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ABSTRACT

Plasmonic metasurfaces with adjustable optical responses can be achieved through phase change materials (PCMs) with high optical contrast.
However, the on-off behavior of the phase change process results in the binary response of photonic devices, limiting the applications to the
two-stage modulation. In this work, we propose a reconfigurable metasurface emitter based on a gold nanorod array on a VO, thin film for
achieving continuously tunable narrowband thermal emission. The electrode line connecting the center of each nanorod not only enables
emission excitation electrically but also activates the phase transition of VO, beneath the array layer due to Joule heating. The change in
the dielectric environment due to the VO, phase transition results in the modulation of emissivity from the plasmonic metasurfaces. The
device performances regarding critical geometrical parameters are analyzed based on a fully coupled electro-thermo-optical finite element
model. This new metasurface structure extends the binary nature of PCM based modulations to continuous reconfigurability and provides
new possibilities toward smart metasurface emitters, reflectors, and other nanophotonic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0165663

Metasurfaces have shown great promise in manipulating elec-
tromagnetic waves to realize novel artificial optical responses.”” The
plasmonic metasurfaces with narrowband nearly perfect thermal
emission overcomes incoherent thermal emission from objects in
the infrared range for important applications in infrared imaging,”’
sensing,’ and energy harvesting.”® Beyond these passive metasur-
faces with fixed functions, dynamic control of the optical responses
has become increasingly imperative for achieving various responses
in holography,”” infrared camouflage,’”'' and communication
systems. "’ The optical properties of a metasurface can be tuned
through modulating carrier density,'* temperature,'” electric field,'
or mechanical deformation.'”

Phase-change materials (PCMs), such as Ge,Sb,Tes (GST) and
vanadium dioxide (VO,), offer a compelling platform for achieving
reconfiguration owing to their large refractive index contrast across
phase transition.'®'” While GST-mediated reconfigurable metasur-
face exhibits multispectral absorptivity (emissivity)’’ and active
multistate tunability,”"* the rapid heating required for GST phase
transition using intense and short voltage pulses poses challenges
to device fabrication and scalability. In contrast, associated with
the transition of crystal structures between rutile and monoclinic,
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insulator-metal phase transition of VO, can easily occur by electri-
cal or thermal control across the critical temperature of ~340 K.”*
In addition, VO, offers a more straightforward device design and a
much larger modulation depth due to higher permittivity contrast
during the transition, compared to other dynamic tuning mecha-
nisms based on electrostatic gating,”* electro-optical material,” or
thermo-optical material.”> VO, based metasurfaces have been used
to achieve a binary switching functionality for thermal-switchable
absorbers,”® dual-band emitters,”” and dual-channel storage or
memory devices in the terahertz band,”** but only on-off mod-
ulations have been achieved due to the bi-stable nature of the
phase change process. A VO, reconfigurable thermal emitter with
continuous modulation capability remains largely unexplored. Fur-
thermore, the comprehensive modeling of electrically excited phase-
change metasurfaces, coupling with optical, electrical, and thermal
physics, is still elusive, requiring a detailed investigation on the cou-
pling between microscopic phase change process and device level
optical response.

Here, we design a VO, based mid-infrared metasurface emitter
with continuous reconfigurability and high optical response con-
trast. The metasurface consists of nanorods with interconnected
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electrodes that are used for the phase transition of the underneath
VO; film by Joule heating. The phase-changing volume of VO,
(the volume associated with VO, that has been phase-changed)
can be controlled by a voltage pulse, resulting in continuous emis-
sivity modulation. A fully coupled electro-thermo-optical model is
established through the finite element method (FEM) to analyze
the continuous evolution of metasurface emissivity with increasing
heating voltage. We further investigate the influence of geomet-
rical parameters on the overall optical response. The proposed
structure shows great potential in gas sensing’® and spectroscopy”!
applications as a tunable narrowband mid-infrared emitter, and
the continuous tunability on emissivity also makes it a good can-
didate for display pixels in covert infrared imaging® and ther-
mal camouflage””" " systems. Furthermore, the analysis proves
the capability of the proposed structure in extending the well-
known binary nature of the PCM modulation, paving a way for
reconfigurable nanophotonic devices.

Figure 1 shows the conceptual schematic and basic work-
ing principle of the proposed reconfigurable metasurface emit-
ter. As illustrated in Fig. 1(a), the metasurface is designed as
a metal-insulator-metal (MIM) structure, consisting of a gold
nanorod array as emitting resonators, a VO, layer as a spacer, and a
thick layer of gold film as a mirror. The phase transition of the VO,
layer provides a refractive index contrast, resulting in the reconfig-
urability of the optical response. In addition, a thin Al,O3 layer is
sandwiched between the gold nanorod array and the VO, film for
electrical insulation. The emitter structure is well compatible with
the existing nanofabrication approaches.””” A set of feasible fabri-
cation steps is described in the supplementary material. Figure 1(b)
shows a single unit of the nanorod array, with the x period of 2.4
um and the y period of 0.5 ym. The length and width of the gold
nanorod are 2 ym and 100 nm, respectively, which generates an
emissivity peak at 32 THz. The nanorods are connected by center-
lines with the width of 150 nm, which are used for Joule heating to
activate the phase change process of the VO, film. Figure 1(c) shows
the cross-sectional view of the single metasurface unit. Joule heating
is applied to the nanorod by passing a current through the center-
connected electrode wire, which induces a temperature gradient

along the nanorod from the center toward both tips. The input heat-
ing power controls the lateral phase transition volume of the VO,
film, resulting in the modulated optical responses and adjustable
emissivity of the metasurface array, as shown in Fig. 1(d).

The thermal and optical responses of the metasurface emit-
ter are numerically investigated through FEM simulations. The
nanorod MIM metasurface structure with an array size around
16 x 16 um? (7 columns and 31 rows), together with a single crystal
silicon substrate carrying the whole structure, is modeled through
COMSOL Multiphysics. Joule heating is implemented by an elec-
trical current module with a finite voltage difference Uy across the
two electrodes; the steady state and transient temperature responses
are investigated on the whole array. The steady state analysis incor-
porates a DC voltage input from 0.5 to 0.9 V, while the transient
input takes a square pulse voltage source with a duration of 20 us.
The electrical conductivity of the gold heater is 4.5 x 10’ $/m.*® The
optical response of the metasurface array is simulated using a fre-
quency domain radio frequency (RF) module, focusing on a single
unit at the array center combined with periodic boundary condi-
tions surrounding the unit. Due to the inherently stochastic nature
of thermal emission, difficulties arise in directly calculating the col-
lective emission of the whole emitter array.”” However, according to
Kirchhoff’s law, for the reciprocal materials, the emissivity is equal
to the absorptivity,”” which can be derived in more straightforward
calculations using a plane wave excitation. Based on this, a peri-
odic port is incorporated to provide plane wave stimulation, and
the reflectance response is evaluated based on the S-parameter on
that port. Details on the simulation setup and phase change mod-
eling of VO, are elaborated in the supplementary material. The
thermal properties for each material layer and the VO, properties
across phase change,”' * as well as the dielectric functions for each
layer,” ** are summarized in the supplementary material.

The steady state and transient thermal responses of the meta-
surface emitter are illustrated in Fig. 2. Figure 2(a) is the top-view
temperature profile of the array under the voltage of Uy = 0.9 V.
Due to the relatively long nanorod array and the centerline heating
design, the thermal interaction between neighboring heater columns
is minimal. Under Uy = 0.9 V, the center and outmost columns
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FIG. 1. Device layout of the proposed electrically reconfigurable nanorod metasurface. (a) The schematic of the metasurface structure, which consists of a gold nanorod
array placed on the VO, phase change material, with another gold layer as the bottom mirror. A thin layer of Al,Oj3 is placed between nanorods and VO, as insulation. The
nanorod array is connected by centerlines to provide Joule heating. (b) One single unit of the metasurface emitter array with the dimensions of py = 2.4 um, py = 0.5 um,
Wy =100 nm, W5 = 150 nm, and L = 2.0 um. (c) Cross-sectional view of a single unit. Joule heating inside the centerline controls the phase-changed portion of VO, PCM.
(d) Reconfigurable optical response resulted from the VO, phase change, where different phase change portions result in variable coupling between the nanorod and the

mirror.
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FIG. 2. Steady state and transient thermal response of the Joule heated Au nanorod array. (a) Top-view steady state temperature profile for the array with 7 columns and 31
rows under 0.9 V Joule heating; the scale bar corresponds to 5 um. (b) Steady state temperature profile and VO, phase change interface (white line) for the central unit [white
rectangle in (a)] under four different heating voltages. The scale bar corresponds to 500 nm. (c) Length ratio of the phase-changed metal-VO, and the full-length of nanorod
vs heating voltage. (d) Transient response of the average temperature in the VO, region under different heating voltages. The thermal response time is at 5 us scale.

show a maximum temperature of 481.1 and 471.3 K, respectively,
showing largely preserved temperature uniformity (compared to the
temperature increase of 180 K). However, within each nanorod unit,
a non-negligible local temperature gradient is observed from the
centerline to the nanorod tips. Figure 2(a) indicates a temperature
difference as large as 85 °C across the whole length of the center
nanorod, which can continuously modulate the phase change inter-
face along the nanorod direction under different heating voltages
and, thus, the optical responses. The phase change interface evolu-
tion can be clearly observed in Fig. 2(b), where the cross-sectional
temperature profile of a single unit along the nanorod direction
is plotted together with the location of the interface of the phase
transition inside the VO, layer (white dashed lines). The phase tran-
sition interface is estimated based on the phase-change temperature
of VO3 in the heating process. Due to the hysteresis of VO,, there
will be a slight shift in the interface during the cooling process,
which is further discussed in the supplementary material. Under a
relatively low heating voltage of Uy = 0.6 V, only a very small por-
tion of the VO, film beneath the centerline experiences the phase
transition. With increasing the voltage, the gold nanorod effectively
spreads the heat along the longitudinal direction, pushing the inter-
face toward the two tips. Under a high voltage of Uy = 0.9 V, the
phase-changed region completely covers the whole length of the
nanorod. The change in the dielectric environment of the meta-
surface will significantly affect the emissivity. Figure 2(c) plots the
length ratio between the phase-changed region and the nanorod full
length, under different heating voltages. It clearly depicts a steady
and continuous increase in the length ratio from 0 to 1 as the heating
voltage increases from 0.5 to 0.9 V. Here, through the manipula-
tion of the phase-changed ratio along the nanorod, continuity can
be achieved on the VO, film beyond intrinsically binary states. The
temperature gradient also generates thermal stress inside the device.
The device durability under thermally induced stress is discussed in
the supplementary material.
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We investigate the transient thermal response of the metasur-
face emitter as the response time is dominated by the thermal time
constant in a thermal based reconfigurable optical device.”’ The
evolution of emitter maximum temperature with time is plotted in
Fig. 2(d) under the square voltage pulses with a duration of 20 us
and different amplitudes applied onto the nanorod array structure.
For all the four voltages, no matter whether phase change happens
extensively, the emitter reaches the steady state in less than 5 ys, indi-
cating the response time approaching the microsecond level. Here,
the transient analysis is based on the whole array simulation, and the
thermal mass of the metasurface is highly correlated with the array
size. Reducing the array size enables a faster modulation response
but causes the diminished optical response.”! The high thermal con-
ductivity of the substrate is also beneficial for increased modulation
speed, while an increased power consumption is required to reach
the designed steady state temperature. It is also noted that latent heat
does not impose a large influence on the transient thermal response
due to the relatively small amount of VO,, which provides some
design freedom in manipulating the thickness of the VO, layer for
an optimized optical response.

The optical response of the VO, based reconfigurable meta-
surface emitter is shown in Fig. 3. The optical behavior of a single
nanorod emitter unit is simulated under a plane wave incident from
the top with an electric field parallel along the nanorod direction (TE
wave). According to the investigation of the gold nanorod array size
in our previous work,”" the metasurface emitter can be regarded as
an infinite large array, and the periodic boundary condition around a
single unit is sufficient to simulate the whole array. Different dielec-
tric properties corresponding to metallic and insulating phases of the
VO, film are assigned based on the thermal simulation of the phase
change regions, resulting in voltage-dependent optical responses.
Figure 3(a) plots the metasurface emissivity spectrum evaluated
based on Kirchhoff’s law under different heating voltages. Phase
transition does not occur until the voltage reaches 0.6 V, keeping
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FIG. 3. Simulated optical response of the nanorod metasurface. (a) Emissivity spectrum of the nanorod metasurface under different heating voltages. The maximum emissivity
peak is observed at 32 THz for no phase change case, labeled by the black dashed line. (b) Cross-sectional view of the electric field amplitude at four representative heating
voltages. The scale bar corresponds to 500 nm. (c) Evolution of emissivity with respect to heating voltages, evaluated at a zero voltage resonance frequency of 32 THz. (d)

Evolution of peak shift and FWHM with respect to different heating voltages.

the emissivity peak higher than 0.9 at 32.0 THz (marked as the
black dashed line). With a higher heating voltage, the peak becomes
more flattened and slightly redshifted due to the insulator-metal
transition of the VO, film.

The cross-sectional electric field profiles at the emissivity peak
frequencies are plotted under different heating voltages in Fig. 3(b).
The gold nanorod supports localized plasmonic modes, which
behave as electric dipoles under incoming excitation.'*”* With a rel-
atively low voltage up to Uy = 0.6 V, the VO, layer remains mainly at
the insulating state. The structure works as a metal-insulator-metal
metasurface supporting gap-surface plasmons (GSPs). The scattered
thermal radiation from this GSP resonator can be well approxi-
mated by the sum of an electric dipole and a magnetic dipole under
the multipole expansion.Bz"33 Perfect absorption, i.e., zero scattered,
thermal radiation occurs when the field completely destructively
interferes at the resonance. In other words, the magnetic and elec-
tric dipoles cancel out in the reflection. When the increased voltage
initiates the phase change process of the VO, layer, the higher loss
of metallic VO, suppresses the formation of the magnetic dipole
between two metal layers, resulting in the reduction in emissivity.
The white dashed lines in Fig. 3(b) indicate the phase change inter-
face, where the metallic VO, region starts from the centerline at a
lower voltage of 0.6 V and gradually expands toward the nanorod
tips with the increased voltage. At the voltage of Uy = 0.9 V, the VO,
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layer becomes metallic under the full length of the nanowire, causing
minimal field enhancement and emissivity. It is worth noting that
the tunability of the proposed structure comes from the control of
the metallic region geometry beneath the nanorods, instead of del-
icately maintaining the device temperature at the transition region
(see the supplementary material, where the optical response can be
largely preserved even if the transition zone is eliminated).

The evolution of the emissivity vs the heating voltage is plotted
in Fig. 3(c). The emissivity first slowly decreases at the low volt-
ages, and the slope becomes much steeper at higher voltages. This is
attributed to the field distribution of the nanorod resonator, where
at high voltages, the VO, phase-changed region reaches the high
electric field tip regions, as shown in Fig. 3(b). When the voltage
increases beyond 0.9 V, the VO, phase-changed region covers the
whole nanorod, leading to the saturated performance of the emitter.
From 0.5 to 0.9V, the continuous modulation of the emissivity from
0.89 to 0.15 is achieved. The emissivity modulation depth in this
work is generally comparable to or even better than the binary struc-
tures reported in the literature (see Table S3 of the supplementary
material for performances of VO, based tunable emitters in the lit-
erature). It is worth noting that Fig. 3(c) only focuses on the heating
process with the phase change temperature fixed at 345 K, while
the hysteresis in VO, leads to a lower phase change temperature
during the cooling process.'””* As a result, the emissivity-voltage
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FIG. 4. Simulated emissivity-voltage curves of the nanorod metasurface with respect to (a) VO, thickness; (b) nanorod length; and (c) nanorod width, evaluated under the
corresponding resonant frequencies at Uy = 0 V. (Insets: emissivity spectrum for the corresponding geometrical parameters at Uy = 0 V).

curve in the cooling process is shifted to lower voltages (see the
supplementary material).

The full width half maximum (FWHM) and the frequency shift
of the emissivity peak are plotted regarding the heating voltage in
Fig. 3(d). The FWHM for different heating voltages is evaluated
through curve fitting, which almost remains constant but shows a
slightly ascending trend with the heating voltage due to the increase
in the ohmic loss inside the metallic VO, regions. The emissivity
peak shows a slight redshift with the increase in the heating voltage,
which can be attributed to the increasing mismatch of impedance
with the phase change of the VO, layer.

With the incorporation of the centerline Joule heating and
phase change of VO, layer, the reconfigurable metasurface emitter
demonstrates a strong electro-thermo-optical coupling with multi-
ple geometrical and material parameters. As illustrated in Fig. 4, the
geometrical parameters with significant and highly entangled ther-
mal and optical couplings, such as the VO, layer thickness tvoa,
the nanorod length L, and the nanorod width W1, are investigated.
The periodicity also shows some influence on the thermal and opti-
cal performances, as discussed in the supplementary material. First,
the peak emissivity under the heating voltages from 0.5 to 1.1 V is
plotted with five different tvo, in Fig. 4(a), showing a significant
influence of the VO, thickness on the different maximum emissiv-
ity at the resonance, which drops from near 1 to less than 0.5 with
the thickness reduced from 250 to 50 nm. However, the emissivity
spectrum at zero heating voltage in the inset of Fig. 4(a) indicates
that the VO, thickness only plays a minor role in tuning the reso-
nant frequency, as the resonance is mainly determined by the dipole
resonator of the nanorod. The plot also indicates the influence of
the VO thickness on the thermal behavior of the metasurface. Due
to the relatively low thermal conductivity of VO, layer (~3.6 W/m
K for insulating VO, and ~6 W/m K for metallic VO,), a thicker
VO, layer reduces heat dissipation required for the VO, phase tran-
sition, resulting in the fast initiation of the phase change. In contrast,
a thinner VO, film requires a higher heating voltage to reduce the
emissivity of the metasurface emitter.

Figure 4(b) shows the spectral performances of the reconfig-
urable emitter with the gold nanorod lengths from 1.4 to 2.2 ym. It
is noted that, in the inset of Fig. 4(b), the emissivity peak frequency
for longer nanorods experiences a significant redshift while keeping
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almost identical maximum emissivity. The emissivity-voltage curve
reveals the thermal influence of the nanorod length, where the gold
nanorod acts as a heat spreader attached onto the centerline heater.
A longer nanorod results in higher heat dissipation capability toward
the substrate; thus, the VO, phase change initiates at a higher voltage
and the emissivity curve shifts to the right. However, the identical
substrate structure and nanorod cross section area lead to a similar
temperature profile along the nanorod longitudinal direction, result-
ing in a parallel emissivity-voltage slope for all the five curves toward
a high voltage.

The influence of the nanorod width W is analyzed in Fig. 4(c).
Unlike the nanorod length, the width is not a major controller of
the plasmonic dipole resonator frequency, as the polarization of the
nanorod is mainly along the length direction. As a result, the emis-
sivity peak frequency remains around 32 THz for all the widths
from 50 to 150 nm, but the maximum emissivity experiences a
significant elevation. The thermal influence of the nanorod width
can also be found in the emissivity—voltage curve, indicated by a
faster decrease in emissivity vs voltage for larger nanorod widths.
The larger nanorod cross section area provides a smaller longitudi-
nal thermal resistance, leading to more effective heat spreading and
faster expansion of the VO, phase-changed region.

In summary, we demonstrate an infrared metasurface emit-
ter with the continuous reconfigurability of emissivity based on
the controlled phase change of VO, through Joule heating. Using
the coupled electro-thermo-optical FEM simulation, we show that
the centerline Joule heaters provide precise control of the phase-
changed region beneath the nanorods, achieving monotonic and
smooth dropping of the metasurface emissivity by more than 50%
with the heating voltage increasing from 0.5 to 0.9 V. A series
of geometric parameters, including VO, layer thickness, nanorod
resonator length, and nanorod resonator width, are analyzed to
optimize the optical performance. The new metasurface structure
extends the binary nature of the PCM modulation to continuous
configuration and renders new possibilities toward reconfigurability
of nanophotonic devices, including emitters, absorbers, and other
metasurface-based devices.

The supplementary material contains the detailed optical and
thermal properties in the simulation; simulation setup and VO,

9,010801-5

Z1'80:€0 ¥20g 1udy 20



phase change model; potential fabrication steps for the device;
influence of varying periodicity; influence of transition region in
the electromagnetic simulation; influence of hysteresis between the
heating and cooling processes; and modulation depth compared
with literature studies.
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