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ABSTRACT: Camouflage is critical for many living organisms to
survive in the natural world and has stimulated applications, such as
optical cloaking and military affairs. However, most applications adopt
crypsis-type camouflage that prevents the organisms from being
detected by matching the environment, which is challenging to realize
the large angle-of-view and broadband operation at optical frequencies.
Here, as inspired by nature’s system of masquerade, we demonstrate an
optical masquerade, being detected but not recognized, with
perturbative metasurfaces that could camouflage an object into another
unrelated one under the oblique (+69°) illumination of visible light
with an ~160 nm bandwidth. Predicted by the perturbation theory, the
dielectric metastructures encircling a pistol-shaped object have a thin layer of nanodisk array, which can suppress the
electromagnetic resonances of nanomodes for mimicking the transmitted intensity and phase of the camouflaged object. We
also exhibit that optical masquerade is an invasive, environment-independent, object-unlimited, and material-extendable
camouflage, which might benefit optical security, anticounterfeiting, and encoding.
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n the natural world, camouflage is an important survival combined pattern is misidentified as another unrelated object.
Itechnique where living organisms avoid being detected or With masquerade, optical camouflage is simplified to match the

recognized by predators or prey. Camouflaging strategies optical properties of the object with its surrounding micro/
can be categorized as either crypsis or masquerade.” Crypsis is nanostructures, instead of to an arbitrary background. For
arguably the more familiar method in which organisms match example, optical metasurfaces,”' > composed of two-dimen-
their physical properties (eg, color, lightness, transparency, sional spatially varying nanostructures, are suitable for
reflection, pattern, and shadow) to their surrounding back- matching the optical behavior of the camouflaged object
ground.” This crypsis-type camouflage naturally finds many because they can be designed to manipulate light in a
applications, especially in the military with the hidden predefined manner. Therefore, it is feasible to develop optical

electromagnetic’ and thermal®® signatures by electromagnetic
cloaking® with artificially structured metamaterials.”® Although

L : 9-12
significant progresses have been achieved, a perfect camouflage an object robustly in addition to optical cloaking.
cloaking of objects is still challenging because it needs the

berratoon. 4 losdloss bendi ¢ broadband lLich Here, we demonstrate an optical masquerade by camouflag-
a err.atlon- ree and fossiess bending of broadband 1g 12_% ing a pistol-shaped object that is surrounded by dielectric
multiple angles-of-view, ~ especially at visible frequencies. ) « o (T
: . metasurfaces but is observed as a “cat” (Figure la). The
Alternatively, some organisms masquerade themselves to . . . . .
. i . ) . camouflaged object is realized experimentally in a 305 nm-
avoid recognition despite being detected. Masquerading allows R . . oy 15 .
. . ; . O . thick silicon (Si) film with a “pistol” pattern (Figure 1b). To
certain organisms such as the stick or leaf insect to mimic static
o 120 . ) :
or inanimate objects, without changing their physical
properties (e.g, color) to blend into its surrounding. Hence,
masquerade offers a low-cost approach to efficient camouflage
by only slight modifications to the shape or appearance of an
object, an increasing topic of interest in biology.”’ In nano-
optics, the concept of masquerade can be implemented by
surrounding an object with micro/nanostructures, so that their

metasurface-based masquerade without dependence on the
environment, which might suggest a promising alternative to
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Figure 1. Optical masquerade. (a) Working principle by camouflaging a “pistol” into an unrelated “cat” with the help of metasurfaces. (b)
Scanning electron micrograph (SEM) images of the fabricated sample. The upper and lower insets in the right panels show the zoomed-in
image of the samples located in the red and blue rectangles of the left panel. (c) Transmission microscopy image of the sample under the
illumination of a broadband laser.
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Figure 2. Design of perturbative metasurfaces. (a) Sketch describing the optical responses of the object and metasurfaces (MS). The
difference A between their transmitted complex amplitudes should be minimized to realize the masquerade. (b) A 250 nm X 250 nm unit
cell of the proposed metasurfaces with an h-thick nanodisk array. (c) The changed permittivity (normalized to the permittivity of the
material Si) for different h values. The insets show the electric fields within the metastructures for h = 0, 150, and 305 nm, revealing the
appearance of electromagnetic nanomodes. (d) Simulated transmission of the metastructure with its h ranging from 0 to 35 nm with an
interval of S nm. The valley labeled by the red-dashed line indicates the generation of nanomodes. (e) Simulated phase difference AP (=
P(h) — P(0)) of a metastructure with different h values.

masquerade it, a perturbative layer induced by a 15 nm-thick object “pistol”. When illuminated by a broadband white-light
nanodisk array located on a 290-thick Si film is employed in laser, the fabricated sample shows a transmitted pattern of only
the dielectric metasurfaces to mimic optical transmission of the a “cat” (Figure 1c). It indicates an efficient camouflage because
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the object “pistol” is invisible at a large angle-of-view of ~138°
in the experiment.

RESULTS AND DISCUSSION

Design of Perturbative Metasurfaces. To realize such
an optical masquerade, the difference between the complex
amplitudes (i.e., Ayg and A,y in Figure 2a) of light transmitted
from the metasurfaces and the object is minimized within a
wide spectrum. In this work, the camouflaged object is made of
a thin film, which has the wavelength-dependent transmission
dominated by only FP resonance (related with longitudinal
modes) of the plane wave. Therefore, we propose a
metastructure containing a top layer (with a thickness of h)
of a nanodisk array and a bottom Si film (Figure 2b). The top-
layer nanodisk array is introduced to manipulate the transverse
modes that are related with Mie resonances while the bottom
Si film is used to maintain the required FP resonances. The
fraction of Mie and FP resonances can be tuned after a careful
design of the metastructure, so that the resulting optical
response approaches that of the object film.

The metastructure becomes a pure film (ie., the object) of
305 nm thickness for h = 0 nm but is shaped into the
commonly used nanodisk metasurfaces for & = L (the thickness
L of object film is 305 nm). When h is small, the top nanodisk
array could be taken as a perturbative item in the
metastructure. According to the perturbation theory,” when
an electromagnetic wave passes through the metastructures, its
electric displacement D could be described by

1 eiklx—x'l
47 -/Ix - x|l

+ iewV' X (B — uH)] &X'

D =D + [V X V' x (D — ¢E)

(1)

where D@ is the electric displacement for the case h = 0
without any perturbation, E and H are the electric and
magnetic fields, B is the magnetic induction, & and p are the
electric permittivity and magnetic permeability of the film, k
and @ are the wavenumber and frequency of the incident wave,
and x’ and x are the spatial coordinates of the metastructure
and the position of interest, respectively.

Since the perturbation item exists in the metastructure, D
and B are slightly deviated from €E and pH, respectively. By
using the first Born approximation,” we have D = (& + 5¢)E
and B = (u + 6u)H, where S¢ and Sy are the changed
permittivity and permeability. Considering that no magnetic
material is involved here, we have Ju 0 so that the
contribution from the magnetic part could be ignored in eq 1.
Thus, the difference between D and D is expressed as

iklx—x'|

4Lﬂ' —/lye( - x|
2)

Because D and D'® are related to the optical behavior of the
metastructure and the object, respectively, 6D is a good
parameter to evaluate the masquerade indirectly. Equation 2
indicates that a small ¢ results in a small 6D, which is
preferred for the purpose of masquerade.

Theoretically, the changed permittivity can be calculated by
using 0¢ = € — &, where €. is the effective permittivity of the
metastructure. Since the metastructure has the subwavelength
period at the transverse plane (i.e., x—y) and a small h along
the longitudinal direction (i.e., z), its effective permittivity can
be approximated by the Maxwell-Garnett formula®*’

sD=D - D9~ [V X V' X (6e-E)] &’
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volume fraction of the air surrounding the nanodisks,

respectively. After a simple mathematical operation, we have

where ¢

and f are the permittivity and

air

5
€

-1
e 1\1 1 o
[(8_6 - ;)} + 3] . In our case, when the periodic

metastructures with small pixel pitches are considered, the air
surrounding the nanodisk array can be taken to be quasi-
uniform over the entire metadevice. Thus, its volume fraction
can be approximated by f ~ h(p* — nr*)/(Lp?), where p is the
transverse period of metastructure, L is the total thickness, and
r is the radius of the nanodisk. After substituting d¢ into eq 2,
we eventually arrive at

1 eiklx—x'l
— f — |V xV
47 J Ix — X'l

~
~
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£ E|| &

Lp2
h(p* — r?)

1

(_ - ;) + )
where 6D connects with the geometry (i.e, L, h, r, and p) of
the metastructure. Equation 3 is valid for small / and p because
the effective permittivity is derived under the approximation
that the air is uniformly distributed. Thus, one unit of
metastructure is approximated as a homogeneous unit with the
permittivity €. which implies that the nanomodes induced by
the h-thick nanodisks are ignored.

Equation 3 is instructive to design the metastructure for
optical masquerade. If the total thickness L and the period p of
the metastructure are given in this work, eq 3 suggests an
efficient masquerade (i.e, a small 5D) by decreasing h and
increasing r. On the basis of this result, the diameter (2r) of the
nanodisk is chosen to be as large as 240 nm, which approaches
the period of p = 250 nm in our metastructure. Figure 2c
shows that, with the increment of h, the transverse nanomodes
become gradually dominated in the metastructure, accompany-
ing the disappearance of plane wave-based FP resonances and
the increased Oe. For the case h = L, the metastructure
becomes a traditional metasurface that supports the nano-
mode-based FP resonances, which however, have a different
response from the plane wave-based FP resonances. Therefore,
we infer that a maximum h,,, must exist so that the
metastructure with 0 < h < h,,,, behaves like the object.

To determine h,,, a rigorous numerical simulation is
implemented by using a finite-difference time-domain (FDTD)
method within a pixel pitch of 250 nm X 250 nm, where the
periodic boundaries are employed along the x and y directions
and the perfect-matching layers are applied in the z direction.
The experimentally measured refractive index (see Figure S1)
of Si is adopted in our FDTD model to avoid the discrepancy
between the simulated and experimental results. Figure 2d
shows the simulated transmission over the spectrum from 500
to 700 nm at different h values. It reveals that the nanomodes
confined in the nanodisk array appear when h > 15 nm, so that
the destructive interference between the radiation of these
nanomodes and the background light leads to the valleys of
transmission spectrum (Fano resonances’') labeled by the red-
dashed line. Near the resonating wavelength, the phase of
transmitted light has a rapid variation (see Figure 2e), which
indicates a delay between the driving source and the response

1
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Figure 3. Experimental demonstration of the optical masquerade. (a) Flow of fabrication processes by using E-beam lithography. HSQ:
hydrogen silsesquioxane (HSQ) resist. (b, ¢) Atomic force microscopy (AFM) images of the photoresist after development. The outmost (b)
and inner (c) images show the different depths of the photoresist due to the different scattering of the electrons. The relative line-scanning
profiles are shown below the AFM images. (d) AFM picture of the final sample after dry etching and HSQ removal. The line-scanning profile
shown below indicates that the depth of the silicon nanodisk is around 30 nm. Scale bars: 500 nm. (e) Measured microscopic images of the
fabricated sample illuminated by the laser with the wavelengths from 500 to 700 nm. (f) Experimental transmission spectra of object (Tab]-)
and metastructures (Ty;). The insets show the ways of characterizing T op; and Ty (g) Relative difference AT of the measured transmission.

of the oscillator.** It leads to the enhanced phase modulation,
which is not desired here. Meanwhile, when h increases, the
phase difference between the corresponding metastructure and
the object film (h = 0) enlarges quickly due to the coexistence
of the phase accumulation and the resonances of nanomodes.

Considering that the nanomodes reshape the optical
response of the metastructure in an undesired way, we employ
h = 15 nm in this work to avoid the excitation of the confined
nanomodes. Thus, our metastructure with & = 15 nm presents
the perturbative metasurfaces that can mimic the camouflaged
object with a trivial difference in the transmission (<0.12,

7532

Figure 2d) and phase (<0.087, Figure 2e). In one unit of the
metastructure with & = 15 nm, the simulated electric fields at
the typical wavelengths of 500, 600, and 700 nm are shown in
Figure S2, which doubly confirms the good match between the
optical responses of the metastructure and the object.

EXPERIMENTAL DEMONSTRATION

We fabricate the exemplified samples on the 305 nm-thick Si
film by using the E-beam lithography (ELS-7000, Elionix) with
an overexposed dosage, resulting in a 3-dimensional photo-

https://dx.doi.org/10.1021/acsnano.0c03401
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Figure 4. Phase measurement. (a) Sketch of the experimental setup for characterizing the phase in a Mach—Zehnder interferometer. L: lens;
HWP: half-wave plate; M: mirror; BS: beam splitter; PBS: polarization beam splitter; PH: pinhole. (b) Recorded interference pattern at the
wavelength of 633 nm. The inset is a zoomed-in image across the boundary between the metastructures and substrate, where the dislocation
of the fringes indicates the phase difference. Scale bar: 20 ym. (c, d) Retrieved amplitude (c) and phase (d) from the experimental
interference pattern. Scale bar: 20 ym. (e) Line-scanning intensity of the retrieved phase along AB in (d). The regions of the object,
metastructures, and substrate are labeled in different colors. (f) Phase difference Ajpae between the substrate and the “cat” pattern. The
simulated A, is calculated as the difference between the phase delay caused by the metastructures and substrate, where the calculation of
phase delay is numerically implemented by using FDTD. The experimental A ;.. is extracted from the retrieved phase (as shown in (e)) at
the wavelengths of 532, 593, and 633 nm.

resist pattern (see Figure 3a) due to the strong backscattering this “pistol” disappears within the range from 540 to 700 nm,
of electrons. To check its profile of photoresist after yielding an experimental bandwidth of 160 nm for our
development, atomic force microscopy (AFM) with a high- masquerade.
aspect-ratio probe (Bruker TESP-HAR) of 10 nm in radius is The measured transmission spectra through the film (i.e., the
employed, yielding the 3-dimensional profiles at both outmost “pistol” area) and metastructures is another approach to
(Figure 3b) and inner (Figure 3c) parts. During a dry etching evaluate the masquerade. A weakly focused beam with a
process of silicon, the 3-dimensional photoresist is partially diameter of ~10 pm is used to illuminate three parts of sample:
etched, thus creating the expected nanodisk array. The AFM the “pistol” area, the nanodisk array, and the bare quartz,
picture (Figure 3d) of the final sample confirms the height of leaving the transmitted intensity labeled as Iy, Iys, and I
the silicon nanodisks to be ~30 nm, which might be caused by respectively. Thus, the experimental transmission spectra are
the residual HSQ that has little (the deviation of <2%) calculated as Ty, = I/ for the object “pistol” and Ty =
influence on the transmission. More details about the Iys/Lee for the metastructures. In Figure 3f, both measured
fabrication processes could be found in the Methods section. spectra have a similar distribution over the spectrum from 500
The scanning-electron-microscope images of our fabricated to 700 nm, resulting in the tiny difference of <3% that cannot
sample are shown in Figure 1b, which clearly illustrates the be distinguished clearly. Therefore, the relative difference
“pistol” pattern within the contour “cat”. The achieved defined as Ar = T, — Tysl/ [(Tobj + Tyg)/2] is employed
nanodisks have the experimental diameter of 240 nm as here. A small A means that the “pistol” is invisible, indicating
expected. a good camouflage. Derived from the experimental spectra, the
To characterize its performance, a self-made measuring Ay in Figure 3g shows that the relative difference Ay is large at
system is built in a confocal configuration; see Figure S4. The the shorter wavelengths, which coincides well with the
monochromatic light filtered from a supercontinuum laser observed pictures in Figure 3a.
(SuperK FIANIUM) is collimated by a lens to illuminate the Broadband Masquerade. The well-behaved masquerade
sample. The transmitted pattern is imaged by an objective lens at the wavelengths from 540 to 700 nm suggests the potential
(20X, 0.4 NA, ZEISS) and recorded by a charge-couple-device camouflage under the broadband illumination. Experimentally,
camera (WITec). Figure 3e displays the captured images (raw a supercontinuum laser (SuperK Fianium) is used as the
data) of our sample at the illuminating wavelengths from 500 illuminating source. Note that a color CCD (WITec) can
to 700 nm with an interval of 10 nm. The “pistol” pattern is usually capture light at the wavelengths from 400 to 700 nm,
distinguishable at the wavelengths from 500 to 530 nm, where which covers the spectrum of the proposed masquerade. In
the strong absorption dominates optical responses. However, Figure lc, the recorded image exhibits only a “cat” pattern,
7533 https://dx.doi.org/10.1021/acsnano.0c03401

ACS Nano 2020, 14, 7529-7537


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03401/suppl_file/nn0c03401_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03401?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03401?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03401?ref=pdf

ACS Nano

www.acsnano.org

Q

Oblique
Illumination

Sam'ple Objective

O

C

1
0.8
P(6) 0.6
P(0) 0.4
0.2
00 30 60 90
6 (Degrees)

Figure S. Characterization of multiple view angles. (a) Sketch for measuring the angle-of-view in the experiment by using an oblique
illumination and keeping the other components fixed. (b) Experimental images under the oblique illumination with an angle 8 from 0° to
69°. (c) Simulated (solid) and experimental (asterisk) power recorded by a CCD camera. The simulated value is calculated by the
transmission of light through a Si film of 305 nm thickness, as sketched in the inset.

implying that the object “pistol” is camouflaged perfectly. The
feature of ~160 nm bandwidth confirms that the photonic
masquerade is superior to optical cloaking that usually operates
at a single wavelength.

Phase Measurement. To unveil the phase difference
between the metastructure and object, a modified Mach—
Zehnder interferometer (Figure 4a) is employed experimen-
tally to map the transmitted phase of the sample (see
Methods). At the exemplified wavelength of 633 nm, the
interfered pattern between the optical signal from our sample
and a quasi-collimated Gaussian beam is recorded by the
camera and displayed in Figure 4b. The interfered fringes
within the “cat” shape have no dislocation, implying no
significant phase difference. To quantify the phase in the “cat”
pattern, a phase retrieval algorithm based on fast Fourier
transformation®’ (see Methods) is used, thereby creating the
retrieved amplitude (Figure 4c) and phase (Figure 4d) profiles
that have no jump at the interface between the “pistol” and the
surrounding metastructures. To exhibit the details, a line-
scanning phase profile (along the white-dashed line in Figure
4d) across the object, the metastructures, and their substrate is
shown in Figure 4e. It denotes that the phase difference
between the object and the metastructure is smaller than 0.1z,
which agrees well with our simulation (see the case h = 15 nm
in Figure 2e). Therefore, both the object and metastructures
cannot be discriminated, which provides the proof of phase for
the proposed masquerade.

Although the metastructure and the “pistol” object are
different in the geometry and appearance, both parts show the
identical performance, which allows us to analyze the phase
difference (Aphase) between the entire “cat” and the substrate.

7534

In Figure 4f, the simulated A, is calculated by using the
FDTD method, while the experimental data is extracted from
the retrieved phase at the wavelengths of 633 nm (Figure 4e)
and 593 and 532 nm (Figure S5). The retrieved A, is added
by a wrapped phase of 2nz (n is an integer), without any
influence on its original value due to the sinusoidal oscillation
of a monochromatic light. The good agreement between
simulation and experiment indicates that the “cat” pattern has a
highly consistent phase delay over a wide spectrum.

Multiple Angles-of-View. To measure its angle-of-view,
we carry out the experiment by illuminating the sample with an
oblique plane wave at the exemplified wavelength of 633 nm
(Figure 5a). The recorded images by the color CCD are shown
in Figure S by addressing the tilting angle 6 from 0° to 69°
with an interval of 3°. The “pistol” pattern is not observed at
the different angles, implying a good masquerade with an
angle-of-view of 2 X 69°. The tilting angle @ could be larger in
theory, but it is experimentally limited by low transmission
under the large 0 illumination and finite field-of-view of the
collection objective. Therefore, each captured image in Figure
Sb is normalized to its own maximum intensity, hereby
revealing the details for a better observation.

Figure Sc shows the transmitted power (normalized to the
power at the case of normal incidence) through the entire “cat”
pattern under the oblique illumination. Since both the object
film and the metastructure behave identically, the transmission
of a 305 nm-thick Si film on the quartz substrate (see the inset
in Figure Sc) is employed as the theoretical prediction (see
Methods). The experimental data are extracted directly from
the recorded images by using the total power encircled within a
square area (e.g, ~14 um X 14 ym) of the “cat” pattern. Both
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experimental and simulated results coincide well, showing the
monotonously decreasing tendency in the transmission with
the increment of the illuminating angle 6. It confirms that the
proposed masquerade is systematically robust over large-angle
illumination.

Although the 305 nm-thickness film is used here for an
example, the proposed masquerade is also valid for the film
with different thicknesses. Figure S6 shows the simulated
transmission of the metastructure for the thickness L varying
from 200 to 500 nm, indicating nearly the same h,,, of 15 nm.
This result has 2-fold significance. First, it implies that optical
masquerade has good universality without the rigorous
limitation on the thickness of the camouflaged object. Second,
the constant h,,, for Si film unveils that the excited nanomodes
resonate locally (e.g., the middle inset for the case h = 150 nm
in Figure 2c), without the dependence on the thickness L of
the film. Thus, once the local cavity is formed, the nanomodes
begin to oscillate, accompanied with the electromagnetic
radiation that leads to a drop of transmission because of its
destructive interference with the background. Since the
material and diameter of the nanodisks are given in the
metastructure, it yields a local cavity with a nearly identical
By Note that the second issue cannot be predicted by using
the perturbation theory because eq 3 is obtained under the
assumption of a homogeneous medium where no local cavity is
considered.

In addition, the parameter h, will change if a material with
a different refractive index is employed. For example, when the
silicon used here is substituted by the lower-index materials
such as titanium dioxide (TiO,)** or silicon nitride (Si;N,),*
the simulated h,,, increases, as shown in Figure S7. For a low-
index material, the volumes of the nanomodes increase due to
the increment of the effective wavelength (1o/n, where A is the
wavelength in vacuum and 7 is the refractive index) in the
metastructure, resulting in the increased h,,,,. Therefore, the
proposed masquerade can be extended to other material
platforms.

As a camouflage, the optical masquerade has four distinct
teatures. First, it enables a large angle-of-view observation and
broadband operation at visible frequencies simultaneously,
which is challenging for optical cloaking. Second, our strategy
does not destroy the objects because there is no spatial
overlapping between the objects and the metastructures,
facilitating the fabrication of the metastructures by using the
matured top-town lithography. Third, the optical masquerade
releases the dependence on the environmental variation, thus
offering a low-cost camouflage. Finally, the shape and size of
the camouflaged object are not limited in principle because the
small-pixel-pitch metastructures enable a flexible arrangement
with high precision. Although we just demonstrate a simple
object that has the fixed response over the amplitude and phase
of monochromatic light, the complicated objects (e.g, black—
white zebra) can also be camouflaged by introducing
nanostructures with different geometries. Moreover, the
proposed masquerade could also work in a reflective mode,
where a thick metal layer (such as Au, Ag, Al etc.) between the
metasurfaces and substrate is required to increase the reflection
of light (see Figure S8).

CONCLUSION

In summary, we have demonstrated an optical masquerade
with perturbative metasurfaces that can camouflage an object
into another irrelative one by mimicking the optical properties

7535

of the object with the carefully designed nanodisks. Our results
verify its robustness to broadband operation, large-angle
oblique illumination, different materials, and the geometry of
objects. By suppressing the resonances of the nanomodes, we
show a counterintuitive method to develop metasurfaces for
the application of camouflage, which might benefit optical
security, anticounterfeiting, information encoding, and military
usage.

METHODS

Fabrication. E-beam lithography (EBL, ELS-7000, Elionix) was
used to pattern the nanodisk shape into hydrogen silsesquioxane
(HSQ) resist with a thickness of ~80 nm. After that, the HSQ resist is
developed with a NaOH/NaCl solution for 1 min and then washed by
DI water, acetone, and IPA, followed by being blown dry with a
nitrogen gas flow.*® To fabricate the proposed metastructure with an
etching height of & = 15 nm, the exposure dosage of EBL is optimized
so that the resist at the gap between the nanodisks is also exposed due
to the backward scattering of the accelerated electrons. When the
dosage is tuned precisely, the resist at the nanodisks region can be
fully exposed while the resist at the gap between the nanodisks (i.e.,
the adjacent area located among the four nanodisks) is partially
exposed. Thus, after the resist development, we can get a three-
dimensional HSQ pattern (see Figure 3b,c). Within the patterning
area, the resist at the nanodisk region is high and the resist at the gap
region is low; however, there is no resist outside the patterning area.
Then, a dry etching of Si is followed with the controlled time. Thus,
the Si at the nanodisk region is not etched, and the Si at the gap
region is partially etched, leaving the required height of h. To find the
right exposure dosage of EBL, we patterned an array of the same
sample with the small-step interval of dosage; see Figure S3. It shows
that the larger dosage of EBL leads to shallower HSQ nanodisks. It is
because the HSQ in the gap region (between nanodisks) is
experiencing a higher dosage, due to the stronger backscattered
secondary electrons. Consequently, after the salty development, the
nanogaps will be slowly filled up, with respect to the increased
exposure dosage. In other words, when the exposure dosage is
increased, the relative height between the HSQ nanodisk and the gap
region is getting smaller. Therefore, due to the protection of
overexposed HSQ_in the gap region, the thickness of the final etched
Si nanodisks will become thinner for a larger EBL dosage.

Note that when the EBL dwell time is fixed at an identical sample,
the effective dose locally of the backscattered electrons is mainly
determined by the density of patterns. The dense pattern will lead to
stronger backscattering of secondary electrons, hereby creating a
nonuniform thickness of the nanodisk array (see Figure 3b,c). To
solve the problem, we suggest two methods. First, for the overdosage
case used in this work, a position-dependent EBL dosage is needed by
taking into account the detailed shape of the nanostructures. It needs
plenty of customized programming for most EBL machines. The
other method is to use a normal dosage (without any overexposure
and backscattering of electrons) and expose only HSQ at the
nanodisk region. After the development, only HSQ nanodisks are kept
on the top of the silicon film. Then, a dry etching of Si is followed
with carefully controlled rates and time of etching, which is the key of
the second method due to the extremely small etching thickness of 15
nm.

Experimental Setup for Phase Measurement. A modified
Mach—Zehnder interferometer is used to measure the phase response
of the fabricated device. In Figure 4a, a high-coherence laser with
linear polarization is expanded by a telescopic system compose of two
lenses (L, and L,), where a pinhole (PH) of 20 ym is located at their
confocal plane in order to obtain a quasi-Gaussian beam. A half-wave
plate (HWP, ) is then used to tune the power of reference and signal
beams that are separated by a polarization-sensitive beam splitter
(PBS), hereby facilitating a high-contrast inference pattern. The signal
beam is weakly focused by lens L; onto the full device, so as to
increase the transmitted power through the sample (containing the
pistol object and the metastructures). Their combined “cat” pattern is
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imaged by a 10X objective lens onto a color camera. The reference
beam is expanded further by another telescopic system (L, and L) to
match the dimension of the magnified “cat” pattern; meanwhile, an
additional half-wave plate (HWP,) is adopted here to keep the
identical polarization between the reference and signal beams for
high-visibility interfered fringes. Finally, the signal beam carrying the
“cat” pattern and the reference beam are combined together by a
polarization-independent (50:50) beam splitter, and the interference
occurs when both beams have a slightly tilted angle. The interfered
patterns are recorded by the color camera.

Phase Retrieval. We retrieve the phase from the interference
pattern by using a fast Fourier transform (FFT) that could separate
the spectrum (%1 orders) of the signal beam from that (0 order) of
the reference beam. Next, only the spectrum of the signal beam is
maintained and shifted to the center of the spectrum domain, leading
to a new spectrum whose inverse FFT gives the retrieved amplitude
and phase of the combined “cat” pattern. A detailed illustration about
this phase retrieval process can be found in our previous work.*

Optical Transmission through a Si Film. According to the
Fresnel formulas,”” the transmittance at the incident angle 6 can be
described by T(6) = tist3t54¢”/(1 — 13,750¢"), where t; and r; are the
transmittance and reflectivity of light from medium i to medium j and
the parameter 8 = 2k;L (where k; = 2713/ and L = d/cos 0; are the
wavenumber and the single-trip traveling distance in the Si film and
n3, 03 and d are the refractive index, the refractive angle, and the
thickness of the Si film, respectively). Considering that the normal
direction of the detector has the angle 6 with the incident light (see
Figure Sa), the recorded power (normalized to the incident power) by
the detector can be theoretically expressed as P(6) = IT(9)I* X cos 6.
It gives the theoretical prediction denoted by the solid curve of P(6)/
P(0) at 4y = 633 nm in Figure Sc.
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