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ABSTRACT: A hyperlens is a super-resolution optical imaging device based on unique hyperbolic dispersions making the sub-
diffraction-limited information on objects propagate to the far-field. Here, we propose a new device consisting of a 4-inch wafer-
scale spherical hyperlens array that allows high-throughput and easy-to-handle real-time biomolecular imaging. With this
proposed device, we report the first experimental demonstration of real-time sub-diffraction-limited biomolecular imaging using a
hyperlens. Hippocampal neuron cells are imaged using a hyperlens at a resolution down to 151 nm, much smaller than the
diffraction limit of conventional imaging systems in the visible wavelength. These wafer-scale hyperlens devices have great
potential for simple, compact, and low-cost integration with conventional optics and therefore a large variety of imaging
applications in biology, pathology, medical science and general nanoscience.
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Super-resolution imaging technology has recently generated
significant interest in nanoscience and biology as a

powerful tool in optical imaging.1 This technology helps to
overcome Abbe’s diffraction limit in conventional imaging
systems.2 The underlying physics of the diffraction limit is due
to the evanescent waves of the high-spatial frequency
components of light. This limit has been surpassed by
employing fluorescence in techniques such as single molecule
localization,3,4 stimulated emission depletion5 and the struc-
tured illumination method.6 Near-field scanning optical
microscopy can also beat diffraction limit by directly collecting

the evanescent wave information close to the object.7 Although
these techniques provide a vast improvement in spatial
resolution, they also require scanning and reconstruction
steps which hinder practical real-time imaging applications for
biological systems.
Since the invention of perfect lenses,8 super-resolution

imaging with specially designed metamaterials such as optical
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superlenses9−15 and hyperlenses16−19 have been intensively
explored. A major advance has emerged with the development
of optical hyperlenses, which can magnify sub-diffraction-
limited objects to be above the diffraction limit by adiabatically
compressing the lateral wavevector. The hyperbolic dispersion
of hyperlenses exhibit strong anisotropy, which enables the sub-
diffraction-limited information to propagate to the far-field.
After the first demonstration of a cylindrical hyperlens at
ultraviolet (UV) wavelengths,17 a spherical hyperlens for two-
dimensional imaging at visible wavelengths has been proposed
and successfully demonstrated.20 The performance of hyper-
lenses has been improved dramatically due to the extensive
researches including GaP/Ag/GaP hyperlenses21 for a broad
range of visible wavelengths, and array-hyperlenses22,23 and
nonresonant hyperlenses24 for low light illumination. However,
the hyperlenses proposed so far require precise control of the
objects position, which restricts practical imaging applications.
In this paper, we demonstrate an efficient and convenient

new imaging device made of a wafer-scale array of spherical
hyperlenses that can achieve high-throughput sub-diffraction-
limited imaging in the visible spectrum. Numerical studies are
performed for optimizing the spherical hyperlens made up of
alternating silver (Ag) and titanium dioxide (TiO2) layers.

Nanoimprinting is utilized to fabricate a high-quality wafer-scale
spherical hyperlens array with uniform dimensions. The wafer-
scale hyperlens is then integrated into a conventional
microscopy system for imaging hippocampal neuron cells
beyond the diffraction limit. This is, to the best of our
knowledge, the first experimental demonstration of sub-
diffraction-limited biomolecular imaging using a metamaterial-
based hyperlens imaging device.
A schematic of a single spherical hyperlens with alternating

dielectric and metallic layers is shown in Figure 1a. Since the
thickness of each layer is much smaller than the wavelength of
incident light (λ), the effective medium approximation is a valid
way to describe the anisotropic permittivities in the radial εr
and tangential εθ directions. The isofrequency contour (see
theory of the spherical hyperlens, Supporting Information) of
this structure is shown in Figure 1b. For an isotropic medium
(blue), any wave with a transverse spatial frequency kθ higher
than the cut-off spatial frequency kcutof f becomes evanescent.
This high frequency component ultimately decays in the far-
field and limits the images detail. Isotropic media succumb to
the diffraction limit, whereas hyperlenses with a negative radial
permittivity and a positive tangential permittivity are free from
any cut-off spatial frequency. Consequently, electromagnetic

Figure 1. (a) Schematic of the spherical hyperlens made up of alternating metal and dielectric layers. (b) The isofrequency contour of the hyperlens
(red) and isotropic medium (blue). In the isotropic media, waves with tangential spatial frequencies larger than kcutof f become evanescent and cannot
propagate to the far-field.

Figure 2. Numerical simulation results. Magnification and transmission dependence on (a) the number of total layers, (b) the thickness of each layer
and (c) the diameter of the hyperlens. (d) Effective permittivity in the radial and tangential directions of the spherical hyperlens. (e) Isofrequency
curves in normalized k-space. The black and red dashed lines show the hyperbolic dispersion. On the ultraflat hyperbolic dispersion relation, all the k
components propagate along the radial direction. (f) Transmission intensity profile in the far-field for two wavelengths, 410 and 440 nm,
respectively.
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waves with large transverse wavevectors can be transmitted to
the far-field, and an image of a sub-diffraction-limited object can
be obtained.25 Furthermore, the spherical geometry results in
compression of kθ due to the conservation of angular
momentum. The fine feature information on objects propagat-
ing along the radial direction is gradually magnified by a factor
of the magnification ratio, defined as the ratio between the
outer and inner radii. In other words, the high frequency
information of objects, which cannot be resolved by conven-
tional optics systems, can be transformed into propagating
waves and brought to the far-field by hyperlenses.
The spherical hyperlens is carefully designed to satisfy the

following requirements: (i) flat hyperbolic dispersion associated
with super-resolution, (ii) working wavelengths in the visible
spectrum for biomolecular imaging and (iii) high transmission.
This work uses Ag and TiO2 as the metal and dielectric layers
with a corresponding filling ratio of 0.5. The effective
permittivity at the visible wavelength of 410 nm is −64.07 +
18.83i in the radial direction and 0.42 + 0.11i in the tangential
direction. An effective permittivity that is highly negative in the
radial direction and slightly positive in the tangential direction
results in a flat hyperbolic dispersion.20

The resolution and transmission strongly depend on the
number of layers, thickness, and hyperlens diameter, all of
which can be controlled during fabrication. Here, we define the
resolution which is related to magnification (see magnification
of a hyperlens, Supporting Information) as the diffraction limit
divided by the minimum resolvable distance, in order to
represent the resolving power of each design. Numerical studies
show that increasing the number of layers and the thickness
increases the resolution, while the transmission decreases due
to the optical loss from the metal layers as shown in Figure
2a,b. We also find that the transmission can be improved by
increasing the lens diameter, due to a larger amount of the
input light converging into the hyperlenses inner surface
(Figure 2c).

The effective radial permittivity shown in Figure 2d remains
negative up to 450 nm. As a consequence, the dispersion
relation profile in Figure 2e remains hyperbolic over a broad
range, from UV to 450 nm. We specifically aim for 410 nm
since shorter visible wavelengths are preferable for higher
resolution and radial Poynting vectors originating from nearly
flat dispersion curves result in less distortion. In addition, the
numerically calculated far-field transmission intensity profile in
Figure 2f indicates that the transmission is maximum at a
wavelength of 410 nm (see parameters determining the
performance of a hyperlens, Supporting Information) in the
visible range.
Even though a single spherical hyperlens can provide sub-

diffraction-limited imaging, the difficulty of sample positioning
limits the direct implementation of hyperlenses in microscopy
systems for practical applications, such as real-time biomo-
lecular imaging. Putting a sample in the center of a hyperlens
has been a great challenge due to the tiny size of a single
hyperlens. To overcome this, we propose a device which is
comprised of an array of spherical hyperlenses arranged on a 4-
inch wafer. Each spherical hyperlens in the array has an outer
diameter of 2 μm and consists of 18 pairs of alternating layers
of 15 nm thick Ag and TiO2.
The hyperlens array is fabricated by nanoimprinting. The

fabricated 4-in. wafer-scale device and a scanning electron
microscope (SEM) image of its corresponding hyperlens array
are shown in Figure 3a and b, respectively. Transmission
electron microscopy (TEM) images of the fabricated hyperlens
are shown in Figure 3c−e. A conformal and uniform multilayer
is important as otherwise, images will be distorted due to
spherical aberration, scattering from defects or loss of the
hyperbolic dispersion. To ensure the highest possible
conformality of the multiple layers on the curved surface, we
precisely control the evaporation conditions such as the angle,
rotation speed and deposition rate. Figure 3d,e show the device

Figure 3. (a) Fabricated hyperlens array device on a 4-inch wafer. (b) Top view SEM image. (c−e) TEM images of a single hyperlens with different
magnification. Bright and dark layers represent Ag and TiO2 layers; 15 nm-thick layers in the center area (d) and side-wall (e) are observed.
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has good conformality and uniformity without agglomeration
or any empty area.
The performance of the hyperlens array device is

experimentally verified through the imaging of hippocampal
neurons with sub-wavelength dimensions. The neurons are
spread and dried on the surface of the hyperlens array, and an
image is formed from the light transmitted through the device.
The densely packed hyperlenses over the wafer surface increase
the possibility that objects are placed on a hyperlens. This
system leads to a reliable positioning of the biological samples
on the wafer-scale hyperlens array as shown in Figure 4a. The
hyperlens array device is applied to a conventional microscope
(Figure 4b) and used to image a neuron. The neuron image is
captured (Figure 4c) and the obtained image of a bunch of legs
(box in Figure 4d) is selected to show the resolution of the
hyperlens array device. Figure 4e represents the normalized
intensity profile along the dashed line in Figure 4d. The image
magnified by the hyperlens and the objective lens indicates a
separation distance of 334 nm between two legs. The actual
separation distance of 151 nm is obtained considering a
magnification factor of 2.2 of the hyperlens (see magnification
of a hyperlens, Supporting Information). Two legs separated by
151 nm, which is sub-diffraction-limited, are clearly distin-
guished in this hyperlens system. Our experimental demon-
stration proves that our hyperlens device provides sub-
diffraction-limited biomolecular imaging without any compli-
cated processes, such as electron imaging or vacuum
conditioning. Due to the absence of scanning and image
reconstruction, our hyperlens based imaging technique is a real-
time process. In addition, this highly packed hyperlens device
makes sample positioning easier, leading to practical
applications of super-resolution imaging.

In summary, a practical imaging device based on hyperbolic
metamaterials is designed and demonstrated. A uniform and
high quality hyperlens array on a 4-inch wafer is successfully
fabricated using the nanoimprinting method, which is a
scalable, cost and time-efficient fabrication process. In addition,
sub-diffraction-limited biomolecular imaging is achieved for the
first time by a hyperlens integrated into a simple optics set-up
to observe neurons. Without the addition of further complex
optics, a hyperlens not only shows relatively high resolution
beyond the diffraction limit, up to 0.37λ under the visible light
illumination, but also supports optical properties that are vital
for biomolecular imaging, such as functioning at visible
frequencies, reliable sample positioning and real-time observa-
tion. Therefore, the demonstrated wafer-scale hyperlens array
device is a meaningful improvement on super-resolution
imaging due to its low cost and simple implementation.
Successful observation of a biomolecular sample beyond the
diffraction limit marks the proposed wafer-scale hyperlens
device as a promising approach for applications in biology,
pathology, medical science and general nanoscience. We believe
this is one of the most important steps for realizing a truly
practical metamaterial-based imaging device, later it could be
called a “nanoscope”, a powerful tool in super-resolution
imaging and microscopes.

■ METHODS

Numerical Simulation of the Hyperlens. Numerical
simulations are performed using the finite-element-method
(COMSOL Multiphysics 5.1) and finite-difference-time-do-
main method (Lumerical 2016 FDTD solution). A hyperlens
with a Cr mask is modeled (see Numerical simulation of the
hyperlens, Supporting Information) to show the performance

Figure 4. (a) Schematic of simplified positioning of biomolecular objects on the hyperlens array. (b) Schematic of integration of the hyperlens with a
conventional wide-field microscopy system for sub-diffraction-limited imaging under unpolarized white light illumination. (c) Captured neuron
image passing through the hyperlens array device with a magnification factor of 2.2. (d) Zoomed-in image of neuron legs. (e) Normalized intensity
profile and measured distance along the dashed line in (d).
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of the hyperlens. The incident light is set with TM polarization
at 410 nm and the dependence of resolution and transmission
on three parameters (thickness, number of each layer and
diameter of hyperlens) are studied by changing one parameter
in each calculation.
Fabrication of the Wafer-Scale Hyperlens Array. The

fabrication consists of two processes (see Fabrication process of
the wafer-scale hyperlens array, Supporting Information), which
are mask patterning and etching-deposition. The nanoimprint-
ing method is used for large area mask patterning. After
completing the mask patterning, etching and precise deposition
of the multilayers are performed using an e-beam evaporation
system.
Hyperlens Integrated Optics Setup. The experimental

setup is described in Figure 4b. An inverted optical microscope
(Axiovert 200, Zeiss) is used. The prepared wafer-scale
hyperlens with the neurons is split into 2 cm × 2 cm sized
pieces and placed on the stage of the microscope. An
unpolarized white light source (HBO, Ziess) is used with a
30 nm band-pass filter (ET405/30m, chroma) centered at 405
nm. The magnified information is captured by an oil immersion
objective lens (NA 1.3, Zeiss) and sCMOS camera (Zyla 4.2,
Andor) with an exposure of 300 ms. The working distance of
the objective lens is long enough to make a focus on the outer
surface of the hyperlens and the image magnified by 2.2 can be
captured without further expansion. In the final result, more
than a hundred exposures are taken and averaged for an image
to obtain high signal-to-noise ratio.
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