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ABSTRACT:Camou age is critical for many living organisms to
survive in the natural world and has stimulated applications, such as
optical cloaking and military airs. However, most applications adopt
crypsis-type camowage that prevents the organisms from being
detected by matching the environment, which is challenging to reali
the large angle-of-view and broadband operation at optical frequencies. .
Here, as inspired by natusesystem of masquerade, we demonstrate @bject
optical masquerade, being detected but not recognized, with
perturbative metasurfaces that could carmege an object into another
unrelated one under the obliquet 69°) illumination of visible light
with an 160 nm bandwidth. Predicted by the perturbation theory, the

Observed Image
aa

Metasurfaces

dielectric metastructures encircling a pistol-shaped object have a thin layer of nanodisk array, which can suppre he
electromagnetic resonances of nanomodes for mimicking the transmitted intensity and phase of theagathobject. We
also exhibit that optical masquerade is an invasive, environment-independent, object-unlimited, and material-exte e

camou age, which might beng optical security, anticounterfeiting, and encoding.
KEYWORDS:metasurfaces, masquerade, agmalielectric nanostructures, perturbation theory

technigue where living organisms avoid being detected W/ith masquerade, optical canage is simpled to match the

recognized by predators or prey. Caaging strategies optical properties of the object with its surrounding micr
can be categorized as either crypsis or masquérgdsis is  nanostructures, instead of to an arbitrary background.
arguably the more familiar method in which organisms mat@xample, optical metasurfat&$, composed of two-dimen-
their physical properties.g. color, lightness, transparency, sional spatially varying nanostructures, are suitable
re ection, pattern, and shadow) to their surrounding backmatching the optical behavior of the cammged object
ground: This crypsis-type camage naturallynds many  pecause they can be designed to manipulate light i
applications, especially in the military with the hidderyredened manner. Therefore, it is feasible to develop opt
electromagnefiand therm&f signatures by electromagnetic metasurface-based masquerade without dependence o
cloakin§ with arti cially structured metamateridiithough  environment, which might suggest a promising alternativ

signi cant progresses have been achieledy perfect camouage an object robustly in addition to optical cloakir

cloaking of objects is still challenging because it nee.ds thqere, we demonstrate an optical masquerade by agmot
aberration-free and lossless bending of broadband Ilghtiﬂb a pistol-shaped object that is surrounded by dielec

multiple angles-of-viéespecially at visible frequentis. rrlletasurfaces but is observed 4sah (Figure &). The
s
C

Alternatively, some organisms masquerade themselve 9nouaged object is realized experimentally in a 305 r
avoid recognition despite being detected. Masquerading allq

certain organisms such as the stick or leaf insect to mimic staﬁ'c?k silicon (Si) Im with a“pistol pattern figure b). To
or inanimate object$? without changing their physical
properties €.g. color) to blend into its surrounding. Hence, Received: April 23, 2020
masquerade ers a low-cost approach tocent camowage ~ Accepted: June 1, 2020
by only slight modcations to the shape or appearance of ari UPlished:June 1, 2020
object, an increasing topic of interest in biGE)gynano-

optics, the concept of masquerade can be implemented by

surrounding an object with micro/nanostructures, so that their

I n the natural world, camage is an important survival combined pattern is misideetl as another unrelated object
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Figure 1. Optical masquerade. (a) Working principle by camging 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
di erence between their transmitted complex amplitudes should be minimized to realize the masquerade. (b) A2556mm unit

cell of the proposed metasurfaces with lathick nanodisk array. (c) The changed permittivity (normalized to the permittivity of the
material Si) for di erenth values. The insets show the electrads within the metastructures for= 0, 150, and 305 nm, revealing the
appearance of electromagnetic nanomodes. (d) Simulated transmission of the metastructurehwitingiag from 0 to 35 nm with an

interval of 5 nm. The valley labeled by the red-dashed line indicates the generation of nanomodes. (e) Simulatedegbase d? (=

P(h) S P(0)) of a metastructure with dierenth values.

masquerade it, a perturbative layer induced by a 15 nm-thickject“pistof. When illuminated by a broadband white-light
nanodisk array located on a 290-thicknSiis employed in  laser, the fabricated sample shows a transmitted pattern of only
the dielectric metasurfaces to mimic optical transmission of thécat (Figure t). It indicates an ecient camouwage because
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the objectpistol is invisible at a large angle-of-viewl38 S fiS where ;, and f are the permittivity and

in the experiment. eff * 2 ait 2 . . .
P volume fraction of the air surrounding the nanodisks,

respectively. After a simple mathematical operation, we have

1
Desi_gn of Perturbative Meta_surfaces.To realize such _ = s S 5)%4. 51 . In our case, when the periodic
an optical masquerade, theetince between the complex air ; ] ] ] )
amplitudesi(e, Ays andA,,; in Figure 2) of light transmitted metastructures with small pixel pitches are considered, the air
from the metasurfaces and the object is minimized within @ifrounding the nanodisk array can be taken to be quasi-
wide spectrum. In this work, the canaged object is made of uniform over the entire metadevice. Thus, its volqme fraction
a thin Im, which has the wavelength-dependent transmissié@n be approximated by h(p? S r)/( Lp), wherep s the
dominated by only FP resonance (related with longitudindlansverse period of metastructuig the total thickness, and
modes) of the p|ane wave. Therefore, we propose S the radius of the nanodisk. After SUbStItUtlﬂTMO eq 2
metastructure containing a top layer (with a thickndgs of we eventually arrive at

of a nanodisk array and a bottomli8i(Figure B). The top-

layer nanodisk array is introduced to manipulate the transverse 1 dkixSx|
modes that are related with Mie resonances while the bottom D — —H x
Si Im is used to maintain the required FP resonances. The 4 KkSx|g

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 objject

The metastructure becomes a pure(i.e, the object) of
305 nm thickness fdr = O nm but is shaped into the 3
commonly used nanodisk metasurfachs-foi(the thickness )
L of object Im is 305 nm). Whehis small, the top nanodisk where D connects with the geometie(L, h, r, andp) of
array could be taken as a perturbative item in thehe metastructurEquation 3s valid for smatiandp because
metastructure. According to the perturbation tiéevigen the e ective permittivity is derived under the approximation
an electromagnetic wave passes through the metastructureshiés the air is uniformly distributed. Thus, one unit of

electric displacemetcould be described by metastructure is approximated as a homogeneous unit with the
debesSx | permittivity o which implies that the nanomodes induced by
D= DO + 1 _— [ x x(DS B the h-thick nanodisks are ignored.
4 [x S x| Equation 3is instructive to design the metastructure for
+i x (B K d% 1) optical masquerade. If thg tota] thic_khm the periog of
the metastructure are given in this wetk3 suggests an
whereD© is the electric displacement for the ¢ase0 e cient masqueradég, a small D) by decreasing and

without any perturbatiorfe and H are the electric and increasing On the basis of this result, the diametgof2he

magnetic elds,B is the magnetic inductionand are the nanodisk is chosen to be as large as 240 nm, which approaches

electric permittivity and magnetic permeability of lthgk the period ofp = 250 nm in our metastructufégure 2

and are the wavenumber and frequency of the incident wavshows that, with the incremenhgthe transverse nanomodes

andx andx are the spatial coordinates of the metastructurecome gradually dominated in the metastructure, accompany-

and the position of interest, respectively. ing the disappearance of plane wave-based FP resonances and
Since the perturbation item exists in the metastrubture, the increased . For the casd = L, the metastructure

andB are slightly deviated fror& and H, respectively. By becomes a traditional metasurface that supports the nano-

using the rst Born approximaticRwe havéd = ( + )E mode-based FP resonances, which however, hageeat di

andB = ( + )H, where and are the changed response from the plane wave-based FP resonances. Therefore,

permittivity and permeability. Considering that no magnetiwe infer that a maximurh,, must exist so that the

material is involved here, we have= 0 so that the  metastructure with Ok h,.behaves like the object.

contribution from the magnetic part could be ignored in To determineh,,, a rigorous numerical simulation is
Thus, the dierence betwedd andD© is expressed as implemented by using mite-di erence time-domain (FDTD)
debesx method within a pixel pitch of 250 m250 nm, where the
D=DS D 1 _ x ( -B]dx periodic boundaries are employed alongdnely directions
4 xS x| and the perfect-matching layers are applied adihection.
@ The experimentally measured refractive indeki(see Si

Becaus® andD© are related to the optical behavior of the of Si is adopted in our FDTD model to avoid the discrepancy
metastructure and the object, respectivBlyjs a good between the simulated and experimental reSiglise @
parameter to evaluate the masquerade inditamtlgtion 2 shows the simulated transmission over the spectrum from 500
indicates that a small results in a smallD, which is to 700 nm at dierenth values. It reveals that the nanomodes

preferred for the purpose of masquerade. con ned in the nanodisk array appear wied5 nm, so that
Theoretically, the changed permittivity can be calculated liye destructive interference between the radiation of these
using = S . Where ois the eective permittivity of the  nanomodes and the background light leads to the valleys of

metastructure. Since the metastructure has the subwavelengihsmission spectrum (Fano resonandaiseled by the red-
period at the transverse plane, €Sy) and a smalh along dashed line. Near the resonating wavelength, the phase of
the longitudinal direction.€, z), its e ective permittivity can  transmitted light has a rapid variation [Sgere 2), which

be approximated by the Maxwell-Garnett foffhula indicates a delay between the driving source and the response
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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 dirent depths of the photoresist due to the éient scattering of the electrons. The relative line-scanning

pro les are shown below the AFM images. (d) AFM picture of tied sample after dry etching and HSQ removal. The line-scannindgpro

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 Bfypbject (

and metastructuresT{,s). The insets show the ways of characteriZiggandTys (g) Relative dierence T of the measured transmission.

of the oscillatd¥ It leads to the enhanced phase modulationFigure &) and phase (<0.08Figure 2). In one unit of the

which is not desired here. Meanwhile, whiexcreases, the metastructure with= 15 nm, the simulated electredds at

phase dierence between the corresponding metastructure amide typical wavelengths of 500, 600, and 700 nm are shown in

the object Im (h = 0) enlarges quickly due to the coexistencerigure Spwhich doubly comms the good match between the

of the phase accumulation and the resonances of nanomoql;?ﬁicm responses of the metastructure and the object.
Considering that the nanomodes reshape the optica

response of the metastructure in an undesired way, we em

h =15 nm in this work to avoid the excitation of the rozsh pBYPERlMENTAL DEMONSTRATION

nanomodes. Thus, our metastructurelwitii5 nm presents  We fabricate the exempll samples on the 305 nm-thick Si

the perturbative metasurfaces that can mimic the eaadu Im by using the E-beam lithography (ELS-7000, Elionix) with

object with a trivial derence in the transmission (<0.12, an overexposed dosage, resulting in a 3-dimensional photo-
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Figure 4. Phase measurement. (a) Sketch of the experimental setup for characterizing the phase&atividehinterferometer. 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 @ience. Scale bar: 20m. (c, d) Retrieved amplitude (c) and phase (d) from the experimental
interference pattern. Scale bar: 2fh. (e) Line-scanning intensity of the retrieved phase along AB in (d). The regions of the object,
metastructures, and substrate are labeled ireiint colors. (f) Phase derence ,n.s.between the substrate and theaf' pattern. The

simulated p,s6iS calculated as the dérence between the phase delay caused by the metastructures and substrate, where the calculation of
phase delay is numerically implemented by using FDTD. The experimepialis extracted from the retrieved phase (as shown in (e)) at

the wavelengths of 532, 593, and 633 nm.

resist pattern (séegure &) due to the strong backscattering this “pistol disappears within the range from 540 to 700 nm,
of electrons. To check its pl® of photoresist after yielding an experimental bandwidth of 160 nm for our
development, atomic force microscopy (AFM) with a highmasquerade.
aspect-ratio probe (Bruker TESP-HAR) of 10 nm in radius is The measured transmission spectra throughntlgee, the
employed, yielding the 3-dimensionallescat both outmost  “pistol area) and metastructures is another approach to
(Figure B) and inner Figure 8) parts. During a dry etching evaluate the masquerade. A weakly focused beam with a
process of silicon, the 3-dimensional photoresist is partialimeter of 10 m is used to illuminate three parts of sample:
etched, thus creating the expected nanodisk array. The ARM “pistol area, the nanodisk array, and the bare quartz,
picture Figure @) of the nal sample corms the height of  leaving the transmitted intensity labelel,agys, andl e
the silicon nanodisks to b80 nm, which might be caused by respectively. Thus, the experimental transmission spectra are
the residual HSQ that has little (the deviation of <2%)calculated @B,y = loyf Iref fOr the objectpistol and Tys =
in uence on the transmission. More details about thé,d |l for the metastructures. Figure 8 both measured
fabrication processes could be found itV odssection. spectra have a similar distribution over the spectrum from 500
The scanning-electron-microscope images of our fabricated700 nm, resulting in the tiny dience of <3% that cannot
sample are shown lfigure b, which clearly illustrates the be distinguished clearly. Therefore, the relatiezedce
“pistol pattern within the contoutcat. The achieved de ned as 1 = [Ty S Tudll( Tooj + Tmg)/2] is employed
nanodisks have the experimental diameter of 240 nm hsere. A small means that thipistof is invisible, indicating
expected. a good camoge. Derived from the experimental spectra, the
To characterize its performance, a self-made measuringin Figure § shows that the relativeatience 1 is large at
system is built in a confocal aguration; se€igure S4The the shorter wavelengths, which coincides well with the
monochromatic lightltered from a supercontinuum laser observed pictures gure a.
(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 leststhe wavelengths from 540 to 700 nm suggests the potential
(20%, 0.4 NA, ZEISS) and recorded by a charge-couple-devicamouage under the broadband illumination. Experimentally,
camera (WITec)igure & displays the captured images (rawa supercontinuum laser (SuperK Fianium) is used as the
data) of our sample at the illuminating wavelengths from 500uminating source. Note that a color CCD (WITec) can
to 700 nm with an interval of 10 nm. Tpéstol pattern is usually capture light at the wavelengths from 400 to 700 nm,
distinguishable at the wavelengths from 500 to 530 nm, whewmbiich covers the spectrum of the proposed masquerade. In
the strong absorption dominates optical responses. Howevieilgure &, the recorded image exhibits ontgad pattern,
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Figure 5. 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 componentsed. (b) Experimental images under the oblique illumination with an anglem 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 Sim of 305 nm thickness, as sketched in the inset.

implying that the objetpistol is camouaged perfectly. The In Figure # the simulated ,n.is calculated by using the
feature of 160 nm bandwidth comms that the photonic FDTD method, while the experimental data is extracted from
masquerade is superior to optical cloaking that usually operates retrieved phase at the wavelengths of 63Bigoneg &)

at a single wavelength. and 593 and 532 nririgure Sp The retrieved ,p,.ds added
Phase Measurement. To unveil the phase dirence by a wrapped phase of 2(n is an integer), without any
between the metastructure and object, a stbdvaclk in uence on its original value due to the sinusoidal oscillation

Zehnder interferometeFigure 4) is employed experimen- of a monochromatic light. The good agreement between
tally to map the transmitted phase of the sample (sesimulation and experimentindicates thattitepattern has a
Method3. At the exempled wavelength of 633 nm, the highly consistent phase delay over a wide spectrum.
interfered pattern between the optical signal from our sampleMultiple Angles-of-View. To measure its angle-of-view,
and a quasi-collimated Gaussian beam is recorded by the carry out the experiment by illuminating the sample with an
camera and displayed Rigure $. The interfered fringes oblique plane wave at the exeragliwavelength of 633 nm
within the “cat shape have no dislocation, implying no (Figure a). The recorded images by the color CCD are shown
signi cant phase dérence. To quantify the phase in"“ta in Figure 5by addressing the tilting angléom O to 69
pattern, a phase retrieval algorithm based on fast Fourigith an interval of°3 The“pistol pattern is not observed at
transformaticlf (seeMethod$ is used, thereby creating the the di erent angles, implying a good masquerade with an
retrieved amplitudé-jgure 4) and phase~gure 4d) pro les angle-of-view of*2 6. The tilting angle could be larger in
that have no jump at the interface betweefpts®! and the theory, but it is experimentally limited by low transmission
surrounding metastructures. To exhibit the details, a linender the large illumination and nite eld-of-view of the
scanning phase ple (along the white-dashed lind=igure collection objective. Therefore, each captured imagglia
4d) across the object, the metastructures, and their substratélis is normalized to its own maximum intensity, hereby
shown inFigure €. It denotes that the phase edénce revealing the details for a better observation.
between the object and the metastructure is smaller than 0.1 Figure & shows the transmitted power (normalized to the
which agrees well with our simulation (see thdr¢a$b nm power at the case of normal incidence) through the“eatire
in Figure B). Therefore, both the object and metastructurepattern under the oblique illumination. Since both the object
cannot be discriminated, which provides the proof of phase fdm and the metastructure behave identically, the transmission
the proposed masquerade. of a 305 nm-thick SIm on the quartz substrate (see the inset
Although the metastructure and ftipéstol object are in Figure B) is employed as the theoretical prediction (see
di erent in the geometry and appearance, both parts show thkethod}. The experimental data are extracted directly from
identical performance, which allows us to analyze the phabke recorded images by using the total power encircled within a
di erence ( phas) between the entirieat and the substrate.  square area(g. 14 mx 14 m) of the“cat pattern. Both
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experimental and simulated results coincide well, showing thithe object with the carefully designed nanodisks. Our results

monotonously decreasing tendency in the transmission witrify its robustness to broadband operation, large-angle

the increment of the illuminating anglé& con rms that the oblique illumination, derent materials, and the geometry of

proposed masquerade is systematically robust over large-angjects. By suppressing the resonances of the nanomodes, we

illumination. show a counterintuitive method to develop metasurfaces for
Although the 305 nm-thicknedm is used here for an the application of camage, which might beneoptical

example, the proposed masquerade is also valid fon the security, anticounterfeiting, information encoding, and military

with di erent thicknesseBigure S6shows the simulated usage.

transmission of the metastructure for the thickneasying

from 200 to 500 nm, indicating nearly the sgpef 15 nm.

This result has 2-fold sigrance. First, it implies that optical ~ Fabrication. E-beam lithography (EBL, ELS-7000, Elionix) was

masquerade has good univigysavithout the rigorous used to pattern the nanodisk shape into hydrogen silsesquioxane

limitation on the thickness of the canamed object. Second, (HSQ) resist with a thickness &§0 nm. After that, the HSQ resist is

the Constammaxfor Si Im unveils that the excited nanomodes deVelOped with a NaOH/NaCl solution for 1 min and then washed by

resonate localle(g.the middle inset for the cdse 150 nm D! water, acet%eT' af”% IPA, fﬁ”o""ed by dbeing blown dry _"ﬁth a
PR, : ; nitrogen gasow:" To fabricate the proposed metastructure with an
in Figure ), without the dependen(_:e on the thickhess etching height d¢f= 15 nm, the exposure dosage of EBL is optimized

. . . . &9 that the resist at the gap between the nanodisks is also exposed due
begin to oscillate, accompanied with the electromagneyg ihe nackward scattering of the accelerated electrons. When the

radiation that leads to a drop of transmission because of #§sage is tuned precisely, the resist at the nanodisks region can be
destructive interference with the background. Since thally exposed while the resist at the gap between the nanagisks (
material and diameter of the nanodisks are given in thtke adjacent area located among the four nanodisks) is partially
metastructure, it yields a local cavity with a nearly identicekposed. Thus, after the resist development, we can get a three-
hmax Note that the second issue cannot be predicted by usigjnensional HSQ pattern (ségure B,c). Within the patterning
the perturbation theory becaese3is obtained under the &€& the resist at the nanodisk region is high and the resist at the gap
assumption of a homogeneous medium where no local Cavit)rﬁ]g'on is low; hoyvever, t_h_ere is no resist outside the patterning area.
idered en, a dry etching of Si is followed with the controlled time. Thus,
consiaered. . . . . the Si at the nanodisk region is not etched, and the Si at the gap
In addition, the parametey,,will change if a material with  yegion is partially etched, leaving the required hefgftafnd the
a di erent refractive index is employed. For example, when thght exposure dosage of EBL, we patterned an array of the same
silicon used here is substituted by the lower-index materiatgmple with the small-step interval of dosadeigsee S3It shows
such as titanium dioxide (B or silicon nitride (§N,),*” that the larger dosage of EBL leads to shallower HSQ nanodisks. It is
the simulateti, ,increases, as showrrigure S7For alow-  because the HSQ in the gap region (between nanodisks) is
index material, the volumes of the nanomodes increase duet¥@eriencing a higher dosage, due to the stronger backscattered
the increment of the ective wavelengthy(n, where , is the secondary electrons. Consequently, after the salty development, the

wavelength in vacuum ands the refractive index) in the nanogaps Wwill be slowljled up, with respect to the increased
exposure dosage. In other words, when the exposure dosage is

metastructure, resulting in the incresizgd Therefore, the increased, the relative height between the HSQ nanodisk and the gap

proposed masquerade can be extended to other matefghion is getting smaller. Therefore, due to the protection of
platforms. overexposed HSQ in the gap region, the thickness oftletched

As a camowge, the optical masquerade has four distincsi nanodisks will become thinner for a larger EBL dosage.
features. First, it enables a large angle-of-view observation ardbte that when the EBL dwell timexed at an identical sample,
broadband operation at visible frequencies simultaneouslye eective dose locally of the backscattered electrons is mainly
which is challenging for optical cloaking. Second, our strate¢gfermined by the density of patterns. The dense pattern will lead to
does not destroy the objects because there is no spaﬁ" pnger backscattering of secondary electrons, hereby creating a

: ; nuniform thickness of the nanodisk array Keeee B,c). To
overlapping between the objects and the metaStrUCtur§1ve the problem, we suggest two methods. First, for the overdosage

facilitating the fabrl_Catlon of the r_netastructu_res by using t se used in this work, a position-dependent EBL dosage is needed by
matured top-town lithography. Third, the optical masqueradging into account the detailed shape of the nanostructures. It needs
releases the dependence on the environmental variation, thysty of customized programming for most EBL machines. The
o ering a low-cost camage. Finally, the shape and size ofother method is to use a normal dosage (without any overexposure
the camouaged object are not limited in principle because thend backscattering of electrons) and expose only HSQ at the
small-pixel-pitch metastructures enabéxiale arrangement nanodisk region. After the development, only HSQ nanodisks are kept
with high precision. Although we just demonstrate a simpR the top of the silicoim. Then, a dry etching of Si is followed
object that has theed response over the amplitude and phas ith carefully controlled rates and time of etching, WhICh is the key of
of monochromatic light, the complicated objecgst(laclé the second method due to the extremely small etching thickness of 15

hite zeb Iso b d by introducing ™%
white zebra) can also be canage y Introducing Experimental Setup for Phase Measurement.A modied

nanostructures with dirent geometries. Moreover, the \jactfzehnder interferometer is used to measure the phase response

proposed masquerade could also work ineatiee mode,  of the fabricated device. Figure 4, a high-coherence laser with

where a thick metal layer (such as Au, Agtgbetween the  linear polarization is expanded by a telescopic system compose of two

metasurfaces and substrate is required to increasedtierre  lenses (Land Ly), where a pinhole (PH) of 20n is located at their

of light (seeFigure SB confocal plane in order to obtain a quasi-Gaussian beam. A half-wave
plate (HWR) 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

In summary, we have demonstrated an optical masqueragm is weakly focused by lep®nto the full device, so as to

with perturbative metasurfaces that can cag@wan object increase the transmitted power through the sample (containing the

into another irrelative one by mimicking the optical propertiegistol object and the metastructures). Their comhiaégattern is
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mat_c_h the dimension of the magdi“cat pattern; meanwhile, an (A*STAR), Singapore 138634 Singapore

additional half-wave plate (HY/Rs adopted here to keep the vy piie Chers Institute of Materials Research and Engineering,

identical polarization between the reference and signal beams for .
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polarization-independent (50:50) beam splitter, and the interference Calvin Pei Yu Won§ Institute of Materials Research and
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