150 nm compared to the waveguide height of 220 nm.[®! All waveguides
were cleaved to allow access for input and output butt-coupled tapered
fibers (OZ Optics). The postcleaved devices measured =3 mm in overall
length.
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