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ABSTRACT: Optical limiting is desirable or necessary in a variety
of applications that employ high-power light sources or sensitive
photodetectors. However, the most prevalent methods compromise
between on-state transmission and turndown ratio or rely on
narrow transmission windows. We demonstrate that a metasurface-
based architecture incorporating phase-change materials enables
both high and broadband on-state transmission (—4.8 dB) while
also providing a large turndown ratio (25.2 dB). Additionally, this
design can be extended for broadband multiwavelength limiting
due to the high off-resonance transmittance and readily scalable
resonant wavelength. Furthermore, our choice of active material
allows for protection in ultrafast laser environments due to the
speed of the phase transition. These benefits offer a strong
alternative to state-of-the-art optical limiters in technologies
ranging from sensor protection to protective eyewear.
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he demand for power-limiting optics has paralleled the

development of high-power lasers to mitigate damage to
eyes as well as sensitive photodetectors, sensors, and cameras.
For these applications, optical limiters that transmit low-
intensity light (on-state) while blocking high-intensity light
(off-state) are needed. In the past 20 years, many approaches
for optical limiting have been investigated. The most common
designs have used two-photon absorption or absorption in
nonlinear media as the limiting element.' > However, many of
the examined materials, such as carbon black® cadmium
sulfates,” graphene oxides,® and silica with metal nano-
particles,” have been primarily embodied in dilute liquid
suspensions and suffer from turndown ratios below 10.
Alternatively, some limiter designs with damage thresholds
near their actuation threshold provide larger turndown ratios,
albeit with the penalty of single-use protection. Whereas
polymeric films'’ and dye-based approaches'' have high
electro-optic coefficients and are less costly, they also actuate
slowly and exhibit an unfavorable trade-off between the on-
state transmission and turndown ratio.

The most important features for a limiter are high on-state
transmission, large turndown ratio, high damage threshold, and
fast response time. To passively switch from the on-state to the
off-state, the limiter should incorporate a dynamic material that
serves to limit the transmitted fluence once it passes a
predefined threshold. Phase-change materials such as vana-
dium dioxide (VO,) are well-suited for this role due to their
large contrast in optical constants upon undergoing the
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semiconductor-to-metal phase transition. This transition
occurs within 60 fs when triggered optically, making the
device suitable for limiting both continuous-wave as well as
ultrafast pulsed lasers.'” Additionally, the phase-transition
threshold is tuned by applying stress or doping;'*~"> therefore,
the threshold intensity can be adjusted across the near-infrared
depending on the application. Another candidate phase-change
material is germanium antimony telluride (GST) and is often
considered for tunable nanophotonic devices. However, the
phase transition in GST is nonvolatile and it has lower
permittivity contrast between material states than VO,.
Additionally, the transition temperature of GST is much
higher than that of VO, and suffers greater and more rapid
degradation over millions of switching cycles.'®"”

The growing use of nanoscale structuring in optics creates
new possibilities for limiters that take advantage of resonances
for increasing light—matter interaction in nearby nonlinear or
tunable media. Many examples of resonant metasurfaces
incorporating phase-change materials have been demonstrated
for dynamic wavefront engineering,"*~*" polarization control,”'
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and ultrathin optical switches.”””>* However, a major
challenge arising from using resonances for optical limiting is
that singular resonant modes are reflective and therefore limit
transmission in the on-state. One strategy for overcoming these
limitations to realize high on-state transmission is to use
critically coupled cavity modes such as those found in Bragg
cavities.”> Whereas this approach can yield near-unity on-state
transmission, it only does so in a narrow window that lies
within a broad reflection band, severely limiting the bandwidth
of the sensor.

In this work, we demonstrate a transmissive optical limiter
by integrating VO, with a metasurface architecture that
possesses overlapped optical modes. By supporting orthogonal
electric and magnetic dipole Mie-type resonances at the same
energy, the metasurface exhibits high, broadband transmittance
in the on-state. The metasurface limits the intensity of the
incident light after the VO, is driven through its phase
transition, resulting in a change from the semiconducting to
the metallic state. Moreover, an epsilon-near-zero (ENZ)
mode of the VO, is harnessed to further decrease the
transmittance in the off-state. The simulated transmission
contrast between the on-state and off-state is 25.2 dB with an
on-state transmission of —4.8 dB. This approach provides a
superior combination of high and broadband transmittance in
the on-state while preserving a large turndown ratio by
exploiting optical resonances.

Dielectric resonators possess Mie-type resonances that
exhibit electric and magnetic dipole-like fields**~** for which
the spectral position of the resonances depends on the
geometry of the particle. In the case of an anisotropic
resonator, such as a cylinder, the relative position of the
resonances can be tuned by altering the aspect ratio (AR =
diameter/height) of the resonator.”®*’ To illustrate this
concept, the transmittance spectrum of arrays of cylindrical
nanoparticles are displayed in Figure la. Silicon is used as the
dielectric due to its large refractive index and low optical loss.
The dips in the blue curve correspond to the electric (Edp) and
magnetic (Hdp) dipole Mie resonances, and the fields for these
modes are exhibited in Figure 1b. With the correct aspect ratio,
the two modes can exist at the same energy (44 = 1.21 ym), as
seen in the red curve. When this occurs for two orthogonal
Mie-type resonances with equal strength, the reflected fields
from one dipole mode destructively interfere with the fields of
the other, resulting in zero backscattering.“%o_33 In a low-loss
medium such as silicon, this corresponds to flat, near-unity
transmittance, as seen in the red curve in Figure la. This is
commonly referred to as the first Kerker condition or a
Huygens' mode.”*™**** Importantly, even though the trans-
mission is flat, the surface still exhibits a strong resonance and
ungergoes a 27 phase shift at Ay = 1.21 ym.

To transform the Huygens’ metasurface into an optical
limiter, a thin layer of VO, is added to the resonator, as seen in
Figure 1d. At room temperature, VO, is a slightly lossy
semiconductor with a large permittivity, as shown in Figure lc.
When VO, is heated above ~67 °C, it undergoes a phase
change from a semiconducting, monoclinic structure to a
metallic, rutile phase, resulting in a reduction in permittivity
and an increase in loss, as seen in Figure lc. In this design,
optical limiting is aided by two factors. First, the metallic phase
of VO, has a much larger imaginary component of the
permittivity than the semiconducting state. This results in self-
latching into an absorptive off-state when VO, is heated
beyond its phase-transition temperature due to the absorption

4639

@ 1
0.8 Huygens E
8
§ 0.6 | 4
€
G
§ 04| 4
=
0.2 F -
Huygens
Separated
0 L . . N
1000 1100 1200 1300 1400 1500
Wavelength (nm)
(b) () 12 10
H Field E Field == MetallicvVO,

== Semicond.VO,

<9

8 =
F—J o
& /‘Q; £
> - 63
g - £
Z 4 7~ =
£l -7 3
v [
a a

.Z’:—S-—Xt,—\z

0
1000 1100 1200 1300 1400 1500
Wavelength (nm)

®
o

[E.VIE|

Semiconducting VO,

o

S Metallic VO,
PX

Figure 1. Dynamics of Mie resonances and integrating VO, into the
resonator design. (a) Transmittance plots of Si resonators for
metasurfaces with separated (diameter = 410 nm, height = 189 nm,
and period = 656 nm) and overlapped (diameter = 438 nm, height =
189 nm, and period = 656 nm) electric and magnetic dipole Mie
modes. (b) 2-D vector field plots along the middle of the resonator
for the electric and magnetic dipole Mie-type resonances. (c) Real and
imaginary permittivity of VO, in the semiconducting and metallic
states. (d) Unit-cell design of the VO,-integrated metasurface. (e) Z-
oriented cross sections displaying the electric field distribution for the
VO,-integrated resonator design in the metallic and semiconductor
states.

of the incident radiation. Second, we have engineered the
Huygens’ resonance to coincide with the ENZ point when VO,
is in the metallic state. As the permittivity of VO, approaches
zero, the electric field inside VO, is enhanced due to the
continuity of the normal displacement field, as illustrated in
Figure le. In the case of metallic VO,, the electric field inside
the VO, layer in enhanced up to a factor of 11 compared with
the field inside the silicon resonator. This field enhancement
results in increased absorption, given by A = /¢, [E* dV, and
produces a large turndown ratio.

To maximize the on-state transmission and turndown ratio,
the two Mie dipole-type resonances in the Si resonator must
achieve a perfect spectral overlap. In Figure 2a,b, the
transmittance of the VO, integrated metasurface is plotted as
a function of aspect ratio. For large aspect ratios (AR > 2.6),
the magnetic and electric dipole Mie resonances are spectrally
separated. As the aspect ratio approaches AR = 2.5, the two
resonances merge and destructively interfere, resulting in high
transmittance (—4.8 dB) at Ay = 124 um in the semi-

https://dx.doi.org/10.1021/acs.nanolett.0c01574
Nano Lett. 2020, 20, 4638—4644


https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01574?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01574?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01574?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c01574?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c01574?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

(@) 1000

Semiconducting VO,

1100

1200

Wavelength (nm)
Transmission (dB)

1300

24 26
Aspect Ratio (D/H)

1000
Metallic VO,

1100

1200

Wavelength (nm)
Transmission (dB)

1300

24 26
Aspect Ratio (D/H)

1000
Transmission Contrast

1100

1200

Wavelength (nm)

1300

Transmission Contrast ( Tsemi - Tmetal ) (dB)

24 26
Aspect Ratio (D/H)

Figure 2. Engineering overlapped Mie resonances and optimizing
optical contrast between the on-state and off-state. Transmittance as a
function of wavelength and aspect ratio (diameter/height) for VO,-
integrated Huygens’ metasurfaces when in the (a) on-state and (b)
off-state. (c) Transmission contrast as a function of wavelength and
aspect ratio. The optimized metasurface geometry (f; = 190 nm, AR
=25, P, = P, = 660 nm, tyo,= 35 nm) exhibits maximum optical

contrast and minimum off-state transmittance.

conducting state (Figure 2a). In the metallic state (Figure 2b),
VO, is near the ENZ point at Ay, reducing the transmittance to
—30.0 dB and yielding a design with a modulation depth of
25.2 dB, as illustrated in Figure 2c.

To validate this approach, we fabricated and characterized
devices with geometries supporting the maximum turndown
ratio (fg; = 190 nm, D = 475 nm, P, = P, =660 nm, and ty, =
35 nm). The simulated on-state and off-state transmittances
are illustrated in Figure 3a. The metasurfaces were created by
starting with a 190 nm silicon device layer, grown on a SiO,
wafer using plasma-enhanced chemical vapor deposition. VO,
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Figure 3. Experimental demonstration of VO,-integrated metasurface-
based optical limiter. (a) Simulated and (b) experimental trans-
mittance of the limiter with fg; = 190 nm, D = 475 nm, P, = P, = 660
nm, and f0, = 35 nm in the on and off-states. (b, inset) SEM image of

the fabricated device. (c) Simulated transmission spectra in the on-
(dashed) and off-states (solid) for several optimized metasurface
designs with scaled dimensions (S = 0.9, 1.1, 1.3, and 1.5), where the
diameter, period, and resonator height are all multiplied by S.

was deposited on top of the wafer using atomic layer
deposition (ALD). The resonator structures were formed
using electron beam lithography (EBL) and reactive ion
etching (RIE) with an aluminum oxide etch mask. A scanning
electron micrograph (SEM) of the fabricated metasurface is
pictured in Figure 3b. To create a symmetric environment
around the resonator, which helps with impedance matching,
PMMA was spun on top of the completed metasurface. A more
detailed description of the fabrication process is included in the
Methods section.

The experimental transmittance data are plotted in Figure
3b for a metasurface with an operating wavelength of Ay; = 1.24
um. To switch between the on-state and off-state, a resistive
heater was used to modulate the metasurface temperature
between 25 (on-state) and 85° (off-state). In the on-state, the
transmittance closely matches the simulated performance with
a transmittance of —4.8 dB at 1. In the off-state, the minimum
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Figure 4. Thermal performance of VO, and its effect on optical limiting functionality. (a) Simulated mean temperature of the VO, film as a
function of incident intensity in a steady-state environment. (b) Nonlinear relationship between the output intensity and input intensity,
demonstrating the optical limiting behavior. (c) Thermal distribution of the metasurface unit cell when operating in the on-state (input intensity =
3.1 kW/cm?) and off-state (input intensity = 9.0 kW/cm?). (d) Temporal thermal characteristics of the optical limiter for two 100 fs pulses of peak
intensities of 2 and 5 MW/cm® The higher the incident intensity, the longer the recovery time due to heat dissipation. (e) Heat confinement as a
function of pulse duration. The position on the y axis corresponds to the z axis of the resonator structure, as seen on the left. (f) Thermal
distribution of the metasurface unit cell when operating in the on-state and off-state with a pulsed excitation.

transmittance achieved is —11.7 dB, resulting in a modulation
depth of 7.7 dB. The discrepancy between simulated and
experimental results in the off-state might stem from several
factors. First, the metasurface design relies on the spectral
overlap of the Huygens’ point of the resonator and the ENZ
point of the metallic-state VO,, and even small fabrication
errors can result in spectral misalignment. Second, the
permittivity function of VO, is sensitive to stress in the film,
and its switching behavior is highly dependent on its
environment.”®> At 35 nm thickness, the VO, is not a
completely continuous film, and only certain regions of VO,
may be completely switching. The z-oriented fields from the
modes in the silicon resonator are strongest near the outer
edges (Figure 1b,e); therefore, the enhanced absorption is
strongest in these areas. Finally, the noncontinuous VO, film
results in additional scattering, leading to a broader resonance,
as illustrated in Figure 3b.

A particular advantage of this design is that the working
wavelength can be adjusted by tuning the size of the
resonators. Whereas the ENZ wavelength of VO, is fixed, it
still exhibits a large permittivity and absorption contrast
between the semiconducting and metallic states away from the
ENZ point. To explore how this type of metasurface operates
at other wavelengths, we simulated devices with unit-cell
dimensions uniformly scaled by a factor S, with the exception
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that the VO, thickness was held constant. For S = 0.9, 1.1, 1.3,
and 1.5, the resonant wavelengths of the Huygens’ modes are
1060, 1400, 1610, and 1870 nm, as pictured in Figure 3c. A
modulation depth of >18 dB is observed for all four
metasurfaces compared with 25.2 dB for a device with S = 1.
Thus whereas spectral overlap with the ENZ point is
advantageous, a large modulation depth can still be achieved
away from this condition, allowing the design to be employed
for a wide range of laser wavelengths.

It is also important to investigate the thermal dynamics of
the metasurface to estimate the limiting threshold. To
characterize the performance of the limiter design, a finite-
difference solver (CST Microwave Studio) is used to calculate
the mean temperature of the VO, film using material
properties provided in Supplementary Table 1. The absorbed
power is assumed to take place entirely within the VO, layer
due to the negligible losses of silicon and SiO, and is defined
by Q = Al a, where A is the cross-sectional area of the unit
cell, I, is the incident intensity, and a is the absorptance of the
metasurface. The absorptances of the semiconducting and
metallic VO, states at A = 1240 nm are Q. = 0.6 and Ay =
0.97. These parameters govern the temperature of the film as a
function of the input intensity, as illustrated in Figure 4a,c. The
VO, film in the model is treated as the heat source, and the
resonator is surrounded by air with a convective heat transfer
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coefficient of S0 W/m* K. Adiabatic boundary conditions are
used in the in-plane direction to mimic an infinite array. On
the basis of these parameters, the incident intensity needed to
heat the VO, to its phase-transition temperature of 67 °C is 3.2
kW/cm? (Figure 4a,b). For context, the damage threshold of
the human cornea in the near-IR is ~0.1 W/cm? This result
suggests that our limiter design can be better applied in high-
power laser applications such as material processing or medical
equipment than for eye protection. However, the limiting
threshold can be decreased by adjusting the Huygens’ mode
wavelength of the resonator and harnessing the large VO,
absorption at shorter wavelengths.

In addition to steady-state analysis, the transient behavior of
the limiter is also important because many laser sources that
are most relevant for optimal limiting applications are pulsed.
In this case, critical parameters include the response time as
well as the recovery time for pulsed sources. Because the
energy is being absorbed in a much shorter time, the intensity
needed to switch the metasurface is significantly higher than
that in Figure 4a—c. For example, for a pulse lasting 100 fs, a
peak intensity of 2 MW/cm? will raise the temperature of VO,
to only 50 °C and will not trigger the limiting behavior,
whereas a pulse of S MW/cm?* will force the VO, above 100
°C. As expected, the relaxation time for the device depends on
the maximum temperature reached during the duration of the
pulse. In the case of a S MW/cm* 100 fs pulse, the system
cools to the semiconducting state within ~1 ps, as seen in
Figure 4d. The small thermal mass of the VO, and the
relatively high thermal diffusivity of the silicon structure result
in a short thermal relaxation time, mitigating heat accumu-
lation and damage to the film.*®

We can better understand the response of the resonator—
VO, system by observing its evolution from pulsed to
continuous-wave exposure. For example, in the case of
excitation via an ultrafast (100 fs) pulse, nearly all of the
thermal energy is contained within the VO, layer, as seen in
Figure 4f. This is a consequence of the thermal conductivity of
Si and short time scales compared with the steady-state
solutions (Figure 4c). We can understand how the pulse
duration affects the maximum temperature and thermal
distribution within the metasurface structure by plotting the
temperature as a function of position after exposure to pulses
of various time scales. Whereas increasing the pulse duration
increases the average temperature of the device, in particular,
the VO, layer, it also allows more energy to bleed into the
underlying Si resonator, as shown in Figure 4e. As the length of
exposure is increased beyond the picosecond time scale, we
begin to see the thermal behavior of the system converge to
the steady-state profile in Figure 4c. This provides a more
complete picture of the response of this metasurface limiter in
different application spaces depending on the allowed
intensities and damage threshold of the device.

In summary, we have created a metasurface-based optical
limiter with large and broadband on-state transmittance while
also maintaining a large turndown ratio. This is achieved by
harnessing overlapped optical resonances, or Huygens’ modes,
in dielectric resonators into which a thin film of VO, has been
integrated. The use of VO, as the active component allows for
protection from ultrafast lasers due to the speed of the
insulator—metal transition. Because of the broad transmission
band, several of these films could be layered to cover a wide
range of laser wavelengths from the near- to the far-infrared
regime.
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B METHODS

Thin (35 nm) VO, films were grown on the silicon device
layer via ALD and annealed.”” The resonator structure was
defined by a standard electron-beam lithography protocol with
PMMA as the photoresist and 1:3 MIBK/IPA as the
developing agent. Afterward, a 55 nm Al,O; etch mask was
prepared by electron beam deposition, and the sample was
placed in hot Remover PG until the undeveloped PMMA was
successfully lifted off the sample. The samples were then
treated with a 1:8 30% H,0,/H,0 solution for 15 min at 85
°C to selectively etch the VO, that was not underneath the
hard mask. The samples were then formed using RIE to define
the silicon cylinders. Finally, a top coat of PMMA was applied
and baked at 180 °C for 3 min to protect the metasurface layer
and create an index match to the SiO, substrate to prevent
unwanted reflection during measurements.
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