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ABSTRACT: An optical metamaterial is capable of manipulating light in nanometer scale that goes beyond what is
possible with conventional materials. Taking advantage of this special property, metamaterial-assisted illumination
nanoscopy (MAIN) possesses tremendous potential to extend the resolution far beyond conventional structured
illumination microscopy. Among the available MAIN designs, hyperstructured illumination that utilizes strong dispersion
of a hyperbolic metamaterial (HMM) is one of the most promising and practical approaches, but it is only theoretically
studied. In this paper, we experimentally demonstrate the concept of hyperstructured illumination. A ∼80 nm resolution
has been achieved in a well-known Ag/SiO2 multilayer HMM system by using a low numerical aperture objective (NA =
0.5), representing a 6-fold resolution enhancement of the diﬀraction limit. The resolution can be signiﬁcantly improved
by further material optimization.
KEYWORDS: super-resolution, hyperbolic metamaterial, structured illumination microscopy, nanofabrication, plasmonics
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capability, high frame rate, and low phototoxicity, leading to
wide adoption in super-resolution applications. However, its
resolution is typically limited at twice the diﬀraction limit.
Metamaterials provide an alternative solution for superresolution that does not necessarily rely on ﬂuorescence.

he conventional optical microscope has its resolution
limit at one-half of the wavelength due to the
diﬀraction of light. Modern super-resolution techniques, including single-molecule localization microscopy1−3 and
stimulated emission depletion microscopy,4 overcome the limit
by taking advantages of the ﬂuorescing mechanism. Although
their resolution could be ultrahigh (sub-10 nm),5 the speed or
phototoxicity must be compromised. Structured illumination
microscopy (SIM),6,7 on the other hand, combines wide-ﬁeld
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Initiated from the theoretical perfect lens,8 a number of
superlens and hyperlens demonstrations can be found.9−16
Those metamaterial-based lenses have shown promising
subdiﬀraction resolution17 and have covered a broad range
of operation frequency.18 Despite that, it is still challenging to
apply an optical metamaterial lens in a practical imaging
scenario. First, a hyperlens11,12 requires a curved geometry to
gain optical magniﬁcation, resulting in a limited ﬁeld of view.
Although the ﬂat version of a hyperlens is proposed based on
transformation optics,19,20 the experiment has not yet been
demonstrated due to the complexity in fabrication. Second,
metamaterial at optical frequency usually is made by
compositing a dielectric and a metal. Metallic losses of
metamaterial-based lenses result in higher photon dosage to
the object to maintain a reasonable signal to noise ratio, which
might not ﬁt well to applications such as bioimaging.
To overcome the limitation of the aforementioned
metamaterial lenses, one of the approaches is to combine a
metamaterial with the structured illumination method, which
can be named as metamaterial-assisted illumination nanoscopy
(MAIN).21 This method uses a ﬂat metamaterial (could be an
array of slits in a metallic ﬁlm,22 an array of plasmonic
structures,23 a nanopatterned hyperbolic metamaterial,24,25 or
graphene26), serving as a sample holder/substrate instead of a
lens, to transform the incident light into structured
illumination patterns that are far beyond the traditional
diﬀraction limit. Thus, it can dramatically increase the
resolution of SIM and also keep the inherent advantage of
SIM including low phototoxicity and high imaging speed.
Moreover, the metamaterial will interact with the specimen,
causing enhanced Raman scattering,27 enhanced ﬂuorescent
lifespan,28 and second-harmonic generation,29 which are
potentially beneﬁcial in certain applications such as label-free
imaging or longtime ﬂuorescent imaging.
Among the existing designs of MAIN, using a hyperbolic
metamaterial provides the most promising resolution in theory.
A recent theoretical study introduces hyperstructured illumination,24 which uses a highly dispersive hyperbolic metamaterial (HMM) to project a series of wavelength-dependent
sub-diﬀraction-limited illumination patterns. This method
maps the high-resolution spatial information to a spectrum
that can be collected at far ﬁeld and can be further combined
with a compressive sensing imaging method.25
In this paper, we experimentally demonstrate the hyperstructured illumination by using a Ag/SiO2 multilayer HMM.
We verify that, by using a nanoslit on HMM, the HMM can
perform a one-dimensional mapping from spatial locations in
subdiﬀraction scale to a spectrum as predicted in ref 24. Then
we use the far-ﬁeld-collected spectral data to reconstruct superresolution surface images, achieving ∼80 nm resolution, which
is far beyond the diﬀraction limit of the collection objective
with NA = 0.5. This study is an experimental demonstration of
the MAIN concept using a hyperbolic metamaterial.

k2
kx2
+ z = k 02
εz
εx

(1)

where εx < 0, εz > 0 (type-II HMM) are the elements of the
HMM permittivity tensor and k0 is the wave vector in air.
The direction θ of group velocity vg is normal to the
hyperbolic isofrequency curve. When kx ≫ k0, it yields
θ ≈ arctan −εx /εz

(2)

The angles of group velocity θ are almost independent of kx.
Therefore, a beam incoupled from a narrow slit will not diverge
when it is propagating inside an HMM (Supporting Figure 1).
The propagating angle θ can be tuned by input wavelength due
to the strong wavelength dependence of the eﬀective
permittivity εx and εz (Supporting Figure 2).
Beneﬁting from the directional propagation and strong
dispersion, when the broadband light is injected through a
narrow-slit mask on one side of the HMM, the HMM, like a
grating, spreads the beam based on wavelength and
redistributes it to the other side of the HMM. For each
wavelength, the beam remains well-conﬁned. Therefore, with
the help of a nanoslit coupler, a ﬂat type-II HMM maps spatial
information at the nanoscale to a spectrum. This phenomenon
is ﬁrst applied to lithography,30 then for the hyperstructured
illumination. It should be noted that there are two symmetrical
beams from a single slit (see Supporting Figure 1). For
simplicity, we discuss only one of the two beams in the
following sections.
Figure 1 illustrates our experimental setup of hyperstructured illumination. The system consists of a test sample
for hyperstructured illumination, a transmission mode darkﬁeld microscope, a broadband light source, and a tunable
bandpass ﬁlter to measure spectral data. The HMM substrate,
when illuminated by white light, projects sub-diﬀractionlimited wavelength-dependent patterns onto the object that
lies at its top surface. The object, interacting with those nearﬁeld patterns, scatters light to the far ﬁeld, which is later
collected by diﬀraction-limited optics,
I(r , λ) = P(r , λ) O(r , λ) ⊗ PSF(r , λ)

(3)

where I is the hyperspectral image, P is the near-ﬁeld
illumination patterns, O is the object, and PSF is the point
spread function of the imaging system. Therefore, the object O
can be retrieved by the spectral data I with known illumination
patterns P. In this speciﬁc case when a single nanoslit is used to
in-couple illumination, P(r, λ) looks like a nanoscale “rainbow”
with its size and wavelength dependency determined by the
dispersion of the HMM.
In hyperstructured illumination, the two-dimensional object
function O(x, y) is deﬁned by a Motti projection24 of the
spatial distribution of the dielectric permittivity of the actual
object, ε(x, y, z), as
O(x , y) =

RESULTS
Hyperstructured Illumination. HMMs used in hyperstructured illumination have two functions: they provide deepsubwavelength-scale illumination at near ﬁeld; they are highly
dispersive so that the wavelength can be used to control the
illuminated location. An HMM has its iso-frequency curve in a
hyperbolic shape:

1
2π
×

∫ dx′ ∫ dy′ ∫ dz′
z′(ε(x′, y′, z′) − 1)

((x − x′)2 + (y − y′)2 + (z − z′)2 )3/2
(4)

which not only “projects” the imaging target onto the object
plane z = 0, but also visualizes its full three-dimensional
structure. This behavior is illustrated in Figure 2, which shows
three examples of an actual object (the word “Abbe” formed by
B
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changes in intensity of the image represent the diﬀerences in
the variations of the local height of the object in the zdirection.
Sample Preparation. The test sample of hyperstructured
illumination consists of a layer of Cr mask, an HMM made by
multiple pairs of Ag and SiO2, and a Si3N4 layer serving as an
object, as illustrated in Figure 3a. The fabrication process starts
from a Si3N4 membrane window (Figure 3b). Six pairs of Ag/
SiO2 (thickness per layer: 14 nm, ratio: 1:1) is deposited on
the 50 nm thick Si3N4 membrane. Then the HMM is covered
by a 40 nm Cr layer. All layers are deposited by magnetron
sputtering. The quality of the hyperbolic metamaterial is
examined by imaging its cross-section by FIB-SEM. The Ag
and SiO2 layers are well separated from each other (Figure 3c).
The same focused ion beam (FIB) is used to make nanoslits on
both sides of the sample. Straight lines (∼few micrometers
long) are milled on the Cr mask to couple light into the HMM.
The SEM image of the milled straight line shows a line width
of ∼27 nm (Figure 3d). The 50 nm thick Si3N4 layer is used as
the artiﬁcial object layer. Two diﬀerent objects are milled into
it by FIB to demonstrate the performance of hyperstructured
illumination in the following two sections.
Veriﬁcation of the HMM Dispersion. The ﬁrst artiﬁcial
object is designed to experimentally measure spatial-spectral
mapping: the relationship between the illuminated position
and the incident wavelength. This spatial-spectral mapping is
mainly determined by the dispersive permittivity of the HMM.
A ∼10 μm long line is milled into a Si3N4 membrane to
interact with one of the two symmetrical near-ﬁeld “rainbow”
patterns generated by the single nanoslit in the Cr mask. A
small tilting angle (α = 1.51 degree) between the slits on either
side of the HMM makes separation d changes along the y
direction, as illustrated in Figure 4a and imaged by a scanning
electron microscope (SEM) in Figure 4c. The sample is
measured by a dark-ﬁeld microscope shown in Figure 1 (see
Methods/Experimental for setup details). Based on the HMM
dispersion property, as d increases, the spectrum of this tilted
line shifts to longer wavelength. This phenomenon is ﬁrst
observed from an RGB image (Figure 4b) in the far ﬁeld and

Figure 1. Hyperstructured illumination and its experimental setup.
The hyperbolic metamaterial (HMM) sample is imaged under a
conventional microscope in dark-ﬁeld conﬁguration. A supercontinuum laser, equipped with a tunable bandpass ﬁlter, which
serves as a light source, scans its output wavelength from 460 to
840 nm in series, while the HMM sample is imaged by a camera to
form a hyperspectral image I(x, y, λ). The dark-ﬁeld mode ensures
that only scattered signal (drawn in light yellow) from the objects
(on top of the HMM sample) is collected. (a) Scattering signal
from particles at diﬀerent positions have a diﬀerent wavelength,
respectively. (b) The hyperstructured illumination device has
incoming light coupled through a nanoslit. The HMM then
projects a nanoscale “rainbow” on its top surface to illuminate the
object.

solid 3D letters of various heights, etched in a dielectric
surface) and the corresponding Motti projection. Note that the

Figure 2. Motti projection. Three examples of a solid object: the word “Abbe” etched in a dielectric surface, with diﬀerent variations of the
height of the letters (left column), and the corresponding Motti projections. Note that an increase in height of the object leads to an increase
in the brightness of the image at the corresponding location.
C
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Figure 3. Sample preparation. (a) Schematics of a multilayer HMM deposited on a Si3N4 membrane window. The multilayer consists of Ag−
SiO2 stacks (6 pairs; thickness of each layer, 14 nm). Air slits in the Cr mask and Si3N4 membrane are made by FIB. The width of the air slit
is ∼25 nm on the Cr side and ∼30 nm on the Si3N4 side. The distance d varies from 350 to 550 nm. (b) Sketch and SEM image of a Si3N4
membrane window. The window size is 0.5 mm. The membrane thickness is 50 nm. (c) FIB-SEM cross-section image of Ag−SiO2 stacks. (d)
SEM image of a 10 μm long slit on the Cr side.

illuminated by the nanorainbow and its scattering images at
multiple wavelength are measured at far ﬁeld in the setup
shown in Figure 1, the notation of the measured hyperspectral
image can be rewritten as

then quantitatively analyzed by measuring the spectral shifts of
the titled line along the y direction (Figure 4d).
The spectrum is measured by ﬁrst taking a diﬀractionlimited spectral image,
I(x , y , λ) = O(x , y) P(x , λ) ⊗ PSF(x , y)

(5)

I (x , y , λ ) =

then integrating along the x direction,
S(λ , y ) =

∫ I (x , y , λ ) d x

× PSF(x − x′, y − y′) dx′ dy′

(8)

where E(x) is the intensity distribution of the well-conﬁned
line illumination at a single wavelength on the top surface of
the HMM. The illuminated line has wavelength-dependent
locations Dλ + x0, where D and x0 are ﬁtted parameters from
Figure 4d. The reconstruction includes two steps: ﬁrst, a series
of digital apertures is added on every frame of the
hyperspectral image; second, all the processed frames are
summed to form a super-resolution image:

(6)

The hyperspectral image is taken by stepping the tunable
bandpass ﬁlter from 460 nm to 840 nm with steps of 10 nm.
Selected spectra at indicated locations are plotted in Figure 4d.
For each spectrum in S(λ, y), we ﬁnd the peak wavelength and
plot it as a function of separation d based on the known
geometrical relationship between y and d.
Δd = Δy Δtan(α)

∬ E(x′ − Dλ − x0) O(x′, y′)

Im(x , y) =

(7)

∫ I(x , y , λ) A(x − Dλ − x0) dλ

x − x0 yz
i
zz
≈ I jjjx , y ,
D {
k

A red shift of spectral peaks can be observed when y (and d)
increases, which stands for the spatial-spectral mapping of this
speciﬁc device. The measured peak locations (red circles)
agree well with the predictions (blue dashed line) from
simulation, while the small deviations may come from the
nonideal sample quality. This experiment, by using a prior
known object, proves that the dispersive material property of
the prepared HMM is close to our simulation, and hence, the
spatial-spectral mapping in hyperstructured illumination is
veriﬁed.
Image Reconstruction and Super-Resolution Demonstration. Based on the veriﬁed spatial-spectral mapping, we
can reconstruct a super-resolution image of an unknown object
from its scattered spectral information. Presuming an object is

(9)

where A is the digital aperture (A(x) ≈ δ(x)) added to every
wavelength frame of the spectral image. Substitute eq 8 into eq
9, we obtain
Im(x , y)
=

∬ E(x′ − x) O(x′, y′) PSF(x − x′, y − y′) dx′ dy′
(10)

Im(x , y) = O(x , y) ⊗ PSFeff (x , y)

(11)

PSFeff is the eﬀective point spread function,
D

DOI: 10.1021/acsnano.8b06026
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 5. Super-resolution image demonstration. Left: SEM image
of a tilted pair of slits milled into the Si3N4 layer. Slit width: ∼35
nm. Middle: Super-resolution image. Right: Cross-section of the
image at indicated locations. Blue solid line: Super-resolution
image. Black dashed line: SEM image (inverted). Scale bar: 100
nm. The ﬁeld of view is aﬀected by the wavelength range of the
hyperspectral image. Wavelength range: 460−700 nm.
Figure 4. Veriﬁcation of spatial-spectral mapping. (a) Schematic
illustration of the relative location between the coupling slit in the
Cr ﬁlm (dashed yellow line) and the object slit in the Si3N4 ﬁlm
(solid red line). The angle α is 1.51 degrees (exaggerated in the
drawing). L: 10 μm. (b) Diﬀraction-limited RGB image of the
tilted slit. The three channels (RGB) are acquired in series by
setting the tunable bandpass ﬁlter to [460 nm: 500 nm], [510 nm:
570 nm], and [580 nm: 700 nm], respectively. (c) Scanning
electron microscope (SEM) image of the entire slit in the Si3N4
membrane. (d) Spectral response along the y direction (and
distance d along the x direction) in (c) at indicated locations
(white dashed line). Distance d is calculated based on the known
geometrical relationship with y. Red circles: Peak positions of each
measured spectrum. Blue dashed line: Full wave simulation of
near-ﬁeld beam locations versus wavelength for the same Ag/SiO2
multilayer.

PSFeff (x , y) = E(x) PSF(x , y)

image, the two slits gradually merge. A similar optical image is
reconstructed. The intensity cross-section revealed that the
hyperstructured illumination method can resolve down to ∼84
nm, which is already close to the simulated FWHM of the
tested multilayer system consisting of Ag−SiO2 stacks (6 pairs;
thickness of each layer, 14 nm). When the two slits are too
close, it becomes a single deep slit milled into the HMM layer,
which dramatically changes the dispersion relationship, causing
a defect at the bottom part of the reconstructed optical image.
The imaging reconstruction forms a super-resolution image
without knowing the exact shape of E(x), which might be
aﬀected by HMM and the nanoslit quality and is hard to
measure directly from the far ﬁeld. Only the dispersion
property of the HMM needs to be calibrated. It is worthy to
note that wavelength dependence of the point spread function
PSF(x, y) and pattern E(x) is ignored in the above notations.
In practice, the wavelength dependence will result in a spatially
variant eﬀective point spread function.

(12)

Since E(x) typically has a much smaller full width at half
maximum (FWHM) than the point spread function of a
microscope, hyperstructured illumination has great resolution
improvement along the x direction. The synchronized scan of
the digital aperture and laser focal spot makes the process
similar to a confocal laser scan microscope.31
To test the imaging resolution, we image a tilted line pair in
the Si3N4 membrane shown in Figure 5. The objects are made
by FIB milling. The spectral image is taken by the same
experimental setup used for Figure 4. We use a Zeiss 50×/NA
0.5 objective lens, and hence, the FWHM of the PSF is ∼λ.
From full wave simulation of the prepared Ag−SiO2 multilayer
HMM, the FWHM of E(x) is ∼80 nm (operating wavelength:
500 nm), which mainly determines the resolving power. The
dispersion coeﬃcient D is measured to be ∼0.81 nm/nm
(position/wavelength). The dispersion coeﬃcient D is mainly
determined by the number of Ag−SiO2 pairs and, hence, the
total thickness of the multilayer. In the far-ﬁeld optical
measurement, it is hard to precisely know x0, which is related
to the location of the slit on the Cr mask. Fortunately, a small
misalignment of x0 will not aﬀect the resolving power.31 For
the imaging reconstruction in Figure 5, a scan of x0 is
performed, and the ﬁnal x0 is manually selected based on the
quality of the reconstructed images. As observed from the SEM

CONCLUSIONS
We studied a Ag/SiO2 hyperbolic metamaterial to be used in a
metamaterial-assisted illumination nanoscope (MAIN) with
one-dimensional resolution improvement. By making artiﬁcial
structures on both sides of the HMM, we characterize its
material dispersion and show a 1D super-resolution image
from a hyperspectral image acquired at the far ﬁeld. This study
shows that hyperstructured illumination is practically feasible,
which provides an alternative method for nonﬂuorescent
super-resolution surface imaging.
The resolution is mainly determined by the highest spatialfrequency wave the HMM can carry, and it is proportional to
the unit pair size of the HMM multilayer.17,24 For the Ag/SiO2
system, a unit pair size of 20 nm is practically achievable by the
sputtering method, which can bring the resolution down to
∼50 nm. Other epitaxial growth metamaterial systems (e.g.,
TiN/dielectric,32 Ag/MgO33) that have a unit pair size down
to a few nanometers can dramatically improve the resolution.
Another practical concern of imaging is the accuracies to
estimate near-ﬁeld illumination patterns. Distortion of nearﬁeld patterns happens when there is imperfections in the
E
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multilayer and nanofabrication. Fortunately, sophisticated
reconstruction algorithms in structured illumination can
reconstruct a super-resolution image without fully known
illumination patterns, known as blind-SIM.34 Research along
this direction greatly reduces the strict requirement of knowing
the exact near-ﬁeld patterns and makes use of near-ﬁeld
patterns for structured illumination practically feasible.22,23

METHODS/EXPERIMENTAL
Software. We use COMOSL 4.1a to perform full wave simulation
of a hyperbolic metamaterial and MATLAB 2017a to perform imaging
reconstruction.
Experimental Setup. The sample is placed under a Zeiss inverted
microscope. A supercontinuum laser (NKT Photonics, SuperK
Extreme EXB-6), equipped with a tunable bandpass ﬁlter (NKT
Photonics, SuperK VARIA tunable single line ﬁlter), is coupled to a
microscope through a liquid light guide. A condenser (NA0.8) and a
dark-ﬁeld ring are used for dark-ﬁeld illumination. The sample is
imaged by a Zeiss 50×/0.5 objective lens. Hyperspectral images are
acquired by an EMCCD (Andor iXon 897) by stepping the tunable
bandpass ﬁlters.
HMM Preparation. The Si3N4 membrane window was purchased
from SPI Supply Inc. (4104SN-BA). The Ag−SiO2 multilayer and the
top Cr layer are deposited by magnetron sputtering at room
temperature (AJA International Inc.). All the nanoslits, including
the single nanoslit on the Cr layer, the tilted single nanoslit on the
Si3N4 layer, and the double slit on the Si3N4 layer, were fabricated by
FEI Scios DualBeam at Nano3 facility at Calit2, UCSD.
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