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The interest in dynamic modulation of light by ultra-thin materials exhibiting insulator-metal phase transition,
such as VO,, has rapidly grown due to the myriad industrial applications, including smart windows and optical

limiters. However, for applications in the telecommunication spectral band, the light modulation through a thin

VO, film is low due to the presence of strong material loss. Here, we demonstrate tailored nanostructuring of

VO, to dramatically enhance its transmission modulation, reaching a value as high as 0.73, which is 2 times larger
than the previous modulation achieved. The resulting designs, including free-topology optimization, demonstrate
the fundamental limit in acquiring the desired optical performance, including achieving positive or negative
transmission contrast. Our results on nanophotonic management of lossy nanostructured films open new

opportunities for applications of VO, metasurfaces.
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1. INTRODUCTION

The rapidly growing scientific field of nano-optics paves the
way for a variety of applications, including light manipulation
[1,2], displays [3], sensing [4,5], and quantum technologies
[6]. Using nanostructured materials, such as optical metasurfa-
ces, one can outperform the functionalities of traditional
bulk optics and further enable miniaturized optical systems
and component integration. However, a broad range of nano-
optical systems based at plasmonic [7] and dielectric [8,9]
materials are static, and their optical properties remain fixed
once the fabrication process is completed. Such static properties
pose constraints to those applications where dynamic tunability
of the optical elements is essential, such as displays and optical
modulators.

Introducing dynamic tunability into post-fabricated systems
relies on incorporating reconfigurable mechanisms [10], such as
thermal [11-13], electrical [14,15], magnetic [16], and
mechanical [17] methods. In the majority of mechanisms, the
tunability is realized by modifying the optical refractive index
7 = n + ik. However, the perturbation on 7 is usually small
[18-20], leaving a limited optical tuning performance or a nar-
row bandwidth operation [19]. On the contrary, the materials
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with insulator—metal phase transition, such as vanadium diox-
ide (VO,) [21,22], stand out due to the large index modulation
across its insulating—metallic phase transition [23-26]. This
phase transition of VO, occurs at ~68°C and can be thermally
triggered. Alongside the phase transition, the refractive index
values can change several orders of magnitude more than when
using other reconfigurable mechanisms. Furthermore, the tran-
sition can repeatedly occur on a short time scale [27], which
opens a wide potential in tunable nano-optics.

One of the fundamental phenomena in reconfigurable
nanophotonics is transmission modulation, which finds impor-
tant applications in optical switches, smart filters, and optical
power limiters. The working principle of a VO, transmission
modulator is based on the modulation of the material loss. At
room temperatures, the VO, is in an insulator phase and ex-
hibits low losses. Above the insulator—metal transition temper-
ature, the material losses dramatically increase [23,24,26], and
the transmissions are strongly damped, as shown in Fig. 1(a).
As a result, the temperature control on VO, material enables a
change in transmission efficiencies, defined by the transmission
contrast AT =T;-T,, where T,, is the transmission
through the insulator and the metallic phase.
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Fig. 1. (a) Schematic of the working principle of transmission
modulation using insulator—metal phase transition in VO,. The trans-
mission efficiency 7" from the structure changes as the optical index of
refraction varies with the phase transition. The crystalline structures of
the low-temperature insulator phase and the high-temperature metallic
phase are shown on the right-hand side [28]. The green spheres cor-
respond to the vanadium atoms, and the blue spheres correspond to
the oxygen atoms. (b) Enhancing the transmission contrast A7
through nanostructuring. The hypothetical enhanced performance
(orange curve) as compared to the transmission through an 80 nm
VO, thin film on a silicon substrate (purple curve).

In previous works, the potential of VO, tunable transmis-
sion has been greatly explored [29,30]. However, most of the
works focus on a much longer operating wavelength, where the
losses of insulator VO, are not prominent. At the near-infrared
spectral range and, more specifically, at around 1.55 pm, VO,
exhibits large losses in both its insulator and metallic phases.
With the excessive material loss, obtaining large transmission
modulations using simple thin-film geometries is not trivial
since the losses are too high to enable Fabry—Perot resonances.
As a consequence, the maximally achievable transmission con-
trast through VO, thin-film structure is ~0.2 at the telecom-
munication wavelength around 1.55 pm [31,32].

One potential way to overcome this limit in thin-film geom-
etries is to employ transverse nanostructuring, or more specifi-
cally, a periodic array of nanostructures (metasurface), where
more complex electromagnetic responses can be introduced
to help circumvent the detrimental losses of VO,. This concept
is illustrated in Fig. 1(b), which depicts the potential to tailor
the transmission in both the VO, insulator and metallic states,
allowing to increase in the transmission contrast. In recent
years, there has been a growing interest in incorporating
VO, into metasurfaces to achieve tunability, especially tunable
Mie resonances [33—37]. However, most of the attention has
been put onto the alternative aspects, such as reflection [38],
Mie scattering cross section, or operation at longer mid-infrared
wavelengths with reduced VO, loss. The actual transmission
contrast at the telecommunication wavelength is still low, even
though it can be 0.1-0.2 greater than the thin-film case. To
date, it is not known what the maximally achievable modula-
tion is and what the fundamental limits to the transmission
contrast are.

Here, we demonstrate, theoretically, how through tailored
design one can maximize the optical transmission modulation
in VO, nanostructured films operating at telecommunication
wavelengths. By nanostructuring the VO, thin film, we find
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out that the transmission contrast can be tailored to be positive
or negative, whereas the unpatterned films can only have pos-
itive values. More specifically, for operation at ~1.55 pm, we
derive two different designs that can reach positive or negative
transmission contrast roughly 2 times larger than what has been
achieved with bare VO, film or other nanostructured films
[33]. Our work provides deep insights into how to work with
the optical losses of VO, to enhance transmission modulation.
More practically, it opens up a wider possibility to enhance the
transmission tunability of VO,, which can be further translated
into areas such as reflection, phase control, and polarization
modulation.

2. RESULTS AND ANALYSIS

We first start by looking at a proof-of-concept geometry, a bare
VO, thin film with a refractive index obtained from [26]. The
transmission efficiency of the bare film can be calculated using
the single-layer transfer matrix method [39]. Our calculations
yield a maximum transmission contrast of 0.26 for a 210 nm
thick VO, film [see Fig. 2(b)]. This value sets the performance
benchmark of VO, for an incident wavelength of 1.55 pm.
In order to enhance the achievable transmission contrast,
one can employ a periodic array of nanostructures to form a
metasurface. A free-standing single-layer metasurface can be re-
garded as a layer of homogeneous material and characterized by
its effective properties, including the effective dielectric con-
stant €4 and magnetic permeability g, or equivalently the
index of refraction 7.4 and material impedance z.g. Based
on these optical parameters, the reflectivity and transmissivity
(i.e., the scattering coefficients) can be formulated as [40,41]

Ry(1 - &2
;= 0(—") (1)
1- R%ez"i’
1 - R
p = LR (@)
1- Réez”/’

1. . . ~ - .
where Ry, = ZZ; 7 is the interface reflection, ¢ = kohiig is the

complex phase accumulated inside the layer, in which £ is the
free space wave vector, and 4 is the thickness of the nanostruc-
tured layer. The phase term can be further decomposed based
on the real and imaginary parts of the refractive index:
b=, + ip. = koh(ng + ikg). The reflection and trans-
mission efficiencies (R, T°) can therefore be obtained by taking
the modulus square of 7 and #. The absorption can also be cal-
culated as A = 1- 7 - R. For a high transmission efficiency
T — 1, small values of ¢, are required. Therefore, besides
reducing the structure thickness, for lossy materials, the non-
trivial way to enhance the transmission is to reduce the effective
extinction ratio k.g. On the other hand, low transmission effi-
ciency 7 — 0 can be achieved in multiple manners. For in-
stance, the presence of high material loss already gives a low
transmission provided by the large exponential damping factor.
One can further decrease the transmission efficiency by imple-
menting resonant absorption, thus obtaining even larger effec-
tive extinction ratios. Finally, the transmission can also be low
when the interface reflection R is high. To fulfill the desired
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Fig. 2. (a) Schematic diagram of the metagrating studied in the parameter sweep. The incident wavelength is set to 1.55 pm, and the geometrical
parameters include the grating height /4, period A, filling ratio f, = w, /A, and polarization. (b) The maximally positive (green shaded) and negative
(orange shaded) contrast A7 over the period for different polarization conditions (blue for TM polarization, red for TE polarization). Two high-
contrast regimes can be recognized and highlighted by the circles. The first regime has a positive contrast A7" = 0.63 with a deep-subwavelength
periodicity (A < 1), while the second regime has a negative contrast A7 = -0.73 with a period close to the wavelength (A ~ 4). For comparison,
the best performance of the bare VO, film is also shown with a constant value of 0.26 (black dashed line).

transmission performances, it is necessary to obtain specific val-
ues of the effective parameters; however, the exact means of
how to achieve them remains unclear. The nanostructures
can tune the effective parameters in a certain range based on
the intrinsic properties of the composite materials, which is
known as interpolation rules or mixing rules [42]. However,
the interpolation functions are structure sensitive and nontri-
vial, which cannot be easily quantified. For this purpose,
numerical optimization can be implemented to discover a de-
sign with the desired performance.

To identify some initial geometries with high transmission
contrast, we first conducted a parameter sweep based on the
free-standing subwavelength gratings with varying geometrical
parameters. In particular, we calculated the transmission effi-
ciency at normal incidence of a VO, grating in its insulator and
metallic states, using rigorous coupled-wave analysis [43]. We
varied the grating height, 4, periodicity, A, filling ratio, f, (de-
fined as the ratio of the grating ridge width, w, to the perio-
dicity, i.e.,, f, = w,/A), and the polarization state of the
incident light (TE or TM for electric field parallel or
perpendicular to the grating ridges, respectively); see the sche-
matic diagram in Fig. 2(a). The result of the parameter sweep
is presented in Fig. 2(b). In particular, each point conforming
the red and blue curves represents the largest magnitude of the
transmission contrast, A7, which is achieved among all the
possible grating geometries subject to the periodicity and
polarization indicated in Fig. 2(b). From the parameter sweep,
two prominent high-contrast regimes can be recognized, which
are highlighted by the circles, with structure periodicity far
less than the wavelength (A <« 4) and period comparable to
the wavelength (A ~ 4). The corresponding maximal trans-
mission contrasts are given by 0.63 (positive A7, obtained
for the TM mode) and -0.72 (negative contrast, achieved
for the TE mode). Both of these maxima are more than 2 times
greater than the maximum A7 in the benchmark case with
a bare VO, film. Here, the notation “positive” means
AT =T,;-T, > 0 with a high transmission in the insulator

state and a low transmission in the metallic state, which is high-
lighted in Fig. 2(b) by the green shade, while “negative” means
the opposite and is highlighted by the yellow shade. In the fol-
lowing sections, we will reveal the underlying physics of these
two regimes respectively.

A. Achieving Positive Contrast in the Effective
Medium Regime

As indicated in Fig. 2(b), the largest positive transmission con-
trast is achieved for a VO, grating with deep-subwavelength
periodicity, i.e., A < 4. As shown by the upper blue line, when
we proportionally scale down the transverse dimensions to-
wards zero, while keeping the relative geometrical parameters
(f',) unchanged, the curve asymptotically approaches the maxi-
mum A7 — 0.63. From practical considerations, we study the
case of a grating having 50 nm periodicity. The corresponding
transmission efficiencies in the insulator and metallic phases,
together with the transmission contrast, are plotted in Fig. 3.
Figures 3(a) and 3(b) show the dependence of the transmission
with the grating geometry parameters, f, and 4, for the insu-
lator and metallic phases of VO,. The two VO, phases show
similar oscillating behavior with respect to the thickness 4, with
the high transmission ridges in 7'; highlighted by the black
dashed lines. This oscillation means that the system behaves
similarly to a VO, bare film with transmission sensitive to the
longitudinal dimension. Due to the refractive index differences
in the two VO, phases, the actual transmission responses are
different, characterized by the magnitude of oscillation and
the range of high transmission (denoted by yellow color). The
maximum transmission contrast is obtained when the response
of the two phases deviates the most, which is highlighted by
the red star in Fig. 3(c).

In order to further understand the physical mechanism be-
hind this high transmission contrast, in Fig. 4, we study the
detailed electromagnetic responses of this optimal geometry
when AT — 0.63. The corresponding grating parameters
are A =50 nm, f, = w,/A = 0.83, / =370 nm, and TM
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Fig. 3. Sweep of geometric parameters /', and 4 in a grating structure with periodicity A = 50 nm, incident wavelength 2 = 1.55 pm, and TM
incident polarization. The 2D plots display the transmission efficiency of the VO, grating in the (a) insulating 7'; and (b) metallic 7°,, phase of VO,.
The high transmission ridges in 7'; are highlighted using black dashed lines. The transmission contrast AT of the grating is shown in (c). The
optimal geometry with maximum contrast is highlighted by the red star with f, = 0.83 and 4 = 370 nm.
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Fig. 4. (a) Schematic of the investigated structure (top) and comparison with the geometry in the effective medium regime (bottom). (b) Electric
field amplitude distributions of the corresponding subwavelength grating at 1.55 pm, in the insulator (i) and metallic (ii) VO, states. (c) Reflectivity
spectrum of the corresponding grating, where the amplitude |7| and phase arg{r} are displayed by red and blue curves, respectively. The solid line
denotes the lossless case with VO, material losses fully turned off, while the dashed line denotes the lossy case when the losses of the VO, material

are considered.

polarization incidence (input electric field perpendicular to the
grating ridges); see Fig. 4(a). We calculated the associated
electromagnetic field profiles, shown in Fig. 4(b). When the
VO, is in its lower loss insulator phase [region (i) in Fig. 4(b)],
the electric field magnitude shows a symmetric distribution
along the z direction, which results from Fabry—Perot (FP) in-
terface reflections. In contrast, the FP oscillations are highly
damped in the VO, metallic state, resulting in asymmetric field
distribution in the z direction, as seen in region (ii) in Fig. 4(b).
The longitudinal FP resonance for the dielectric VO, case can
be more clearly seen in the reflectivity spectrum when the loss
is set to zero, which is presented in Fig. 4(c). As shown by the
solid lines representing the lossless case, a sharp dip in the am-
plitude of the reflectivity 7 is observed at ~1.5 pm (red line)
alongside with a 7 phase shift at the same spectral location
(blue line). Moreover, by retrieving the effective index of
refraction, a 27 phase accumulation is obtained for each round
trip inside the effective single-layer cavity. By adding the extra
7 phase shift from the Fresnel reflection at the first interface,
the multiple reflected waves from the two interfaces interfere
destructively, forming a transmissive FP cavity. When the ex-
tinction of VO, is included, the features of FP resonance

persist, indicated by a dip in reflectivity at 1.55 pm (red dashed
line) and a more gradual electric field phase change (blue
dashed line).

In addition, according to the extracted effective index of re-
fraction, the effective extinction ratio of the VO, grating in the
insulator state is significantly reduced, indicating suppression of
the effective material loss. This can be attributed to the grating
geometry itself, where the main effect comes from the thin air
gaps between grating ridges. According to the electromagnetic
field profile [Fig. 4(b)], the field is prominently concentrated
inside the gap with minimal leakage into the VO, part outlined
by the green color. The field concentration is essentially pro-
vided by the electromagnetic boundary condition and also the
TM polarization state. Specifically, the normal component of
the electric field displacement needs to be continuous, resulting
in a significantly larger field magnitude inside the low-index
air gap. This allows the wave to pass through the structure ef-
ficiently by circumventing the necessity of traveling through
the lossy components. While for the metallic phase, although
the electric field is still concentrated inside the gaps just like
in the insulator phase, the field magnitude decays along the
z direction; see region (ii) in Fig. 4(b). Consequently, in
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this case, the behavior of the grating is dominated by material
absorption.

The operating principle of the high transmission contrast in
the effective medium regime can therefore be summarized as
follows. Microscopically, the grating geometries with thin air
gap support the concentration of electric field inside the gaps,
which reduces the propagation loss. From the macroscopic
perspective, the grating geometry supports an effective index
of refraction that operates near the transmission FP mode for
the insulator state with suppressed reflection. These features are
not presented in the metallic state.

B. Reaching the Fundamental Limit by 2D
Nanostructuring
Next, we extend our considerations to two-dimensional (2D)
geometries to explore further optimization of the transmission
modulation. In the effective medium regime, since the struc-
ture dimensions are far smaller than the wavelength, the meta-
surface can be homogenized into a single layer characterized by
one effective parameter solely (e.g., £.¢). Under this quasi-static
regime, nonmagnetic materials are unable to excite artificial
magnetic response, and therefore pg — 1. Based on e.¢, other
effective properties can be easily derived: 7z = /Ecff> Zefr =
1 /7. Another feature of the effective medium regime is that
the field amplitude inside each individual structural component
can be regarded as constant with negligible phase variation.
Here, based on the two features mentioned above, we pro-
pose a 2D model composed of four regions, where the model
represents a single-layer metasurface in the effective medium
regime. The schematic diagram can be found in Fig. 5(a),
where region 1 is filled by material 1 with dielectric permittivity
€, while regions 2, 3, and 4 are filled by material 2 with &,.
Here, we limit our consideration to nonmagnetic materials
with p;, = 1. The incident plane wave illuminates at normal
incidence, and the electric field is set to be polarized in the x
direction. The resulting field amplitudes in the adjacent regions
are interconnected by electromagnetic boundary conditions.

Starting from region 1 with electric field amplitude £, one can

relate field amplitudes in other regions to £,. However, this

leaves region 4 ambiguous since the 2-4 and 3-4 boundary con-

ditions give distinct field amplitudes for region 4. To resolve

the ambiguity, we set £4 as a linear mixing between FE,

and E3:

E4 = fmixEZ + (1 - fmix)ES’ (3)

with mixing ratio f ;. that can take values between 0 and 1.

Using the averaging formulae for the effective dielectric
constant,

1 (D)

=\ 4

Eeff € ( E) ( )

one can obtain the effective dielectric constant of this proto-

typical model as

B (1-b))e, + b1y
2(1-by)es + byey”

with b= (1~ fofp) and by = 1= £,(0 - fru)
being the generalized filling ratios, and f, and fi being the
linear filling ratio in the x and y directions, as shown in the
schematic of Fig. 5(a). In the special cases when f, fy =0,1,
the formulae converge to the standard effective medium theory
(EMT) of 1D nanostructures [44], which is listed in Table 1.

Using Eq. (5) and substituting the VO, dielectric constant
into the position of €, and setting €, = 1 (air), one can obtain
the maximum transmission contrast over a range of structure
thicknesses. To confirm that the 2D EMT is the fundamental
upper bound, we compare this theoretical prediction with the
free-form topology optimization (TO) [45]. The EMT is con-
strained only to regular geometries; however, exotic topologies
may exist that can exceed this performance. With TO, an op-
timal and arbitrary 2D grating can be designed efficiently by
employing adjoint simulations, which helps in determining
the shape gradients using minimal simulation time. The results

(5)

Eeff —

(a) (b) 0.8 (C) Boundaries
undaries:
y 2D EMT Theory 054D grating
1-f f 2D Topology
- L 06r ~ < Optimization
W= d S -
- ® SN-7
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. €, £, g 0.4¢ ~7 1D Grating TM
- o)
@)
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Fig. 5. (a) Diagram of the approximate zeroth-order effective medium theory (EMT). (b) Comparison between the predicted maximum A7

using EMT (black solid curve), 1D grating with TM excitation (black dashed curve), unpatterned VO, film (black solid curve), and topology
optimization (solid blue curve). The comparison shows the numerical optimization is well bounded by the theoretical prediction. (c) Effective
index of refraction calculated with the EMT using random geometrical parameters. The results are shown by the distributed points, where
the top and bottom 7 - k maps correspond to the insulator and metallic phase of VO,, respectively. The black edges correspond to the effective

indices of the 1D grating geometries with TE or TM illumination.
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Table 1. Effective Geometry and Dielectric Constant
in the Cases with f, , = 0 or 1

Condition Effective Structure €t

f.=1lor fy = 1 Homogeneous layer &

fio=0.f,#0 1D grating TE e =fer+0-f)e
incidence

fy=0.f.#0 1D grating TM ek = foei' + (1 - f£,)&!
incidence

fo=f,=0 Homogeneous layer £

of TO are presented in Fig. 5(b) with the solid blue curve.
From the comparison, the TO results are upper bounded by
the EMT theoretical approximation given by Eq. (5), which
shows the generality of this EMT model for single-layered
metasurfaces within the deep-subwavelength regime. The dis-
crepancy between numerical and theoretical calculations results
from the finite resolution of the design space and the numerical
inefficiency in searching for the global optimum. In Fig. 5(b),
we also plot the simulation of a 1D grating with TM illumi-
nation [respective of Fig. 3(c), f, = 0.83] and of a bare VO,
film. Both of these results also remain well below the funda-
mental limit given by the EMT model.

The performance of the 2D model is generally much higher
than that of the 1D grating or the bare VO, film. Comparing
the global maximum contrast achieved in the different
cases, we obtained max{A7} ~ 0.26 for a bare VO, film,
max{AT} ~0.63 for a 1D grating, and max{A T} ~ 0.73 for
2D geometry. The maximum A 7" obtained in the 2D geometry
is 16% greater than in the 1D case and 180% greater than that
of the bare film. This extra enhancement can be understood
using the effective index (7 - k) map, shown in Fig. 5(c), where
the complex effective index (74) of each geometry is denoted
by a dot in the map. For the bare film, the refractive index is
fixed to a dot, which can be regarded as a zero-dimensional
object. For 1D structures, only a single line segment can be
covered, whose path is determined by the grating interpolation
rules as listed in Table 1. This produces a mismatch between
the single geometrical parameter and the two degrees of free-
dom in the 2D 7 - k map spanned by the lossy VO, nanostruc-
tures. On the contrary, the 2D effective medium model can
confidently span the whole 2D 7 -k space in between the
boundaries generated by the 1D gratings [44], thereby provid-
ing a larger degree of freedom to tune the optical performances.

Importantly, the underlying physical mechanisms governing
the high transmission contrast in 2D are similar to the 1D gra-
ting case. Despite the drastically various geometries obtained
from topology optimization, the key feature is the presence
of a narrow gap between adjacent structural elements. As an
example, the geometries obtained by topology optimization
are shown in Fig. 6(a), and the field profiles corresponding
to the optimal structure are shown in Fig. 6(b). In the insulator
state shown in panels (i) and (ii), the electric field is concen-
trated in the gap region, and the field profile shows a symmetry
pattern along the longitudinal direction, indicating the pres-
ence of multiple reflections. As for the metallic state shown
in panels (iii) and (iv), the behavior is dominated by absorption
as the field magnitude decays along the longitudinal direction.

(@)

y‘ ~10

Fig. 6. (a) Optimal geometries obtained from topology optimiza-
tion using different thicknesses of the VO, scattering structures. A
common feature can be distinguished among all these geometries:
the thin gap between adjacent structure elements is along the electric
field direction. On the bottom, we report the geometry with the high-
est contrast A7 = 0.73, obtained for # = 600 nm, A = 50 nm, and
incident wavelength 4 = 1.55 pm, which is well within the deep-
subwavelength regime. (b) Calculated electric field profiles of the op-
timal structure (i), (ii) in its insulator state, and (iii), (iv) in its metallic
state. Calculations (i) and (iii) show the side view of the structure (per-
spective along the x axis) with the cut plane located at y = 0, while
(ii) and (iv) show the bottom view (perspective along the z axis) with
the cut plane located at z = 0. The green contour marks the structure’s

edges.

C. Achieving Negative Contrast in the Resonant
Regime

This section discusses the second regime when the 1D metasur-
face period is comparable to the wavelength A ~ 4. The max-
imally negative contrast occurs at A = 1300 nm periodicity for
the TE electric field. The associated result of parameter sweep is
elaborated in Fig. 7.

Figure 7(a) presents the corresponding transmission effi-
ciency of the grating in the insulating state (7°;). The transmis-
sion shows complex dependence over the grating geometrical
parameters f, and 5, exhibiting a completely different behavior
compared to the deep-subwavelength regime, as depicted in
Fig. 3. In particular, the transmission efficiency is generally
low, with several narrow valleys of near-zero transmission effi-
ciency, which are highlighted by the white dashed curves. The
transmission in the metallic state (7°,,) shown in Fig. 7(b) is
similar to what has been previously discussed, where the trans-
mission reduces with larger filling ratios or larger thicknesses.
Combining the responses of the two phases yields a negative

transmission contrast as high as A7" = -0.73, which is denoted
by the red star in the transmission contrast plot shown in
Fig. 7(c).

The optimal geometry is given as a thin grating with a large
period and TE polarization illumination. A detailed schematic
diagram is shown in Fig. 8(a) with the specific geometrical
parameters: A = 1300 nm, /= 640 nm, f, = 0.05.
Intuitively, the scattering cross section is low due to the small
transverse filling ratio of the VO, grating, which should lead to
a high transmission efficiency. While this is the case for the
metallic state, giving 7°,, ~ 0.74, the actual transmission effi-
ciency in the insulator state, however, is nearly eliminated,
T;~0.01. This total extinction of far-field transmission has
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Fig. 7. DParameter sweep of geometric parameters f, and 4 in a grating structure with periodicity A = 1300 nm, incident wavelength
A= 1.55 pm, and TE incident polarization. The 2D plots display the transmission efficiency of the VO, grating in the (a) insulating (77;)
and (b) metallic (7,,) phase. For 7';, the low transmission valleys are highlighted by the white dashed lines. The associated negative transmission
contrast A7 is presented in (c). The red star highlights the optimal geometry with maximum negative transmission contrast for the parameters

h = 640 nm and f, = 0.05.

been previously reported in Ref. [46] with sparse and low-filling
grating structure, where the mechanism is attributed to the
multiple scattering effects. Here, we provide qualitative analysis
to describe the underlying physics further.

By examining the electromagnetic field pattern of the insu-
lator VO, grating, presented in Fig. 8(b), we found that the
grating exerts a strong electric field amplitude and phase
distortion. In particular, large electric field amplitude is seen
at both the grating ridges as well as in the middle of the wide
air gap, which agrees with the observation in Ref. [46]. The
phase front is significantly bent, showing a strong influence
on the flow of electromagnetic energy. On the contrary, the
amplitude modulation is weaker for the metallic state shown
in Fig. 8(c). In fact, the metallic VO, effectively repels the elec-
tric field, resulting in a lower field amplitude inside or near the
grating rods. In addition, the phase front distortion effect is
much weaker as compared to the insulating phase, and the wave
generally keeps the forward propagating tendency. The net ef-
fect is a high transmission efficiency.

To further analyze this transmission suppression for the in-
sulator VO, grating, we studied the associated reflection and

Fig. 8. (a) Schematic diagram of the design having maximally neg-
ative contrast at A = 1.55 pm wavelength, with geometrical parame-
ters A = 1300 nm, f, = 0.05, and » = 640 nm. The structure is
illuminated with TE polarization, i.e., an electric field parallel to the
grating ridges. The calculated electric field amplitude and phase pro-
files of the corresponding structure in the insulator phase of VO, are

shown in (b) and in the metallic phase of VO, in (c).

absorption spectrum, presented in Fig. 9(a). At the target wave-
length 2 = 1.55 pm, the spectrum exhibits a dip in transmis-
sion efficiency with ~80% of the energy being absorbed.
Having an absorption higher than 50% indicates the excitation
of more than one type of resonance [47]. Here we address the
origin of these resonant features and provide a qualitative analy-
sis of the observed behaviors.

The first resonance type is related to the periodic lattice
structure, which can be studied more directly when the material
loss is set to zero. In that case, a wide band transmission sup-
pression is shown at the central wavelength of 4 ~ 1.45 pm, as
shown in Fig. 9(b). However, in this case, the dominant effect
is the near-perfect reflection. To better analyze the origin of
this behavior, we solve the optical problem with COMSOL
Multiphysics for five individual rectangular rods separated
by A = 1300 nm and surrounded by perfectly matched layers
(PMLs). We then present the electric field magnitude together
with the time-averaged Poynting vectors to visualize the energy
flow direction. For the lossless scenario shown in Fig. 9(d), in
the periodic regime at the middle, the Poynting vectors form
vortices that cancel out with the adjacent ones, which indicates
the presence of strong interference between the multiple scat-
tered waves. In addition, the magnitudes of the vectors are gen-
erally small. Together with the alternately strong and weak
electric field amplitude pattern shown in Fig. 9(d), it indicates
the presence of a standing wave originating from the periodic
lattice resonance. This standing wave feature can be more
clearly visualized at the structure edges, where the lattice trans-
lation symmetry is broken. Indeed, at the edges, a strong trans-
verse energy flow is presented in a symmetric manner against
the center of the structure. These observations are consistent
with the previous report on the wideband reflector, where
the behavior is attributed to the in-plane Bloch mode [48].

When looking at the realistic lossy case, shown in Fig. 9(c),
the wave behavior is drastically different, where the Poynting
vectors tend to flow toward the grating ridges in both the peri-
odic regime and also the edges. This concentration of energy
flow originates from the scattering of the individual rectangular
rod, whose electric field profile shows a similar pattern as
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Fig.9. (a), (b) Spectraand (c), (d) field patterns of the VO, grating in the insulator state. For the realistic lossy case given in (a), (c), a transmission
suppression dip is shown in (a) centered at the target wavelength 1.55 pm. In panel (c), the corresponding electric field distribution (shown by the
background density plot) and also the flow of Poynting vectors (red arrows) are displayed. The material loss is turned off for (b) and (d). In (b), the
broadband transmission suppression is centered at 1.45 pm. The corresponding field pattern and Poynting vector flow are displayed in panel (d).
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Fig. 10. (a) Calculated electromagnetic behavior of a single rectan-
gular rod. In particular, it shows the amplitude of the electric field, as
indicated by the color bar on the right, together with the flow of the
Poynting vectors, as indicated by the red arrows. (b) The spectrum of
the retrieved effective magnetic permeability (.g). A peak is presented
in the imaginary part at the wavelength of interest 1.55 pm.

indicated in Fig. 10(a), where the simulation is done with a
single rod and PMLs. However, according to the field distribu-
tion and direction of the Poynting vectors in Fig. 10(a), the
individual scatterers themselves cannot support the complete
suppression of forward scattering, meaning that the near-zero
transmission originates from a joint contribution of the scatter-
ing of individual scatterer as well as the periodic lattice geom-
etry. Finally, by retrieving the effective magnetic permeability
Uegr based on the method in Ref. [40], we found that the imagi-
nary part of y ¢ shows a peak at ~1.55 pm. These calculations,
shown in Fig. 10(b), further validate the contribution from the
magnetic-type resonance from the individual rectangular rod.
Together with the grating lattice resonance, it gives a hyper-
absorption effect with 80% absorption.

3. CONCLUSIONS

In this work, we study light modulation through nanostruc-
tured VO, films to optimize the transmission modulation per-
formance and derive the fundamental limits of such switching.
We show how the tailored nanostructuring of the films can en-
gineer the interplay between absorption and scattering, thereby
maximizing the transmission contrast. Through our studies,

we derive two fundamentally different optimized designs for
tunable transmission through VO,-based metasurfaces. Both
designs exhibit a large magnitude of the transmission modula-
tion depth at telecommunication wavelengths, however, with
opposite signs. The achievable transmission contrast for both
designs is |AT| ~0.73, which is 2 times greater than what
can be achieved by a bare VO, film and 2 times larger than
what has been previously reported.

The first design is achieved within the deep-subwavelength
regime for structure periodicity far less than the operating wave-
length. The optimal geometry is given by a metasurface with
periodically arranged cuboids or dumbbell-shaped meta-atoms
derived from topology optimization. These structures essen-
tially support a Fabry—Perot type of anti-reflection in the insu-
lator state while exhibiting an absorptive nature in the metallic
state, resulting in a high transmission contrast. The simulation
results show transmission modulation that is upper limited by
the 2D effective medium theory model, giving a full degree of
freedom to modify the effective optical parameter for lossy
nanostructures.

The second design results in a negative transmission modu-
lation, which is impossible for thin-film geometry. It is given by
a grating structure with a periodicity similar to the wavelength
and operating in the resonant regime. The filling ratio of this
structure is low, which automatically gives a high transmission
in the metallic state for TE polarization. Instead, in the insu-
lator state, the transmission is limited by resonant absorption,
which originates from two different types of resonances, includ-
ing a local resonance of the individual grating elements and a
Bloch-type lattice resonance associated with the periodicity of
the metasurface geometry.

These proposed designs provide a tunable transmission plat-
form with a large modulation depth and incorporate all the
advantages of VO,, including a large bandwidth, fast modula-
tion speed, and stability for repeated switching. Our results pro-
vide a deeper insight into the fundamental limitations of
nanostructured VO, films and metasurfaces, as well as other
nanostructured lossy materials, in achieving the desired optical
performance with high-transmission contrast.
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