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ABSTRACT: Optical wavefront engineering has been rapidly developing in fundamentals from phase accumulation in the optical
path to the electromagnetic resonances of conﬁned nanomodes in optical metasurfaces. However, the amplitude modulation of light
has limited approaches that usually originate from the ohmic loss and absorptive dissipation of materials. Here, an atomically thin
photon-sieve platform made of MoS2 multilayers is demonstrated for high-quality optical nanodevices, assisted fundamentally by
strong excitonic resonances at the band-nesting region of MoS2. The atomic thin MoS2 signiﬁcantly facilitates high transmission of
the sieved photons and high-ﬁdelity nanofabrication. A proof-of-concept two-dimensional (2D) nanosieve hologram exhibits 10-fold
enhanced eﬃciency compared with its non-2D counterparts. Furthermore, a supercritical 2D lens with its focal spot breaking
diﬀraction limit is developed to exhibit experimentally far-ﬁeld label-free aberrationless imaging with a resolution of ∼0.44λ at λ =
450 nm in air. This transition-metal-dichalcogenide (TMDC) photonic platform opens new opportunities toward future 2D metaoptics and nanophotonics.
KEYWORDS: exciton, transition-metal dichalcogenides, meta-optics, hologram, subdiﬀraction limit imaging, photonsieve

■

Recently, 2D material9 optical devices10−14 have been
reported to shape light by patterning artiﬁcial micro/
nanostructures. Compared with traditional optical metasurfaces, these 2D material meta-optics are promising for
developing ultracompact optoelectronic components. Unfortunately, these 2D material meta-devices are still exploiting the
traditional dielectric properties of 2D materials so that the
exhibited performance is incomparable with traditional
metasurface optics. Moreover, some devices made of hexagonal
boron nitride (hBN)15 and graphene oxide16 have the

INTRODUCTION

Optical elements modulate the phase and amplitude of light via
tailoring the light−matter interaction in various applications.
The underlying physics governing the light−matter interaction
determines the performance of optical devices. Traditional
refraction lenses and diﬀractive relief elements1 employ the
propagation phase that originates from the accumulated
diﬀerence of optical path, which leads to a three-dimensional
conﬁguration with their thicknesses ranging from wavelengths
to millimeters. Optical metasurfaces2−7 realize the phase
modulation with the electromagnetic resonances of wellconﬁned nanomodes, resulting in a two-dimensional photonic
platform with the subwavelength thickness and compact
volume. By contrast, the amplitude modulation has limited
physical origins such as the ohmic loss and absorptive
dissipation8 existing inherently in metal or plasmonic materials.
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Figure 1. Working principle of MoS2-based meta-optics. (a) Imaginary part (ε2) of the relative permittivity of a multilayer MoS2. The experimental
permittivity is derived from the measured complex refractive index.33 The Lorentz line shapes49 are used to ﬁt the experimental permittivity,
thereby unveiling the contribution of A (yellow-dashed), B (blue-dashed), and C (pink-dashed) excitons to the imaginary part of permittivity. The
C exciton dominates the absorption of light in a multilayer MoS2 ﬁlm because of the parallel valence and conduction bands (the purple region in
the inset that displays the band structures of a monolayer MoS2). (b) Sketch of shaping light with nanostructured multilayer MoS2. (c)
Transmission of light passing through a hole (with its diameter of D) in a PEC ﬁlm with the thickness of H at the wavelength of 450 nm. The
physical picture is sketched in the upper insert. The lower inset shows the optical transmission from a 220 nm diameter hole in a ﬁlm with its
thickness varying 5 to 200 nm. In two representative locations of A (H = 10 nm) and B (H = 200 nm), their transmissions are ∼86% and ∼6%
respectively. (d) Optical transmission spectrum through a 10 nm thickness ﬁlm made of Ag, Au, Cr, graphene, and MoS2. The sapphire substrate is
chosen to facilitate the preparation of good MoS2 ﬁlm due to its crystalline property. One can ﬁnd that the MoS2 ﬁlm shows the most eﬃcient
blocking of light at the wavelengths of 400−480 nm. At the 450 nm wavelength of interest, a 10 nm thick MoS2 ﬁlm (star, ∼22%) has much lower
experimental transmission than a 10 nm thick Cr ﬁlm (square, ∼55%37). (e) Simulated electric (left panel) and magnetic (right panel) ﬁelds of a ypolarized 450 nm wavelength light passing through a 220 nm diameter hole that is made in a 10 nm thick MoS2 ﬁlm. The electric ﬁeld at the top
surface of the hole indicates a strong y-orientated dipole-like (as conﬁrmed by its magnetic ﬁeld at the x−z plane) intensity within the hole, but the
intensity outside the hole is weak, which conﬁrms the MoS2 ﬁlm as an eﬃcient opaque screen.

However, the thick ﬁlm increases the coupling loss of
waveguide modes,31 thereby reducing optical transmission.
Consequently, all reported photon sieves suﬀer from the low
eﬃciency of several percentages.
Here, we utilize MoS2 multilayers with strong exciton
absorption governed by band-nesting eﬀects to demonstrate
high-performance meta-optics. Designed at the C exciton
resonances, a MoS2 photon-sieve hologram is demonstrated
experimentally with a 10-fold enhanced eﬃciency compared
with the non-2D photon-sieves; meanwhile, a proposed
supercritical lens has exhibited the subdiﬀraction-limit nanofocusing and nanoimaging.

thickness of 245 nm (∼0.54λ) and 200 nm (∼0.45λ),
respectively, which are far beyond the phrase of 2D in optics.
By using graphene,10 MoS2,11 PtSe2,12 and Sb2Te3,13 the
reported devices have thicknesses from a few to tens of
nanometers and low eﬃciency (below 10.1%) caused by the
insuﬃcient optical modulation. Beneﬁting from strong local
scattering of nanoparticles generated by femtosecond laser
writing, a monolayer WSe2 lens realizes the complex-amplitude
modulation for diﬀraction-limited focusing and image.14
In contrast to the giant nonlinearity17,18 of monolayer
TMDCs, multilayer TMDCs support excitonic resonances that
enable strong absorption even in few-nanometer thickness.19−21 Although multilayer WS2 microdisks have been
reported recently as Mie resonators by utilizing the highpermittivity feature,22 the resonating loss at visible frequencies
is too high for optical phase-type nanodevices. Nevertheless,
the strong-absorption feature makes multilayer TMDCs as the
nearly perfect light-blockers for amplitude modulation. For
example, photon sieves, composed of etched micro/nanostructures through an opaque ﬁlm, have shown their merits in
lens,23−25 holograms,26,27 orbital-angular-momentum manipulation,28,29 and optical nanometrology.30 These metal-based
photon sieves demand the ﬁlm thickness of hundreds of
nanometers for blocking the undesired background eﬃciently.

■

DESIGN PRINCIPLE
The MoS2 is exempliﬁed for the proof-of-concept demonstration of 2D TMDC meta-optics. For the TMDCs, the
imaginary part (ε2) of the relative permittivity is responsible
for the absorption of light. Using the dipole approximation in
quantum theory,32 one has ε2 (ω) ≈ 4π2e2/(m2 ω2) ∑v,c|
dvc|2ρvc(ω)19 where e and m are the electric charge and the
mass of electron, ω is the frequency of light, dvc is the matrix
element of dipole, and v and c label the states at the valence
and conduction bands, respectively. The joint density of states
dS
ρvc (ω) ∝ ∫ |∇ (E − E )| , where the integral is calculated over the
k
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Figure 2. MoS2-based photon nanosieve holograms. (a) Designed hologram with the 220 nm diameter holes in a pixel pitch of 250 nm × 250 nm.
The total size of this hologram is 60 μm × 60 μm. (b) Simulated holographic image at the target plane of z = 200 μm. The inset shows the pattern
of ideal image. Scale bar: 20 μm. (c) Fabrication procedures of MoS2 photon nanosieve. (d) SEM image of the fabricated sample with the top gold
layer. The imaging area corresponds to the location encircled within the blue square in b. Scale bar: 1 μm. (e) Gray scale value of SEM image along
the red-dashed line in d for determining the diameter of holes. (f) AFM image of ﬁnal pure-MoS2 sample. The image is located within the green
square in b. Scale bar: 1 μm. (g) Height proﬁle extracted along the green-dashed line in f. Three-dimensional view of AFM image in the inset
unveils that the volcano-like shapes (the height of ∼6 nm) outside the etched holes arise because of the ion implantation50 during the focused-ionbeam process. (h) Measured holographic image at the target plane of z = 200 μm.

entire two-dimensional Brillouin zone, S(E) is a function of E
= Ec − Ev, Ec, and Ev are the energies of states at the
conduction and valence bands. Few-layer MoS2 has three
absorption bands corresponding to the A, B, and C excitons
from low to high photon energy.19,21 At the C exciton region,
the parallel structures (named as band nesting19) of valence
and conductor bands oﬀer a nearly constant E so that |∇k(E)|
approaches 0, yielding the divergent singularity in ρvc. It results
in a signiﬁcant increment of ε2 (Figure 1a), hereby enhancing
the absorption at the C exciton resonating wavelengths.
Experimentally, high absorption close to 80% is conﬁrmed
from the measured absorption spectrum of 15-layer (∼10 nm
thickness) MoS2 ﬁlm grown by physical vapor deposition,
where the maximum absorption is located at λ = 450 nm
(Figure S1).
The 2D photon nanosieves (Figure 1b) have the nanoholes
etched through a multilayer MoS2 ﬁlm. High-quality photon
sieves demand high transmission through the holes (increase
the eﬃciency) and strong absorption at the ﬁlm region (reduce
the undesired background). First, we investigate the optical
transmission through the nanoholes milled in a perfect-electricconductor ﬁlm, which is chosen to calculate the pure
transmission through only the holes and exclude the
background that arises in an ultrathin ﬁlm of realistic material.
The simulation is done by using ﬁnite-diﬀerence time-domain
(FDTD) method in a pixel pitch of 250 nm × 250 nm through
setting the periodic boundaries in x/y directions and the
perfect-matching layers in z direction (Figure S2). Our

simulated results (Figure 1c) indicate that the large-diameter
holes in a thinner ﬁlm lead to high transmission. For example, a
220 nm diameter hole in a 10 nm thick ﬁlm has the
transmission of ∼86% (A in the inset of Figure 1c), enhancing
∼14 times compared with the ∼6% transmission of a 200 nm
thickness ﬁlm (B in the inset of Figure 1c). Predicted by the
coupled-mode theory,23,31 the coupling length between the
eigenmodes within the hole is shorter for a thinner ﬁlm.
Correspondingly, the coupling loss of every eigenmode is
small, thus enhancing the transmission.
To balance high transmission of holes and strong absorption
of ﬁlms, we employ a 10 nm thick ﬁlm here and compare the
light-blocking validity between MoS2 and other opaque
materials. By using the experimental permittivity of MoS2,33
the simulated transmittance (Figure 1d) conﬁrms that the
multilayer MoS2 oﬀers a better blocking of light from 400 to
470 nm than silver, graphene, and gold.34,35 Although
aluminum (Al) and chromium (Cr) could be potential
candidates to block the 450 nm wavelength light theoretically,
it is extremely challenging to have a smooth 10 nm thick Al or
Cr ﬁlm, due to the large grain size of >20 nm. Consequently,
the well-prepared Al and Cr ﬁlms with 10 nm thickness were
reported to have the experimental transmission of ∼27%36 and
∼55%,37 respectively, which lead to more background than
∼20% of MoS2 for photon nanosieves. Note that the multilayer
MoS2 is anisotropic, leading to both in-plane and out-of-plane
components in its dielectric tensor.22 Because of the diﬃculty
in exciting the vertical dipole for multilayer MoS2, the out-of7966

https://dx.doi.org/10.1021/acs.nanolett.0c02712
Nano Lett. 2020, 20, 7964−7972

Nano Letters

pubs.acs.org/NanoLett

Letter

Figure 3. Broadband and large angle-of-view features of the MoS2 photon nanosieve hologram. (a) Measured holographic images at diﬀerent
wavelengths. (b) Experimental absolute eﬃciency (solid circle) and RMSE (star) at the wavelengths from 400 to 500 nm. The RMSE is calculated
by using the measured and ideal holographic images. (c) Measured holographic image under the oblique illumination from 5 to 30°. The inset
shows the sketch of experimental measurement. (d) Experimental absolute eﬃciency (solid circle) and RMSE (star) under the diﬀerent incident
angle.

By using a self-built setup, we measure the experimental
holographic image (Figure 2h), which has good agreement
with the simulation (Figure 2b). The image quality is evaluated
by using the root-mean-square error (RMSE) between the
ideal and holographic images, which are calculated as 15.5%
(simulation) and 38.0% (experiment). The discrepancy
originates mainly from the undesired background through
the MoS2 ﬁlm.
To measure its eﬃciency, we record the power of incident
light and holographic image by using a camera (Figure S5).
Calculated by the ratio of the power of holographic image to
the total power incident on the hologram, the experimental
absolute eﬃciency (Section 6 in the Supporting Information)
is ∼22%, which is ∼11 times that of the metallic photon-sieve
holograms.23 Because of the transmission through the ﬁlm, the
resulting eﬃciency contains three parts: (1) the holographic
image contributed by only the nanoholes, (2) the diﬀraction
pattern created by only the ﬁlm transmission, and (3) the
coherent interaction between holographic image and the
diﬀraction pattern of ﬁlm transmission (see Figure S6 and
Section 7 in the Supporting Information). The last two parts
lead to the eﬃciency enhancement of “NANO” image but
reduce the contrast of image due to the increased background.
Moreover, compared with the 2D material meta-devices10−14
with the thickness from a few to tens of nanometers, our 2D
material hologram shows the record-high eﬃciency.
Figure 3a shows the pseudocolor proﬁles of captured images
over a wide spectrum. The background of experimental images
is trivial at short wavelengths (410−450 nm), whereas it
increases at the long-wavelength spectrum, as conﬁrmed by the
experimental RMSEs (Figure 3b) between the measured and
ideal images. The measured eﬃciency (Figure 3b) shows a
constant of ∼20% over the spectrum of interest. Such a
counterintuitive result is mainly caused by the fact that the
deep-subwavelength thickness of ﬁlm holds over this spectral
range, so that the transmission of light passing through the
holes is seldom aﬀected by the illuminating wavelength. The
nearly constant eﬃciency in our MoS2-based hologram is

plane permittivity has a trivial inﬂuence on the optical
response22,33 and is therefore ignored. Using a 10 nm thick
MoS2 ﬁlm, our FDTD simulations (Figure 1e) unveil that a
220 nm diameter hole is well-deﬁned optically by conﬁning an
electric dipole-like mode within the circular hole, blocking the
transmission of light outside the hole.

■

MOS2-BASED NANOHOLOGRAMS
Figure 2a, b shows the designed holograms (see the
Supporting Information) based on random MoS2 photon
sieves and the simulated holographic image at the target plane,
respectively. With the processes (Supporting Information)
illustrated in Figure 2c, all the devices in this work are
fabricated by using focused-ion-beam (FIB) lithography. The
scanning-electron-microscope (SEM) image (Figure 2d) of
FIB-patterned photon nanosieves with gold ﬁlm indicates highﬁdelity holes with clear contours. To evaluate the lateral
dimension, we extract the line-scanning gray scale value
(Figure 2e) from its SEM image, showing the expected
diameter of ∼220 nm. The minor thickness of the ﬁlm enables
a shorter etching time, such that the side wall of holes is less
inﬂuenced by scattering ions. This helps us to reliably etch
neighboring nanoholes with an edge-to-edge distance of only
30 nm. The morphology (Figure 2f) of the MoS2 photon
sieves, as mapped by the atomic force microscope (AFM),
unveils a 4 nm thickness between the surface of MoS2 ﬁlm and
the bottom of the etched holes (Figure 2g). Our experiment
conﬁrms that no Raman signal is observed at the etched
location of the sample (Figure S3), indicating that the MoS2
within the hole is removed completely. It implies that the 10
nm thickness of the original MoS2 ﬁlm is reduced to 4 nm
(doubly conﬁrmed by the Raman shift of 25 cm−1 (relative to
ﬁve- or six-layer MoS2) in Figure S3, and the agreement
between the experimental and simulated transmission in Figure
S4) during our process. The hole diameter in the AFM image
is slightly smaller than 220 nm, which is caused by the
resolution of the AFM tip (30 nm in radius).
7967
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Figure 4. MoS2-based supercritical lens. (a) SEM and (b) microscopic images of fabricated lens before and after removing the top gold layer. Scale
bars: 20 μm. (c) Simulated and (d) experimental intensity proﬁles at the x−z plane. In d, the measured needle is not well-mapped because of the
slight deviation of optical axis during the z-direction scanning. So, we provide the x−z intensity proﬁles around the focal plane, which is extracted
from the x−y intensity proﬁles at diﬀerent z-cut planes from z = 19 μm to z = 21 μm. (e) Comparison of on-axis intensity between simulation and
experiment. (f) Simulated and (g) measured spot at the focal plane. Scale bars: 500 nm. (h) Simulated and experimental line-scanning intensity
proﬁles. The x- and y-scanning proﬁles in measured spot are shown by red dots and blue stars, respectively. (i) Spot size of optical needle from z =
19 μm to z = 21 μm. The Rayleigh and superoscillation criteria are given, respectively, by 0.515λ/NA (FWHM) and 0.38λ/NA. The experimental
results (labeled by red stars) showed subdiﬀraction focusing below Rayleigh criterion. The blue curve is simulated focusing spot size.

unique compared with traditional holograms,38 metasurface
holograms,39 and other nanometer-thick holograms,40 where
the eﬃciency depends strongly on the wavelength.
The angle of view is experimentally characterized by tuning
the incident angle θ (Figure 3c) at the exempliﬁed wavelength
of 450 nm. The contour and uniformity of holographic images
get worse as the angle θ increases. However, the distinguishable image at θ = 30° implies a larger angle-of-view of 60° ×
60° compared with metal-based holograms.26 In Figure 3d, the
eﬃciency of hologram reduces to ∼15% eﬃciency at an angle
of θ = 30°, which represents a lower decreasing rate of
eﬃciency than those of dielectric metasurfaces.41 The
transmission of our 2D material hologram is less aﬀected by
the oblique incidence, because the nanometer thickness of hole
signiﬁcantly decreases the coupling length between light and
holes. In comparison, the dielectric metasurfaces realize high
eﬃciency with optically induced electromagnetic modes. These
modes can be excited by only the transverse components of
incident ﬁeld, where the eﬃciency decreases dramatically
under the tilting incidence.41 The additional tilting phase
destroys the uniformity of holographic images and thus leads
to the increased RMSEs (Figure 3d).

(SCL) that generates an optical needle with the lateral size
slightly larger than the superoscillation (SOL) criterion of
0.38λ/NA (NA is the numerical aperture of a lens).24,25,44
Such a SCL usually has a well-conﬁned hotspot without any
signiﬁcant sideband for the easier usage in practical
applications. The designed SCL with 46 concentric transparent
belts (Table S1) has an NA of ∼0.9 with a diameter of 80 μm
and a focal length of 20 μm.
Figure 4a, b presents the SEM image of the gold-MoS2
sample and the microscopy image of the ﬁnal pure-MoS2 lens,
respectively. To characterize the needlelike ﬁeld, we ﬁrst
measure the diﬀraction pattern after the lens. Figure 4c, d show
the simulated and measured intensity proﬁles at the x−z plane,
where the focused light is collected experimentally by an NA =
0.9 objective lens and then projected onto a camera. Both onaxis intensity proﬁles are shown in Figure 4e, where the
inhomogeneous experimental needle originates from the
imperfect wavefront of incident light (Figure S7). The focal
spot with the lateral size of ∼0.44λ (∼198 nm, evaluated by the
full width at half-maximum (FWHM)), is achieved at λ = 450
nm in simulation (Figure 4f) and experiment (Figure 4g).
Their line-scanning intensity proﬁles agree well (Figure 4h),
thus verifying the superfocusing beyond Rayleigh diﬀraction
limit of 257.5 nm (0.515λ/NA by FWHM). Superior to other
lenses with atom-level thickness, our MoS2 lens is able to
produce the subwavelength hotspot and break diﬀraction limit
over a long propagating distance of ∼2 μm (Figure 4i). Such a
depth-of-focus of 5λ makes the proposed 2D SCL suitable for
imaging and lithography.

■

MOS2-BASED SUPERCRITICAL LENS
We also demonstrate a MoS2-based ﬂat lens that could realize
the focusing beyond Rayleigh diﬀraction limit. Although the
superoscillation phenomenon,23,30,42,43 known as the fact that a
band-limited function can oscillate locally faster than its largest
Fourier component, could be used to create an arbitrarily small
hotspot, the accompanying strong sidelobe constrains the ﬁeldof-view in imaging. Therefore, we design a supercritical lens
7968
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Figure 5. Nanoimaging by 2D SCL microscopy. (a) Sketch of 2D SCL scanning confocal microscopy. (b−e) Images of double slits taken by (b)
SEM, (c) bright-ﬁeld (BF) microscopy, (d) traditional scanning confocal microscopy (SCM), and (e) our 2D lens SCM. In b, the widths of slits are
110 nm, and their center-to-center distances are 180 nm (I), 200 nm (II), 220 nm (III), 240 nm (IV), 260 nm (V), 280 nm (VI), 300 nm (VII),
and 320 nm (VIII), respectively. Scale bars: 500 nm. (f) Line-scanning intensity proﬁles of the experimentally captured images by addressing the
center-to-center distances from 180 to 320 nm at an interval of 20 nm. The resolvable CTC distances are 240 nm for traditional SCM and 200 nm
for our 2D lens SCM. The coherent BF microscopy cannot resolve any double slit used in this work. (g−j) Images of a complex object (an
auspicious cloud totem) captured by (g) SEM, (h) bright-ﬁeld microscopy, (i) traditional SCM and (j) our 2D lens SCM. The insets in h, i, and j
show the line-scanning intensity along the white line. Scale bars: 1 μm.

Table 1. Comparison among Flat-Lens-Based Scanning Confocal Microscopies
Rogers et al.42
Qin et al.25
Chen et al.45
This work

■

material

thickness (nm)

wavelength, λ (nm)

ambient medium

feature size of objects

gap resolution

Al
Cr
TiO2
MoS2

100
100
600
10

640
405
532
450

oil
air
water
air

210
163
200
110

105 nm (0.164λ)
65 nm (0.161λ)
200 nm (0.376λ)
90 nm (0.2λ)

HIGH-QUALITY NANOIMAGING
We integrate this MoS2-based 2D SCL into a scanning
confocal microscopy (SCM) for high-quality imaging
application. The working principle is sketched in Figure 5a
and discussed in the Supporting Information. To test its
resolution, we investigate the imaging results for various
objects that are made in an opaque ﬁlm. Figure 5b shows the
SEM image of 110 nm-wide double slits with the center-tocenter (CTC) distances ranging from 180 to 320 nm. As a
control experiment, the coherent bright-ﬁeld (BF) microscopy
with a 0.9 NA objective lens is used under the illumination of a
450 nm wavelength laser, for a fair comparison. However, it
fails to resolve all these slits (Figure 5c) because of the
coherent superposition of the point spread function.
Consequently, the coherent BF microscopy (see experiment
in Figure 5c and simulation in Figure S8) usually behaves
worse than the incoherent BF microscopy (see experiment in
Figure S9 and simulation in Figure S10) with the imaging

center-to-center resolution
315
228
400
200

nm
nm
nm
nm

(0.492λ)
(0.563λ)
(0.752λ)
(0.444λ)

resolution of 0.61λ/NA. The traditional SCM, employing a 0.9
NA objective lens as the condenser to focus a coherent 450 nm
laser, demonstrates the imaging resolution of ∼240 nm (Figure
5d). In comparison, the images taken by our 2D SCL SCM are
displayed in Figure 5e, where the slits with the CTC distance
of 200 nm can be distinguished clearly with a valley of
intensity. In Figure 5f, a quantitative comparison between their
line-scanning intensity proﬁles doubly conﬁrms that our 2D
SCL microscopy has the CTC resolution of 200 nm (i.e., 0.44λ
at λ = 450 nm), which coincides with the spot size of 198 nm.
Considering the width (i.e., 110 nm) of slits, a gap of 90 nm is
resolved by using our 2D SCL microscopy. The CTC
resolution is improved in comparison with the previously
reported CTC resolutions of 0.492λ (λ = 640 nm),42 0.563λ (λ
= 405 nm)25 and 0.752λ (λ = 532 nm)45 (see Table 1).
Theoretically, the point-spread function of a coherent SCM
can be described by h = |h1h2|2,46 where h1 and h2 are the pulse
response of the condenser and the collection objective,
7969
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respectively. By decreasing the size of h1, the 2D lens and other
ﬂat-lens SCMs25,42 could resolve the ﬁner details of objects
better than the metalens-based SCM45 with a diﬀraction-limit
h1.
Furthermore, we carry out the imaging of a more complex
object containing the curved 50 nm width slits (Figure 5g).
Labeled by the white lines in Figure 5g−j, the CTC distance
between two neighboring slits is around 250 nm, which cannot
be resolved by the coherent bright-ﬁeld microscopy (Figure
5h). Although the SCM can resolve these two slits (Figure 5i),
such a scale approaches its resolving power due to the small
valley of intensity. In Figure 5j, our MoS2-based 2D SCL
microscopy shows the clear image with the ﬁne details, where
the imaged curves have diﬀerent orientations but keep the
identical width. It implies that the imaging resolution is
homogeneous across the entire x−y plane. Therefore, the
scanning mode enables our 2D SCL SCM to exclude optical
aberrations such as coma and distortion, achieving a wellbehaved image of 10 μm × 10 μm.

Letter

amplitude via 2D TMDCs for next-generation nanometer
optics in holography, imaging, and metrology.
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■

DISCUSSION
As illustrated in Table 1, our 2D SCL microscopy has superior
properties including ultrasmall thickness, record-small feature
of objects, and high resolution compared with other reported
SCMs.25,42,45 Although the resolved gap of 0.2λ in this work is
slightly larger than ∼0.16λ in previous reports,25,42 it could be
improved by increasing the feature size of objects. For our
microscopy, the CTC resolution mainly depends on the spot
size of a lens, which could be suppressed further by using a
larger-NA lens immersed in liquid or solid. Furthermore, our
simulations (Figures S8−S10) suggest that the incoherent
illumination could improve the imaging resolution further, but
the problem of decreasing a focal spot for the noncoherent
light arises.
The proposed photon sieves have large regions that have not
been patterned. If these regions are ﬁlled with other shaped
holes, these devices will gain more transmission and eﬃciency
by introducing the amplitude and phase modulation
simultaneously. The thin ﬁlm facilitates the fabrication of
high-precision nanostructures, as observed from the edge-toedge distance of 30 nm. Such a big advantage is critical
especially when we move to deep ultraviolet range where only
the amplitude photon sieves work due to the lack of other
compatible materials. Note that TMDCs have been experimentally veriﬁed with the giant tenability of refractive index
(both the real and imaginary parts) at the visible-wavelength
range by using complementary metal−oxide−semiconductor
compatible electrical grating.47 This important property
enables our TMDCs-based meta-optics with electrical
tunability48 for dynamic wavefront shaping.
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Growth of MoS2 layers; fabrication; hologram design;
experimental setup; eﬃciency measurement; lens design;
2D SCL scanning confocal microscopy; absorbance
spectra of PVD-grown MoS2 samples; sketches of
measuring the total eﬃciency of the 2D nanosieve
hologram; simulated SCL intensity proﬁles at the x−z
plane; background eﬀects caused by transmitted light
from the unpatterned ﬁlm in hologram; a comparison
between the simulated and experimental results for these
microscopies (BF, SCM, and 2D lens SCM) under
coherent illumination; imaging results by using incoherent bright-ﬁeld microscopy; a comparison between the
simulated and experimental results for these microscopies (BF, SCM, and 2D lens SCM) under incoherent
conditions; size eﬀect of pinhole in a traditional
incoherent scanning confocal microscopy; dimension
of designed SCL (PDF)
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