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Abstract: The reflective optical multi-films with high damage thresholds are widely used in intense-
light systems. Metasurfaces, which can manipulate light peculiarly, give a new approach to achieve
highly reflective films by a single-layer configuration. In this study, reflective metasurfaces, com-
posed of silicon nanoholes, are numerically investigated to achieve high damage thresholds. These
nanoholes can confine the strongest electric field into the air zone, and, subsequently, the in-air
electric field does not interact directly with silicon, attenuating the optothermal effect that causes
damage. Firstly, the geometrical dependencies of silicon nanoholes’ reflectance and field distribution
are investigated. Then, the excitation states of electric/magnetic dipoles in nanostructures are an-
alyzed to explain the electromagnetic mechanism. Furthermore, the reflection dependences of the
nanostructures on wavelength and incident angle are investigated. Finally, for a typical reflective
meta-film, some optothermal simulations are conducted, in which a maximum laser density of
0.27 W/ um? can be handled. The study provides an approach to improve the laser damage threshold
of reflective nanofilms, which can be exploited in many intense-light applications.
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1. Introduction

Metamaterials are artificial structural materials with many interesting properties not
found in nature [1]. Among them, metasurfaces, which are composed of two-dimensional
arrays of subwavelength nanostructures, have become a hotspot in the field of electro-
magnetic materials [2-7]. Metasurfaces have many exotic optical properties such as
ultra-compact [8,9], perfect absorption [10,11], super-resolution [12-14], and large field
of view [15,16], which have applications in miniaturization and integration of complex
optical systems. After surface preparation, materials can still have enough strength and
anti-corrosion [17,18]. In particular, the metasurfaces made of dielectrics have attracted
much interest from researchers due to the advantages of low loss, thermal stability, mag-
netic effect, etc. [3,5]. Although some metasurfaces based on refractory materials such as
HfO,, which have the application potentials in high-power systems, are reported [19,20],
there is still no sufficient research on metasurfaces for high damage thresholds.

With the rapid development of intense-light systems, the complexity of optical sys-
tems based on traditional discrete elements rises sharply [21], which makes the cost of
construction, operation, and maintenance increase dramatically. Thus, the miniaturization
and integration of intense-light systems are urgently desirable. Due to the low threshold of
bulk damages, the reflective components are wildly used in intense-light systems [22-24].
Among these elements, the highly reflective films with high damage thresholds are one of
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the most important parts. To obtain strong reflection, the traditional optical elements usu-
ally exploit complex multi-layer films with different dielectric constants to modulate light
waves. Many methods have been exploited to seek high damage thresholds, such as using
the femtosecond laser-induced damage threshold of e-beam-deposited reflective films [25]
and tuning electric fields into air zones [26]. However, the multi-layer configuration suf-
fers the disadvantages of structural complexity, thermal mismatch, and high cost [27,28].
According to the previous investigation, light-induced damages are caused mainly by the
strong electric field, which excites damage precursors [26,29,30]. Anti-reflective coatings
based on nanostructures are investigated [18,31], and the anti-damage feature has been
obtained experimentally via manipulating a strong electric field into air zones [32]. In our
previous work, the phase control of light reflected by the nanoholes with in-air confinement
has been investigated for beam steering, and a meta-deflector with anti-damage proper-
ties was obtained [33]. Therefore, metasurfaces, which can manipulate electromagnetic
fields in a subwavelength scale, can provide a new approach to address these issues of
reflective films.

In this study, we proposed a reflective metasurface made of silicon nanoholes with
high damage thresholds, which can confine a strong electric field into air zones. The in-air
electric field does not interact directly with silicon, attenuating the optothermal effect that
causes damage. Firstly, the geometrical dependencies of silicon nanoholes’ reflectance
and field distribution are investigated. Then, the excitation states of the nanostructures
are demonstrated to explain the electromagnetic mechanism insides. Furthermore, the
reflection dependence of the nanostructures on wavelength and incident angle are investi-
gated. Finally, the optothermal simulations are conducted to estimate the maximum laser
density that the meta-films can handle. The nanohole configuration gives a new view for
improving the laser damage threshold of other metasurfaces.

2. Materials and Methods

The studied metasurfaces are composed of a silicon film with nanoholes within a
square lattice array on a silica substrate, as shown in Figure 1. The thickness of the silicon
film is H = 200 nm, and the period of unit-cells is P = 600 nm. Each unit-cell possesses an
ellipse nanohole with diameters Dx and Dy. Compared to the rectangular shape in our
previous work [33], the ellipse has a smoother edge and lower surface energy, leading to
weaker localized fields and better thermal stability. Compared to symmetrical structures
such as nanocylinders, ellipses have one more parameter (i.e., D vs. Dx, Dy) to tune the
field distribution inside. The incident light is an x-polarized plane wave, which is injected
from the bottom of nanoholes and propagates along the z-axis direction. With different
parameters, Dx and Dy, the reflectance and the distribution of the electromagnetic field can
be tuned.

Figure 1. Schematic of silicon nanoholes on a silica substrate with diameters Dx, Dy, thickness H,
and lattice period P. The illumination is injected into the nanohole from the bottom.
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The optical properties of the nanoholes and meta-films are obtained by numerical sim-
ulations based on the finite-difference time-domain (FDTD) algorithm with the commercial
software FDTD solutions 2018. The unit cells are surrounded by periodic boundaries in
the x-axis and y-axis directions and perfectly matched layers (PML) in the z-axis direction.
The optothermal simulations are based on the finite element method with the software
Device 2018. The x-/y-axis boundaries were set as “closed”, and the z-axis boundaries
were set as “shell”. The source and all objects were modeled as in Figure 1 and limited in
the optical /optothermal simulation region. All the optical and thermal parameters of the
materials came directly from the software’s databases.

3. Results

By tailing the parameters (diameters Dx and Dy) of nanoholes, the geometrical depen-
dencies of silicon nanoholes’ reflectance and field distribution are calculated via electro-
magnetic simulations. When H = 200 nm, and P = 600 nm, the reflectance of incident light
with wavelength 1064 nm is reported as a function of Dx and Dy, as shown in Figure 2. It is
seen that a high reflectance peak of 99.48% appears at Dx = 0.485 pm and Dy = 0.525 pm.
To illustrate the electromagnetic mechanism of high damage thresholds, the electric field
distributions at this reflectance peak (marked in Figure 2b) are shown in Figure 3. The
strong electric field is manipulated in the air hole, the edge of which is marked by the black
curves. The results show that the strongest electric field can be tuned into the air nanoholes
while the perfect reflection appears. It means that the in-air electric field does not interact
with silicon directly, attenuating the optothermal effect and temperature increase when
illuminated by intense light.
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Figure 2. Reflectance of Si nanoholes: (a) Reflectance as a function of Dx and Dy; (b) Reflectance as a function of Dy when

Dx = 0.485 um. Here, the heights of the nanoholes are constant H = 200 nm, and the lattice period P is 600 nm.

To explain the mechanism of the perfect reflection, the electromagnetic excitation
states of the nanoholes are analyzed. For the marked reflection peak in Figure 2, the
electric/magnetic field distributions are presented in Figure 4. The white arrows show
the direction and intensity of the electromagnetic vector on the x-z plane/y-z plane. The
electric field concentrates in the air hole while the magnetic field mainly locates in silicon. It
is seen that the electric field is parallel in the nanohole while the magnetic field distributes
as an untypical vortex. This is the feature of an electric dipole that is mixed up with a weak
magnetic dipole [9]. Therefore, the high reflectance is dominated by the electric dipole. The
coupling effect between the electric dipoles of the nanoholes in lattice can greatly increase
the reflectance with photonic crystal radiation [34,35].
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Figure 3. Electric field distributions of the reflection peak marked in Figure 2b: (a) Normalized electric field distribution on
the x-y plane with z = 100 nm; (b) Normalized electric field distribution on the x-z plane with y = 0.
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Figure 4. Electric/Magnetic field distributions of the reflection peak marked in Figure 2b: (a) Normalized electric field
distribution on the x-z plane with y = 0; (b) Normalized magnetic field distribution on the y-z plane with x = 0.

Due to the resonance effect, the wavelength dependence of the nanoholes is obvious,
as shown in Figure 5. When Dx is constant 0.485 pm, the reflectance is reported as a
function of wavelength and Dy in Figure 5a. Here, the heights of nanoholes are constant
H =200 nm, and the lattice period P is 600 nm. There are two strips of high reflection, and
they intersect with each other at the position of Dy = 0.47 um. The dispersion property of
the reflection is shown in Figure 5b with Dy = 0.35 um and 0.54 pm, which are marked by
the white dash line in Figure 5a. There are three perfect reflection peaks of 99.33%, 99.68%,
and 98.71% at the wavelengths 1.075 pm, 1.16 pm, and 1.305 pum, respectively.

To illustrate the electromagnetic mechanism of the reflection with the in-air electric
field, the distributions of the electric/magnetic field in the nanohole with Dx = 0.485 pm
and Dy = 0.35 um are shown in Figure 6. The white arrows indicate the direction and
intensity of the electromagnetic vector on the x-z plane/y-z plane. For the reflection peak
at 1.16 um, the electric field concentrates in silicon and shows a vortex feature. At the same
time, the magnetic field concentrates in the Si film, and the field vectors are parallel in the
air nanohole. Therefore, the corresponding resonance of the peak at 1.16 um is a magnetic
dipole. For the peak at 1.305 um, the electromagnetic fields show an oppositive feature.
The electric field concentrates in the air hole with the parallel vector direction while the
magnetic field is confined in silicon with a vortex feature, which is a typical magnetic
dipole. Although both the electric/magnetic dipoles can produce reflection with very high
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efficiency, the magnetic-dipole-caused reflection does not have a high damage threshold
due to the in-silicon confinement of electric fields. When the two strips of high reflection
connect, the state is a mix of the electric/magnetic dipoles. The electromagnetic excitation
state in Figure 4 and the peak at = 1.075 pum of the brown curve in Figure 5b belong to

this case.
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Figure 5. Dispersion of Si nanoholes: (a) Reflectance as a function of wavelength and Dy. (b) Reflectance when Dy equals

0.35 pm and 0.54 um, which is marked by the white dash line in (a). Here, the heights of nanoholes are constant H = 200 nm,
Dx=0.485 pm, and the lattice period P is 600 nm.

Figure 6. Electric/Magnetic field distributions of the reflection peaks marked in Figure 5b: (a) Normalized electric field
distribution at A = 1.16 um on the x-z plane with y = 0; (b) Normalized magnetic field distribution at A = 1.116 pm on the
y-z plane with x = 0. (c¢) Normalized electric field distribution of A = 1.305 um on the x-z plane with y = 0; (d) Normalized
magnetic field distribution of A = 1.305 pm on the y-z plane with x = 0.
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As a highly reflective film, the incident-angle dependence of reflectance is very impor-
tant in applications. Here, this dependence is investigated with different angles during the
0°-30° range, as shown in Figure 7. The reflectance falls dramatically from 99.8% to 6.9%
when the angle changes from 0° to 6°, meaning a high sensitivity of the incident angle [36].
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Figure 7. Reflection of Si nanoholes as a function of incident angle. Here, the height H = 200 nm,
Dx = 0.485 um, Dy = 0.43 um, and the lattice period P is 600 nm.

The electric field distribution only shows the anti-damage potential of the meta-film
qualitatively. For quantitative analysis, some optothermal simulations are conducted to
estimate the maximum laser intensity that the meta-film can handle. Figure 8a shows the
temperature distribution in the unit-cell (area: 0.36 um?) of the meta-film illustrated by a
plane-wave laser with power 0.0625 W. The unit cells have a similar temperature value,
from 1120 K to 1160 K. Under the illumination of different incident powers, the maximum
temperature values in the 3D volume of the unit cell are reported in Figure 8b. The melting
point of silicon is 1683 K. It is shown that the meta-film can handle the maximum laser
power (0.0992 W per 0.36 um?), i.e., the laser density of 0.27 W/ um?. This power value is
higher than that (0.24 W/ um?) in our previous work of meta-deflectors [33].

3000

(a) Temperature(K) (b) N
e
W60 = pd
11140 g 2000 - 1683K /{,,,,,/
I 1120 [ (melting point of silicon) -~
=} *
B 1500 7 0.0992W, 1683K
8- / //’/
top view E 1000 - 7~
/‘*/
side view p A
O 1 1 1
0 0.05 0.1 0.15 0.2

Incident Power(W)

Figure 8. Photothermal analysis of the reflective meta-film: (a) the temperature distribution in the unit-cell (area: 0.36 um?)
of the meta-film illustrated by a plane-wave laser with power 0.0625 W; (b) the maximum value of temperature in the 3D
volume of the unit-cell (a) under the illumination of different incident powers. Here, the height H = 200 nm, Dx = 0.485 um,
Dy = 0.525 um, and the lattice period P is 600 nm.
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4. Conclusions

In this study, reflective meta-films, made of silicon nanoholes, are investigated to ob-
tain high damage thresholds via tuning the distribution of the electric field. The simulation
results show that the strongest electric fields can be tuned into the air nanoholes with a high
reflectance above 99%, attenuating the optothermal effect. The analysis of the excitation
states demonstrated that the strong reflection with in-air-hole fields stems from the electric
dipole, not the magnetic dipole. This design principle can be exploited into other nanohole
metasurfaces for obtaining anti-damage properties. The reflectance of meta-films is very
sensitive to incident angle, which can drop dramatically from 99.8% to 6.9% when the
angle changes from 0° to 6°. The meta-films can be used as optical switches dependent on
angle. The optothermal simulations show that the meta-film can handle a maximum laser
density of 0.27 W/um?, which is higher than the value of 0.24 W/pum? in our previous
work of meta-deflectors. Because the narrowest width of the meta-film is 72 nm, the e-beam
lithography or other ultra-precise methods are necessary for fabrication, and the cost of
large meta-films for intense light should be considered. In sum, the study provides an
ingenious approach to obtain reflective meta-films with high damage thresholds, which
can be used in the intense-light optical systems, instead of their multilayer counterparts.
They have many potential applications in laser scalpels, laser cutting devices, etc.
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