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ABSTRACT: We demonstrate a hybrid silicon—vanadium
dioxide (Si-VO,) electro-optic modulator that enables direct
probing of both the electrically triggered semiconductor-to-
metal phase transition in VO, and the reverse transition from
metal to semiconductor. By using a two-terminal in-plane VO,
electrical switch atop a single-mode silicon waveguide, the
phase change can be initiated electrically and probed optically,
separating the excitation and measurement processes and
simplifying the analysis of the metal-to-semiconductor
dynamics. We demonstrate a record switch-on time for high-

speed electrical semiconductor-to-metal transition, with switching times less than 2 ns, and quantify the slower inverse transition,
which is dominated by thermal dissipation and relaxation of the metallic rutile lattice to the monoclinic semiconducting phase. By
limiting the current through the VO, to reduce Joule heating, we enable inverse relaxation times as fast as 3 ns.
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T ransistor scaling and the associated performance improve-
ment of integrated silicon circuits have followed Moore’s
law for the past few decades." However, as current technology
approaches sub-10 nm gate dimensions, at which transistors are
limited by quantum effects, a different approach is needed to
continue performance improvements. Introducing new silicon-
compatible functional materials may be appropriate, as was the
case for high-k gate dielectrics.” One such family comprises
strongly correlated materials, which possess band structures
that are strongly dependent on electron—electron interactions
and support reversible solid—solid phase transformations.’
Among the correlated insulators, many transition-metal oxides
exhibit first-order, thermally driven semiconductor-to-metal
transitions (SMT) of potential utility in electrical switching
applications.* Vanadium dioxide (VO,) is especially interesting
for photonic and electronic applications because its transition
occurs near room temperature (68 °C) and is accompanied by
large changes in electrical and optical properties.

The SMT in VOZ thin films can be tr1%gered by ultrafast laser
excitation,” strain,® and electric fields.” The ability to trigger
the SMT electrically is essential for creating a new generation of
electronic and electro-optic devices. Experimental studies of the
electrically induced SMT date from 2000, when Stefanovich et
al.” reported that electric field or electron injection could
induce the SMT in VO,. They argued from model calculations
that the leakage current was insufficient to raise the
temperature of the device above the critical temperature,
T."" Several groups have subsequently studied the electrically
induced SMT in VO, and argued that the SMT was driven by
electric-field rather than Joule-heating effects,”’" based on the
relatively short time scale—below 10 ns—on which switching
occurred.”'"'* However, if the SMT could indeed be triggered
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solely by application of an electric field, it should have been
possible to demonstrate switching in a three-terminal geometry
with a high-k gate dielectric eliminating the leakage current.
However, the three-terminal “Mott-FET” geometry'~'* has not
been demonstrated unambiguously because of the difficulty in
creating sufficiently strong electric fields (~10” V/m) and the
short screening length in VO, (less than 1 nm)." To raise the
local electric field, ionic liquids have been proposed as an
alternative to the conventional gate dielectric."> However, ionic-
liquid modulation is not suitable for high-speed operating
devices and in any case induces an irreversible compositional
change in the VO, films due to formation of oxygen vacancies
at the liquid—solid interface.'®"”

Given the failure to demonstrate pure electric field
switching,'® an alternative explanation of carrier injection due
to the Poole—Frenkel effect has been proposed and confirmed
via modeling and experiment.'”'® Although this field-assisted
mechanism involves Joule heating, the thermal process is
extremely fast (~10 ps), as has been shown by experiments in a
similar strongly correlated material (V,0,).”" Before electrical
switching of VO, via the Poole—Frenkel effect can be
considered practical for high-speed electronic and photonic
devices, the reverse transition from metal to semiconductor
must be carefully investigated. To date, no direct observations
of this metal-to-semiconductor relaxation process have been
made.

While no demonstration of fast (subnanosecond) electrical
switching of VO, in a modulator configuration has been
reported, a number of silicon photonic devices utilizing VO, as
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Figure 1. (a) Schematic representation of the device. (b) False-color SEM image of the device with VO, in purple and gold contacts in yellow. (c)
I-V behavior of the device, indicative of a semiconductor-to-metal transition. (d) Device response to a 10 ns voltage pulse below (red) and above

(black) the threshold switching voltage.

. . 21-23
an active modulator material have been demonstrated,

based on thermal switching usin% either nanosecond optical
excitation””** or resistive heating.”"”’ In order to deploy the
electrical SMT in photonic and electronic devices, further
insight into the phase-transition dynamics is needed.

Here we present a novel, model-dependent way to
characterize the VO, phase transition with nanosecond
temporal resolution and spatial resolution on the order of
tens of nanometers. We employ a two-terminal configuration
that allows application of a large electric field, but does not
suppress leakage current. In order to distinguish the
contributions of the electric field from Joule heating, we
fabricate an in-plane VO, electrical switch on top of a single
mode silicon waveguide.”” The light transmitted through the
structure is sensitive to changes in optical mode volume
induced by the VO, phase transition, while the optical signal
itself does not affect the phase transition because it is controlled
entirely by the applied electrical signal. Because the phase
transition is not monitored electrically, the driver circuit is not
influenced by the electronic measurement equipment (e.g,, the
oscilloscope), which has significant capacitance and limits the
temporal response of the entire experimental system. In
addition to the experimental measurements, standard optical
and electrical simulations are used to estimate the spatial and
temporal evolution of the VO, phase transition, aided by
previous characterizations of the spatial evolution of the SMT
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at the nanoscale®®”’ and microscale® using atomic-force
microscopy and Raman spectroscopy. The experiments and
simulations lead us to conclude that fast electrical and electro-
optical switching is a realistic possibility for suitably designed
devices.

Bl RESULTS AND DISCUSSION

A schematic of the Si-VO, linear absorption electro-optic
modulator is shown in Figure la. Silicon waveguides were
fabricated on a silicon-on-insulator (SOI) platform using
standard electron-beam lithography techniques. After a second
round of lithographic patterning, small patches of amorphous
VO, (nonswitching) were deposited by sputtering, followed by
lift-off of the resist and annealing to produce switching VO,;
chromium/gold contacts were deposited by thermal evapo-
ration. A false-color scanning-electron microscope image of the
fabricated structure is shown in Figure 1b. Continuous-wave
light from a butt-coupled input fiber propagates through the
waveguide and couples to the output fiber, where it is measured
by a DC-200 MHz New Focus FPD510 photodetector. The
electrically triggered VO, SMT is induced when voltage is
applied to the contacts across the VO, patch. The optical mode
in the waveguide is modulated as its evanescent field extends
into the VO, patch.

First we characterize the electrical properties of the devices
by measuring the I-V curve for each device (Keithley 2400
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Figure 2. (a) Measured optical transmission as S V pulses of various length are applied to the electrical contacts of the device. (b) Measured current
through the device vs modulation depth, correlated to the FDTD-simulated metallic VO, filament dimensions. (c¢) COMSOL heat transfer
simulation S ys after the voltage is turned on (steady state). (d) Maximum device temperature and device current as a function of time, as calculated

by COMSOL heat transfer simulations.

source meter). The contacts were separated by a 100 nm gap,
ensuring high electric fields in the underlying VO, film at
relatively low voltages. At a well-defined threshold voltage, a
high-conductivity current path is formed through the VO,
patch,®>*" and a significant jump in current is observed (Figure
Ic). The electric field magnitude at threshold (1.8 X 107 V/m)
is on the same order as previously reported in the literature.””
To investigate the time dependence of the electrically triggered
phase transition of VO,, a function generator supplied square
voltage pulses as short as 10 ns with varying amplitudes to the
device connected in series with a current-limiting resistor of 50
Q. The voltage across this resistor is measured by a 12.5 GHz
oscilloscope (Tektronix TDS6124C), and the resistance is
calculated from the amplitude of the input pulse. For these
time-sensitive electrical measurements, the current-limiting
resistance could not be larger than 50 Q in order to reduce
the time constant that results from the large internal
capacitance of the oscilloscope and allow high-speed electrical
measurements. Unfortunately, the small in-series resistance
allows significant current to pass through the devices, which
precludes an accurate measurement of the intrinsic metal-to-
semiconductor transition time and leads to increased device
failure.

In order to improve heat dissipation, the devices used for the
time-dependent electrical measurements did not include optical
waveguides below the two-terminal VO, devices. Figure 1d
shows a typical 10 ns pulse measurement, below and above the
threshold voltage. The resistance decreases by approximately 1
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order of magnitude (from S kQ to 500 ) above threshold
voltage, indicating that a current path has formed through the
VO, patch. This graph also indicates that the SMT occurs faster
than the resolution of our measurement, which is limited by the
rise time of the function generator (less than 2 ns). This
switching time is consistent with, but faster than, other reports
on fast electrical switching of VO, with dc field applica-
tion, 113233

While these measurements indicate that a high-conductivity
path has formed between the gold contacts, they provide no
insight on the spatial dimensions of this path. In order to
determine the dimensions and the phase of VO, involved in
switching, optical transmission measurements through the
underlying waveguide are conducted. The transmission through
a single-mode silicon waveguide is directly affected by the
metalized fraction of the VO, patch induced by the electrical
signal. As the size of the metalized VO, patch increases, the
transmission intensity decreases because VO, in the metallic
state has significantly increased absorption compared to VO, in
the semiconducting state. Hence, the optical transmission
intensity, or modulation depth [the ratio of the transmission
intensity in the ON (ie., no voltage applied) and OFF (ie.,
voltage applied) states], is directly correlated to the dimensions
of the metalized fraction of the VO, patch.

Two electro-optic measurement techniques were employed
in order to experimentally assess the modulation depth of the
Si-VO, device. The first method involves applying square
voltage pulses (Keithley 2400 source meter) of varying
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magnitude and durations of seconds to the electrical contacts
while monitoring the optical transmission of the waveguide and
the current passing through the VO, patch, thus ensuring a
steady-state response from the device. A typical result is
presented in Figure 2a for a current-limiting resistance of 5.1
kQ and applied voltage of S V for three one-second pulses
followed by a single five-second pulse. The transmission
intensity clearly tracks the applied voltage pulses. Figure 2b
shows the correlation between the measured modulation depth
and the measured current through the device (Keithley 2400
source meter) as the voltage is varied between 0 and 6 V with
the in-series current-limiting resistance fixed at 5.1 kQ. The
dependence of modulation depth on current is indicative of
purely thermal resistive heating. As the current increases, the
metalized volume fraction of the VO, patch increases due to
local heating, in turn leading to the increased modulation depth
that is measured.

The magnitude of the current passing through the device
after a metallic current path is formed between the contacts is
defined by both the magnitude of the voltage pulse and the
current-limiting resistor. Accordingly, the second method for
varying the modulation depth is by varying the current-limiting
in-series resistor (1—22 kQ). Figure 2b shows that the
correlation between the measured modulation depth and
measured current is similar for varying in-series resistance
and for varying applied voltages; the small differences probably
arise from noise in the low-signal transmission measurements.
At higher values of in-series resistance, the modulation depth is
very low and very little current passes through the device,
suggesting that only a very small volume of the VO, patch is
switched into the rutile metallic phase. Recent experimental
evidence® suggests that the increased return speed from the
metallic to the insulating state as current decreases may be due
to the existence of a monoclinic metallic phase intermediate
between the rutile metallic phase (R) and the semiconducting
monoclinic ground state (M1). The temperature hysteresis in
the metal—insulator transition has been measured to be about
40% of the structural hysteresis width,” implying that the
return transition need not require the full temperature range of
the R to M1 transition. It is not yet clear whether this is the M2
state identified in the VO, phase diagl’arns,~36’37 nevertheless,
the fact that it is structurally intermediate between M1 and R
makes the hypothesis of increased returns speed plausible,
especially as it would involve a Mott (electronic) rather than a
Peierls (structural) transition.

On the basis of the experimental results in Figure 2b, finite-
difference time-domain simulations (FDTD, Lumerical) are
used to estimate the fractions of the VO, patch that must have
become metallic in order to achieve the measured modulation
depths. The complete modulator structure including contact
leads is considered in the simulation. Quasi-TM-polarized light
with a broad spectrum is injected into one end of the
waveguide and collected by a monitor after passing through the
modulator. The structure is first simulated with the entire VO,
patch in the semiconducting state; then the simulations are
performed with varying metallic fractions of the VO,. The
transmission at 1500 nm wavelength as a function of metallic
fraction, normalized to the transmission for semiconducting
VO,, yields an estimate for the modulation depth as a function
of VO, metal fraction, shown by the dashed lines in Figure 2b.

Next, COMSOL simulations are carried out to quantify the
heating due to current-path formation in VO,. Based on the I—
V measurements (Figure Ic) taken in connection with the
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nanosecond-pulse electrical measurements (Figure 1d), it is
clear that a high-conductivity current path forms almost
immediately and that the current though the device increases
dramatically, inducing rapid Joule heating.”® Figure 2¢,d shows
that a current of 0.8 mA drives the device temperature to
approximately 380 K over the course of several microseconds,
thereby switching the entire 2.5 pm long VO, patch. The
FDTD simulations in Figure 2b suggest that switching the
entire VO, patch would lead to an optical modulation of 7 dB,
consistent with the experimentally measured modulation depth
for a device passing a current of 0.8 mA, and therefore the
experiments and FDTD simulations are consistent with the
COMSOL simulations.

If one examines the lower limit of having minimal current
passing through the device to minimize Joule heating (i,
when a large in-series external resistance is used), the
experimentally measured modulation depth drops to approx-
imately 0.1 dB (Figure 2b). According to the FDTD
simulations also shown in Figure 2b, for 0.1 dB modulation,
the estimated volume of VO, switched to the metallic state is
approximately 60 X 100 X 60 nm, which corresponds to the
size of a typical single-crystal grain of VO,. In this case, the
steady-state optical behavior of the device can be described
entirely in terms of a simple thermodynamic model assuming
that a metallic path is already formed between the gold contacts
and is the same size as a typical single-crystalline grain of VO,
in thin films. Hence, when considering the steady-state behavior
of the Si-VO, absorption modulator, steady-state Joule heating
simulations in COMSOL together with FDTD simulations in
Lumerical can determine with a high degree of certainty the
spatial extent of the metalized portion of the VO, patch for a
given experimentally obtained modulation depth.

The steady-state picture, however, is an incomplete
description of the electrical switching process, because it is
still unclear how the initial current path forms. According to
this simple model, using experimental data (Figure lc) and
previously reported thermal properties of VO,,”” and assuming
that the VO, is initially in the pure semiconducting state,
COMSOL simulations suggest that the temperature increase of
VO, is negligible upon voltage application compared to the
critical temperature that must be reached for the phase
transition to occur. However, importantly, this simple model
does not take into account the increased number of carriers
generated by the applied field, which is close to breakdown
values for VO,. Prior to electric-field-induced breakdown, a
nonlinear relationship between leakage current and applied
field can be observed in the I-V curve. Poole—Frenkel
emission has already been shown to be responsible for rapid,
enhanced Joule heating at the initiation of the ZPhase transition
in VO, when triggered by THz optical fields,” as well as by
electric fields in V,0,.*" The Poole—Frenkel effect lowers the
thermal energy threshold for the valence electrons to be excited
to the conduction band in the presence of a large electric field
and can be identified by a linear relationship between In(I/E)
and \/ E. The current and electric field are related by

49y — \/qE/7e

I « E exp T
B

(1)

where ¢y is the hopping-potential barrier of 0.2 eV,** kg is
Boltzmann’s constant, and ¢q is the elementary electronic
charge. The exponential growth characteristic of this effect is
evident in the I—V measurements of our devices (Figure 1c)
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Figure 3. (a) Measured I-V relationship of the device before the SMT; the smooth curve is the I-V curve calculated from a model that includes
Poole—Frenkel emission. (b) Optical transmission for a 4 V voltage pulse of varying duration (100—900 ns) applied to the contacts. (c) Optical
transmission for a 4 V voltage pulse of varying length (20—100 ns) applied to the contacts. (d) Optical transmission for a 3 V, 10 ns voltage pulse

applied to the contacts.

prior to the dramatic current increase that indicates the
formation of a metallic current path between gold contacts.
Figure 3a shows the I-V behavior of the VO, film prior to
the formation of the current path, along with the calculated
Poole—Frenkel effect modeled using the geometric parameters
of the sample at 293 K. Nearly perfect agreement between the
model and the experimental data implies that the Poole—
Frenkel effect is probably responsible for the change in VO,
resistance as a function of applied voltage and for the ensuing
SMT. Considering this significant increase in carrier density,
the simple thermodynamic model cannot accurately determine
the temperature increase resulting from the increased current.
The conductivity of VO, changes as much as 3 orders of
magnitude due to injected carriers, causing the temperature to
increase above the critical temperature for the VO, phase
transition (340 K). The increase in the conduction-band carrier
concentration provides a feedback mechanism for the thermal
behavior of the device and decreases the time to reach the
critical temperature for inducing the VO, phase transition.*’
Using a conservative conductivity value (1219 S/m) obtained
from the slope of the experimental I-V curve prior to the
current jump, time-dependent COMSOL simulations show that
between 100 ps and 1 ns is needed for the device to reach the
transition temperature in a small localized volume (60 X 60 X
100 nm®) between gold contacts, when the current is
approximately 0.1 mA and dissipated power is 0.2 mW. The
large range of estimated switching times reflects the uncertainty
of the exact conductance of VO, around the switching voltage

1179

and the inability of the COMSOL thermodynamic model to
account for the change in VO, conductivity as a function of
temperature. Several processes take place during initial current
path formation: when the electric field intensity increases
between contacts. The conductivity of semiconducting VO,
increases, followed by a temperature increase, which in turn
switches some of the VO, to a metallic state, further increasing
the conductance of the device.

In order to track the time-dependent evolution of the phase
transition, we perform optical measurements with an electrical
input defined by the square, nanosecond pulse described earlier
with a 5.1 kQ resistor in series. First, the optical transmission is
varied as the pulse duration ranges from 100 to 900 ns for a
constant pulse voltage of 4 V (Figure 3b). A modulation depth
of ~5 dB is achieved within less than 100 ns, and the recovery
time is on the order of 600 ns for all pulse durations.
Considering the FDTD simulation results shown in Figure 2b,
the magnitude of the experimentally measured modulation
depth suggests that nearly the entire 2.5 ym patch of VO, is
switched to the metallic state. Moreover, the recovery time
obtained by dynamic, finite-element heating simulations in
COMSOL (Figure 2d) matches the experimentally measured
value of 600 ns. Most of the recovery occurs within 600 ns, but
some parts of the VO, film remain metallic for as long as S us
due to the slow heat dissipation from the VO, at the periphery
of the device. This recovery time can be reduced significantly if
the volume and layout of the VO, patch is optimized for
improved thermal conductivity.
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The transmission decreases as soon as the voltage is turned
on, confirming that the high-conductivity current path formed
between the electrodes is indeed metallic VO,. This effect can
also be observed at shorter time scales if the entire VO, patch is
not allowed to heat fully and transition to the metallic state
(Figure 3c). In this case, the slow thermal recovery time is
nearly eliminated (20 ns curve in Figure 3c), as the heat is
localized to a smaller volume and dissipated much more easily.
This effect can also be observed in the optical measurements
for the 10 ns electrical pulse shown in Figure 3d. The
modulation depth in the case of the 10 ns pulse is ~0.7 dB,
suggesting that a 200 X 200 X 60 nm volume of VO, between
the contacts has been switched to the metallic state. It is likely
that some Joule heating does occur in the 10 ns pulse
measurement because the estimated volume of metallized VO,
is significantly larger than that of a typical single grain of VO,
(60 x 100 X 60 nm), which would lead to a 0.1 dB modulation
depth with almost no current produced using the largest 22 kQ
in-series resistance.

Experiment, modeling, and simulation all indicate that when
a voltage pulse is applied to this device, the phase transition
dynamics unfold on two different time scales. First, the
presence of a high electric field leads to injection of electrons
into semiconducting VO, via the Poole—Frenkel mechanism,
leading to rapid heating on a time scale below 1 ns and
formation of a current path in VO, between the gold contacts.
After the current path forms, the electric field falls and a slower
Joule heating process expands the metalized filament at a rate of
approximately 20 nm/ns in all directions when a 5.1 kQ
current-limiting resister is used. A similar two-stage phase
change behavior was also observed by Ha et al. using
microwave measurements on a VO,-integrated transmission
line, and the authors speculated that a field effect process might
be responsible for the initial fast onset of the metallic phase.**

The second heating process contributes to the longer metal-
to-semiconductor reversion times in VO, because the heating is
uniform in all three dimensions and not localized between the
contacts. In the time-dependent measurements, we showed that
the second heating process can be minimized by reducing the
pulse duration. We elected this approach because a larger
current-limiting resistance inhibits the second heating process
to a point at which the optical modulation contrast cannot be
detected by our photodetector. When the second heating
process is inhibited, the localized heat can be dissipated much
faster; COMSOL simulations suggest that thermal dissipation
times below 1 ns, similar to the first process heating times, can
occur.

B CONCLUSIONS

In this work, we quantitatively characterize the thermal
processes taking place during the electrically induced SMT in
VO, by optically monitoring the phase transition and modeling
the time evolution and the thermodynamics in space and time.
Our modeling suggests that the time scale of the thermal effect
is faster than the resolution of our measurement setup once the
Poole—Frenkel emission is taken into account. Indeed, in high-
THz-field experiments it is found that the Poole—Frenkel
contribution is largely spent by 10 ps, typical of equilibration
times in electronically excited semiconductors.”’ If electron
injection were sufficient to trigger the phase change, the entire
volume of VO, between the electrical contacts would transition
to the metallic state at once or at least would have a higher

1180

probability of doing so, as the electric field is uniform. Instead,
we see a filamentary behavior, indicating localized heating.

No experiment to date on the electrically induced phase
transition conclusively proves that the VO, phase transition is a
Mott-type transition. In order to do that, one needs to utilize a
field effect geometry with extremely low leakage current. In our
work, the experiment is consistent with, and most easily
explained by, Poole—Frenkel-assisted heating. Neither the
electrical nor optical data suggest that the VO, phase transition
can be initiated by an electric field alone; completion of the
phase transition is always preceded by an increase in
temperature mediated by electric-field-driven Poole—Frenkel
emission of energetic electrons. The present electrical switching
experiments have demonstrated transition times less than 2 ns
for the SMT. These electrical switching experiments show that
the reverse metal-to-semiconductor transition time cannot
exceed 3 ns. Simulations show that the temperature can return
to 300 K in less than 1 ns. Further investigation with a faster
measurement setup will be required to determine the intrinsic
VO, metal-to-semiconductor transition times; reported metal-
to-semiconductor transition times have ranged from pico-
seconds to hundreds of nanoseconds depending on the specific
switching method and geometry employed.”” ! **334145:4¢

Thus, even though Joule heating is the primary driver for the
phase transition, VO, can still be used in future electro-optic
modulators, as the thermal processes can be intrinsically fast.
Typical all-silicon electro-optic modulators operate at gigahertz
speeds,”” but occupy a significant portion of on-chip real estate.
Vanadium dioxide integration can help reduce the footprint of
electro-optic modulators while maintaining the required
performance metrics. In order to utilize the phase transition
without the slow thermal component, additional consideration
to the underlying silicon structure needs to be given to improve
the modulation depth. We have recently discussed one such
possible strategy.*

B SAMPLE FABRICATION

Silicon-VO, hybrid electro-optic modulators consist of a single-
mode, 500 X 220 nm ridge waveguide with a 2 X 4 um patch of
60 nm thick VO, deposited on a portion of the waveguide. A
three-layer electron-beam lithography (EBL) process was used
to fabricate the hybrid modulators. The first step was
performed using a JEOL JBX-9300-100 kV EBL system with
ZEP-520 photoresist to define silicon waveguides, as well as
alignment marks. After pattern exposure and development,
reactive ion etching was carried out (Oxford PlasmaLab 100)
using C4F8/SF6/Ar process gases to completely etch the
exposed portion of the 220 nm Si layer. The waveguide
structure was then spin-coated with PMMA A3 495 K
photoresist and aligned so that the openings for VO, deposition
could be patterned using a Raith eLine EBL tool. A 60 nm film
of amorphous (nonswitching) VO, was deposited by RF
magnetron sputtering (Angstrom Engineering) of a vanadium
metal target in 6 mTorr O,; following lift-off in acetone, the
structure was annealed in a vacuum furnace with 250 mTorr of
oxygen at 450 °C for 10 min. The final lithography stage for the
gold contacts was implemented much like the second stage, at
the end of which a 100 nm film of gold was deposited by
electron-beam evaporation with subsequent lift-off in acetone.
The prepared chips were cleaved and wire bonded to a chip
holder.
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