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ABSTRACT: Dielectric-resonator-based nanophotonic devices
show promise owing to their low intrinsic losses, support of
multipolar resonances, and efficient operation in both reflection and
transmission configurations. A key challenge is to make such devices
dynamically switchable, such that optical behavior can be
instantaneously reconfigured. In this work we experimentally
demonstrate large, broadband, and continuous electrical tuning of
reflection resonances in hybrid dielectric—=VO, devices. Our
calculations, in strong agreement with experimental reflectance
measurements, also indicate the presence of large transmission and
absorption modulation. We additionally demonstrate independent
modulation of both reflection amplitude and phase at Fabry—Pérot anti-nodes and nodes, respectively, a key requirement for
metasurface design. We conclude with a temporal characterization, in which we achieve rapid electronic modulation rates of
approximately 3 kHz, substantially faster than other recent approaches. These findings greatly expand the potential of designing
nanophotonic devices that exploit the tunable behavior of hybrid dielectric—VO, resonators.

11 |11 |44

/\

Reflectivity

Wavenumbers [cm™]

KEYWORDS: vanadium dioxide, metasurface, metamaterial, reconfigurable, metal—insulator transition, active nanophotonics

Downloaded via UNIV OF CALIFORNIA SANTA BARBARA on April 1, 2019 at 19:51:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Vanadium dioxide (VO,), since the discovery of its metal—
insulator phase transition behavior,"” has been a keen
subject of study for applications in reconfigurable electronic,”*
mechanical,”® thermal,”® and optical systems. Early demon-
strations of thermally switchable gratings’ and zone plates'’
showcased the potential of VO,-based reconfigurable nano-
optics. For switchable metamaterials, various plasmonic
systems (e.g, split-ring resonators) have been integrated
onto thin films of VO2 H=13 Alternative sw1tch1ng approaches
include ion- gel gatmg, defect engmeermg, 5 and terahertz
pump—probe'® techniques. Early examples of electronically
triggered devices demonstrated nanosecond switching rates in
ultracompact waveguide electroabsorption modulators.'”'®
More recently, large-area plasmonic metamaterial-based
modulators have exhibited important advances in reducing
switching energies'” and demonstrating optical memory
behavior.”” Despite numerous recent explorations of low-loss,
high-efficiency dielectric free-space optics,”"** examples of
hybrid dielectric—=VO, reconfigurable optics are lacking.

In this work, we show that hybrid dielectric—VO, structures
display several novel behaviors of great interest in the
development of reconfigurable optics. These include inde-
pendent tuning of the reflection amplitude and phase, large
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modulation of transmission and absorption, and kHz-scale
electronic switching rates. The active surface proposed in this
work uses VO,, in which there is a large change in infrared
reflectivity across a temperature-driven metal—insulator phase
transition (MIT). We show that the effects of the MIT can be
enhanced by adding overlying resonant structures, the simplest
of which is a Fabry—Pérot (FP) cavity. With such a structure
we demonstrate continuous tuning of the reflection, trans-
mission, and absorption resonances across the MIT. With
proper design, switching the VO, film causes the reflectance
spectrum to invert. Using a custom-built mid-infrared
Michaelson interferometer system, we find that at the anti-
nodes, where reflection minima transform into reflection
maxima, the phase remains constant across the MIT. At the
nodes, however, where the reflection is the same in both the
insulating and metallic states, the amplitude remains constant,
while the phase exhibits a continuous shift. Finally, we
conclude by triggering the MIT with brief (60 us) electronic
pulses and demonstrating switching rates of approximately 3
kHz.
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B THERMALLY TUNABLE FABRY—PEROT CAVITY

In correlated materials, electron—electron interactions lead to
exotic emergent properties such as metal—insulator phase
transitions. Across this transition, the optical constants
undergo a dramatic shift,”® which is of great interest in the
design of reconfigurable optical devices. At the interface
between a transparent material and VO,, as expected of a
transition between metallic and insulating optical properties,
the reflectivity undergoes a & phase shift across the MIT. Here,
MIT reflection-phase switching modulates the complex
reflectivity (i.e, amplitude and phase), transmission, and
absorption of a simple Ge—VO, tunable Fabry—Pérot (TFP)
resonator (Figure 1la). Ge, in particular, is used due its
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Figure 1. Temperature-Tunable Fabry—Pérot cavity. (a) Schematic of
Ge—VO,—Al,O; device in the insulating and metallic states. The
arrows represent the dominant reflection interfaces. (b) Line plot of
the analytically calculated and experimentally measured reflectivity, of
a 1 um thick Ge Fabry—Pérot cavity, on a 100 nm thick film of VO,,
on an R-cut sapphire substrate. Simulation, sample fabrication, optical
constants, and measurement details are included in the Supporting
Information.

relatively high refractive index (n & 4) and favorable electronic
conductivity. When the underlying VO, film is in its insulating
phase (solid black line), the cavity exhibits a broadband low-
loss IR FP spectrum (Figure 1b). When the VO, is switched to
the metallic phase (dashed black line), the spectrum inverts,
due to the additional 7 reflection phase imposed at the Ge—
VO, interface. The Supporting Information shows that this
phase shift is smooth and continuous across the MIT. Local
reflection maxima become minima and vice versa, providing
large-magnitude (10%—70%) switching of reflection ampli-
tudes spanning a 20-fold frequency range from the long-wave-
infrared (20 ym) to near-infrared (1 ym, near-infrared spectra
included in the Supporting Information). The focus, herein, is
on the 1000—6000 cm™" (1.7—10 um) infrared frequency
band. At lower and higher wavelengths FP resonance switching
is observed but complicated by interaction with Al,O; phonons
and VO, absorption, respectively.

Our experimental measurements are in strong agreement
with analytical calculations (blue and dashed orange lines),
with only small deviations, which may be attributed to
experimental imperfections (e.g., light-absorbing defects,
unintentional doping). In our analytical investigations,
included in the Supporting Information, we find that this
inversion behavior is highly dependent upon the Ge and VO,
thicknesses and optical constants, as well as the presence of a
low-index substrate. In the insulating state, due to the similar
refractive indices of the Ge and VO, layers (around 4 and 3,
respectively), the effective thickness of the Fabry—Perot cavity
is approximately the sum of the Ge and VO, layer thicknesses.
This causes a small offset between the insulating phase minima
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and metallic phase maxima, which becomes substantial when
the VO, thickness becomes comparable with the Ge layer. For
example, if the VO, is 300 nm thick, reflection minima do not
transform into reflection maxima at the same wavelength. At
very low thicknesses, on the other hand, we find that the
metallic state VO, does not reflect the majority of incident
light. Therefore, balanced thicknesses, and likewise balanced
refractive indices, are required to achieve the desired inversion
behavior.

B MODULATING THE REFLECTION AMPLITUDE
AND PHASE

Unlike existing switchable VO, photonic devices, we further
exploit the mesoscopic, continuous nature of the MIT in VO,
thin films to achieve continuous reflection modulation, as well
as independent control over the phase, a key requirement for
the construction of high-efficiency metasurfaces. Using a
custom-built mid-infrared Michaelson interferometer,”* we
experimentally measure the reflection phase and amplitude of a
TFP and compare the results against calculations using the
transfer-matrix method (Figure 2). Experimentally measured
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Figure 2. Amplitude and phase modulation. Reflection amplitude (a,
b) and phase (c, d) at a TFP node (a, c) and anti-node (b, d). Here,
the anti-node corresponds to 8 pm (1250 cm™) and the node
corresponds to 10.5 um (950 cm™"). Experimental data are shown as
black dots. Calculated predictions, based on fitted VO, optical
constants, are shown as orange, solid lines.

reflectivities of the TFP across the MIT exhibit smooth,
continuous variations. At TFP nodes, the points at which the
fully insulating and fully metallic states intersect in Figure 1b,
the reflection amplitude is unchanged between the extremes,
with a suppression at intermediate temperatures due to
increased absorption as VO, passes through the epsilon-near-
zero regimezs_ 8 (Figure 2a). At the anti-nodes, on the other
hand, there is a large, continuous amplitude shift as the TFP
switches between fully insulating and fully metallic regimes
(Figure 2b). With temperature control we achieve stable,
repeatable, and continuous sampling of reflection amplitudes.
Using previously derived VO, optical constants” (see
Supporting Information) we see that this behavior largely
originates from a continuous variation in reflection phase at the
Ge—VO, interface (see Supporting Information). Calculated
reflectance shows good agreement with experiment.
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Figure 3. Temperature-tunable transmission and absorption. (a) Line plot of the analytically calculated transmission spectra of a 1 ym thick Ge
Fabry—Pérot cavity on a 100 nm thick film of VO, and on an R-cut sapphire substrate. (b) Line plot of the corresponding analytically calculated

absorption spectra.

In addition to modulating the amplitude of reflectance or
absorption, TFPs are useful for phase modulation. At the TFP
anti-node the large shift in amplitude (Figure 2b) is
accompanied by an approximately constant phase (Figure
2d). At the TFP node, this behavior is interchanged. The
amplitude undergoes a small drop at intermediate temper-
atures (Figure 2a) but is otherwise mostly constant. The phase
(Figure 2c), on the other hand, undergoes a shift of
approximately 0.7 radians (40 degrees). The observed phase
shifts could, potentially, be further enhanced through more
sophisticated distributed-Bragg-reflector design or by pattern-
ing the Ge layer to form Mie resonators.’””" In either case,
TFP anti-nodes are most useful for amplitude modulation, and
TFP nodes for phase modulation.

B TUNABLE TRANSMISSION AND ABSORPTION

Unlike other hybrid plasmonic—VO, metasurface struc-
tures,'”'*>** which are limited to reflection mode operation
due to metallic ground planes, this device architecture supports
high transmission when in the low-temperature insulating
phase (Figure 3a). The device can be used for large
transmission modulation between T =~ 0.05 and T = 0.8 at
TFP antinodes. Across the intermediate temperatures (in-
cluded in the Supporting Information) there is a smooth and
continuous variation in the transmission. Alternatively, the
device can be used for large absorption modulation from A &
0.1 to A =~ 0.8 (Figure 3b). In the high-temperature metallic
phase, the reflection minima (Figure 1b) coincide with
absorption resonances, which arise from the relatively low
conductivity of VO, in its metallic state. This behavior would
not be apparent in high-conductivity metals such as Au or Ag.
At those same wavelengths, absorption in the insulating state is
nearly absent (<10%). Color plots with the intermediate
temperatures, included in the Supporting Information,
demonstrate how VO,-based TFPs can serve as continuously
tunable absorbers: the absorption can be smoothly varied
between A ~ 0.1 and A & 0.7. Unlike other metal—dielectric
hybrid absorbers, comprising absorbing semiconductor films
on highly reflective low-loss metallic substrates,”** this system
relies on lossless dielectric resonators placed on a film with
switchable reflection and absorption properties. Further
improvements in either transmission or absorption contrast
may be achieved either through more sophisticated design of
the FP parameters, using a distributed Bragg reflector for
example, or by increasing electromagnetic confinement
through the use of dielectric Mie resonators.”>”
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B ELECTRICALLY TUNABLE DEVICES

For the design of reconfigurable metasurfaces, it is necessary to
locally modulate optical properties. To achieve electrically
controllable devices, we modulate the TFP through Joule
heating by passing current directly through a 200 ym X 200
um TEP (Figure 4b inset). In the VO, insulating state, current
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Figure 4. Electrically tunable Fabry—Pérot. (a) Experimentally
measured FTIR reflectivity of a TFP, with Ge thickness 850 nm, as
the applied DC current is varied. (b) Experimentally measured,
normalized, transient reflectivity at the anti-node. The shaded region
corresponds to the time over a which a 26 V, 60 us square pulse is
applied. The colored lines correspond to fitted exponential curves
(orange, heating; blue, cooling). The inset shows an SEM of the
corresponding device.

passes predominantly through the lightly doped Ge layer. This
enables Joule heating of the device in both metallic and
insulating VO, states, without requiring additional lossy
metals. In Figure 4a we plot the reflectivity, as measured
through an FTIR microscope, of an electrically controlled TFP
as the DC source current is increased. The TFP is held at an
ambient temperature of 57 °C, just below the MIT, to reduce
the amount of power needed to induce the phase transition.
The electrical TFP spectra are nearly identical to the thermal
TFP spectra in Figure la, aside from differences arising from
variations in the two film thicknesses. Similar to Figure 1, the
TFP anti-nodes also exhibit continuous amplitude modulation.
IR imaging of the device, as the current is increased (see video
in Supporting Information), indicates that the MIT proceeds,
for the most part, homogeneously across the 200 ym X 200
um area. We attribute this behavior, as opposed to localized
metallic filament formation, to the dual role the germanium
layer plays in both carrying current and evenly redistributing
heat (see Supporting Information).

The temporal dynamics are investigated by holding the
device at 57 °C, applying a square voltage pulse (24 V, 60 us),
and monitoring the subsequent rise and decay of the anti-node
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reflectance using time-resolved FTIR spectroscopy (Figure
4b). To reduce the rise time, we use a voltage larger than the
threshold value of 13 V (see Supporting Information for DC
IV curves). We observe a fast rise, due to rapid Joule heating,
followed by a slower, thermal-diffusion-limited decay. Dynamic
traces exhibit an approximately 18 us rise time, as determined
through an exponential fit (see Supporting Information) with
an approximately 315 ps decay time, corresponding to
estimated modulation rates on the order of 3 kHz. When
applying even larger voltages, faster rise times can be achieved

see Supporting Information). These values are 1 order of
magnitude faster than the existing large-area VO, optical
modulators,"”?° which have rise times of >2.3 ms and
relaxation times of <1.27 ms (corresponding to ~280 Hz
modulation rates). The decay time is likely limited by the
relatively large thermal capacitance of the device and may be
improved with metasurface structures that reduce the Ge and
VO, volumes. Further improvements in speed can be attained
by reducing the modulation depth or by instead utilizing a
vertical contact geometry.”” Further performance improve-
ments can likely be achieved by optimizing the Ge layer’s
doping levels and the choice of metallic contacts for improved
ohmic contacts.

We have used the metal—insulator phase transition of VO,
to create electrically reconfigurable, continuously tunable
nanophotonic devices operating across a broad infrared
frequency range. By placing Ge resonators on a VO, thin
film, we experimentally showed that infrared Fabry—Pérot
reflection resonances can be continuously tuned by driving the
underlying VO, film across the phase transition. Additionally,
we experimentally demonstrated independent modulation of
both reflection amplitude and phase at the Fabry—Perot nodes
and anti-nodes. Our results, backed by strong agreement with
analytical models, indicate that the hybrid device also exhibits
strong transmission and absorption modulation. Electronically
triggered reflectance measurements revealed switching rates on
the order of 3 kHz. These findings expand the potential of
engineering new nanophotonic devices and active metasurfa-
ces, such as switchable gratings and zoom lenses,*® that take
advantage of the reconfigurable properties of hybrid semi-
conductor—VO, architectures.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acsphoto-
nics.8b00699.

Detailed descriptions of methods and additional
simulation and experimental data (PDF)

A Mathematica notebook containing transfer-matrix
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A zip file containing the temperature-dependent mid-
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electrically driven insulator—metal phase transition
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