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Abstract: Hyperlensing devices have drawn great attention in recent years due to their ability
to amplify the subwavelength image of objects with more detail and information. In this work,
a hyperlens with a radian inner surface is designed and demonstrated. The proposed hyperlens is
capable of imaging different types of sub-wavelength objects efficiently. Plasmonic resonant cavity is
also employed in order to achieve a super-resolution imaging effect. Different objects are investigated
to test the performance of the proposed hyperlens. As expected, our hyperlens shows better tolerance
than the conventional hyperlensing designs and can achieve imaging resolution down to 60 nm for
different types of objects.
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1. Introduction

The resolution of a conventional optical imaging system is generally constrained by the diffraction limit,
which denotes that high spatial frequency information carried by evanescent waves cannot be captured
by a normal object lens. To overcome this limit, many methods have been proposed, such as stimulated
emission depletion (STED) [1], structured illumination microscopy (SIM) [2], and near-field scanning optical
microscopy (NSOM) [3]. These methods, also known as super-resolution imaging technologies, possess the
ability to achieve high resolution below the diffraction limit. However, despite the improvement in
resolution, they require scanning of the objects or reconstructing of the image, which has greatly
hindered the real-time imaging ability. On the other hand, the perfect lens was first proposed by
Pendry [4] and then the concept of overcoming the diffraction limit (superlens) [5-8] was demonstrated.
An optical superlens can achieve super-resolution imaging by enhancing the evanescent waves.
However, the evanescent waves enhanced by a superlens still decay, which can cause problems for
far-field imaging. In order to solve this problem, an optical hyperlens was proposed and investigated [9-24].
Firstly, a cylindrical hyperlens was experimentally demonstrated by Liu and coworkers in 2007 [25].
Moreover, with the progress of nanoprocessing technologies, hyperlensing devices with spherical
geometries have been fabricated and examined for biomolecular imaging [13-16]. Due to the tiny size
of a single hyperlens, hyperlens-array was also employed in biomolecular imaging experiments [13].
A hyperlens can amplify the subwavelength image of objects with detailed information. The images
obtained by a hyperlens can be detected by a conventional optical lens in the far-field [25,26]. Both spherical
and cylindrical geometries have a strict restriction for objects [26-30]. Evanescent waves emitted from
objects decay exponentially in air, which means that the distance between the inner surface of a hyperlens
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and the objects must be close enough. When the inner-surface and objects are separated by more than
one hundred nanometers, the imaging resolution will decrease drastically. Even for a novel device for
which an extra hyperlens is employed to make the inner-surface of a hyperlens flat, the inner-surface
must be positioned adjacent to the objects [11,23], which still limits the practical applications of
the hyperlens.

In this paper, we propose an elegant design of hyperlens with a radian inner surface, which is
suitable for more types of objects. Slits with tiny scale have always been employed as objects to
explain the imaging ability of a hyperlens [31-33]. These slits are normally employed as a stable
source to simulate the fluorescence imaging. Here, we exchange the medium of slits and layers in
constrained objects to simulate none-fluorescent imaging. The replaced objects are called unconstrained
objects. The proposed hyperlens also shows great potential in imaging unconstrained objects in the
sub-diffraction range with a relatively high imaging resolution by employing a plasmonic resonant cavity
around the objects [26]. Simultaneously, the large radian part of the proposed hyperlens has a slightly
magnifying ability, which is additionally beneficial for final imaging resolution. Calculation results
with different wavelengths are also demonstrated.

2. Materials and Methods

Ahyperlens consists of alternative stacked sub-wavelength metal (for instance, silver) and dielectric
(for instance, alumina and titanium oxide) layers. According to the effective medium approximation,
alternative stacked metal and dielectric layers can be approximated as one homogenous material
with anisotropic permittivity, if the characteristic thickness of the layers is much smaller than the
wavelength. The anisotropic permittivity is given as follows:
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where f is the filling ratio of the metal/dielectric structure (in this case, f = 0.5), ¢, and ¢; are the
radial permittivity and tangential permittivity of the structure, respectively. Here, we employ silver
(em = —2.4012 + 0.2488i [23]) as metal and alumina (¢; = 3.217 [24]) as dielectric to compose the
hyperlens (incident wavelength is set to 365 nm), so the permittivity of the hyperlens can be calculated
as €g = 0.4079 + 0.1244i and ¢, = —16.7786 + 7.0793i. The dispersion relation of hyperlens can be
expressed as (3):
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where k; and kg are the wave components along radial and tangential directions, w is the angular
frequency of the incident wave, and c is the speed of light in vacuum. A conventional optical lens is
restricted by k5055 in imaging, which means only information with wavevectors below k4, ¢ can be
detected. One of the methods to promote detecting range is to increase kc,1ors. Many efforts have been
tried to expand ko7 of a lens [1,2], as the red dashed circle shows in Figure 1la. Another method
to promote imaging resolution is by changing the shape of dispersion relation. When we employ
the material permittivity calculated by (1) and (2), the dispersion relationship of our hyperlens,
calculated by Equation (3), is hyperbolic shaped as shown in Figure 1a (blue lines). With the same
incident wave, the hyperbolic curve is flatter when ¢,/ ¢¢ is getting lower. Generally, a flatter dispersion
relation is expected.
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Figure 1. (a) Dispersion relation of a conventional optical lens (red solid circle), an expanded optical
lens (red dashed circle) and a hyperlens (blue lines). Note that k £ and kg are normalized with ky = 21t/ A
and A represents the wavelength. (b) Schematic illustration of the imaging process of sub-wavelength
slits by a hyperlens. (c) Schematic illustration of our hyperlensing design.

Figure 1b illustrates the working principle of a traditional hyperlens which only involves cylindrical
shaped periodic layers. A chromium layer is normally placed on the inner surface of a hyperlens
and the slits in the chromium layer are employed as objects and illuminated by the incident light.
For comparison, Figure 1c shows the schematic structure of our hyperlens with a large radian inner
surface. The proposed hyperlens is divided into two parts, inner lens and outer lens. The outer lens is
a conventional hyperlens which is composed of cylindrical shaped periodic stacked silver-alumina
multilayers. The inner radius and outer radius of the outer lens are set to 100 nm and 260 nm, respectively.
Each silver or alumina layer is set to 10 nm. The inner lens is part of hyperlens with larger radius compared
with the outer lens. The radius of inner lens determines the imaging space of the hyperlens. Here, we set
the radius of inner lens to 260 nm. The distance between the vertex of the arc and the inner-surface of
outer lens along the vertical direction is 80 nm, silver-alumina alternative stacked layers with 10 nm
thickness are employed to fill in this space which can also provide an extra magnifying effect.

Considering the conditions of bioimaging, we employ two kinds of objects here, as shown in Figure 2.
The first kind of object is filled into the cavity of hyperlens, as shown in Figure 2a. Two sub-wavelength
slits in chromium are employed as objects and both slits have 20 nm width. The innermost silver
and alumina layer need to be employed as an object layer. The center-to-center distance between
the two slits is changed to explore the imaging resolution limits of our hyperlens. When we employ
hyperlens for bioimaging applications, specimens that need to be imaged are not as stable as the
objects mentioned above. This means that practical imaging conditions are quite different with the
above-mentioned objects. Thus, new objects need to be employed and considered in order to make
our calculation conditions similar to the real bioimaging experiments. Two chromium cuboids are
employed as objects, as shown in Figure 2b. The cross section of these cuboids has 30 nm width.
In order to realize free objects imaging, a silver layer is employed to form a plasmonic resonant cavity
with the innermost space of our hyperlens. Polymethyl methacrylate (PMMA) is filled into the rest area
of the plasmonic resonant cavity. This plasmonic resonant cavity enhanced hyperlens can be used to
achieve phase contrast imaging, which has higher image contrast than a conventional hyperlens [20].
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Figure 2. (a) Chromium is filled into the radian space of the hyperlens. Two nano-slits are set as objects and
the center-to-center distance is set as a variable to investigate the imaging resolution. (b) Two chromium
cuboids are placed into a plasmonic resonant cavity of our hyperlens and the rest space of the cavity is
filled with PMMA. The center-to-center distance between the two cuboids is also set as a variable to
explore the imaging resolution.

3. Results and Discussion

COMSOL Multiphysics was used to simulate the imaging results of this device. We employed a 2D
model to illustrate the cross section of our hyperlens. Scattering boundary conditions with nonincident
field were used and physics-controlled meshes with ultra-fine size were employed. Different wavelengths
and geometric parameters have been considered. Figure 3a shows curves of ¢g and ¢, when the
wavelength changes. Red and blue curves represent ¢g and ¢,, respectively. The wavelength of 365 nm
shows a great negative value of ¢, and a relatively large positive value of ¢g. When the wavelength
is below 365 nm, a sharply increased ¢, and slowly increased ¢g will cause a worse performance of
the hyperlens. Figure 3b shows how the transmission is influenced by thickness of each layer of
hyperlens. Transmission decreases when the thickness is increased, but a smaller thickness also causes
a decreasing resolution.
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Figure 3. (a) Calculated ¢, and ¢¢ as a function of wavelength. (b) Different transmittances as a function
of stacked-layer thickness.

Figure 4 shows the calculated results with different distances above the hyperlens. Figure 4a is
the schematic diagram and Figure 4b shows the electric field intensity with different distances
(distance between the objects are set to 60 nm). The red line, dark blue line, and blue dashed line
represent 300 nm, 100 nm, and 50 nm distances, respectively. As shown in Figure 4b, when a 100 nm
detecting distance is employed, two peaks of the curve are just resolvable. Only one peak is founded
in the curve for the 300 nm distance. A closer detecting distance means higher resolution, as shown
by the blue dashed line in Figure 4b. If one can detect electric intensity at the surface of a hyperlens,
ultrahigh resolution could be realized. In order to make our simulations more practical, we employ
100 nm detecting distance to illustrate the resolution of our hyperlens.
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Figure 4. (a) Schematic diagram of different detecting distances. (b) Intensity distribution detected with
different distances. Red line, dark blue line and blue dashed line represent 300 nm, 100 nm, and 50 nm
detecting distance, respectively.

Figure 5 shows the calculated results of our hyperlens. The hyperlens is illuminated by a transverse
magnetic (TM) polarized light source with 365 nm wavelength. Line graphs are also plotted to further
illustrate the resolution of our hyperlens. The original data of line graphs is the electric field intensity
distribution along the horizontal line which is 100 nm above the hyperlens. Figure 5a—c shows the line
graphs with 60 nm, 70 nm and 80 nm center-to-center distances between objects, respectively. According to
theseline graphs, we sort out that the electric field at the edges is rising when the center-to-center distance
between objects is increasing, which is harmful to the final imaging quality. Therefore, we find out
that our hyperlens has an optimal imaging interval which should be less than 80 percent of the
inner-lens diameter. Note that the rising of electric field intensity at edges would pull down the quality
of imaging. Besides, the magnification of our hyperlens is fluctuating within the imaging interval.
This is because the electric field can be scattered at the interface between the inner-lens and outer-lens,
which may cause a relatively decentralized electric field outside the hyperlens. Figure 5d shows the
electric field distribution inside the hyperlens with filled objects under 60 nm, 70 nm, and 80 nm
center-to-center distance.
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Figure 5. (a), (b) and (c) Electric field intensity distribution with 100 nm distance above the hyperlens
expressed by line graphs. The center-to-center distance between slits is 60 nm (a), 70 nm (b), and 80 nm
(c), respectively. (d) Electric field intensity distribution in the hyperlens with different center-to-center
distances between the objects.
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Figure 6 shows the imaging performance for unconstrained objects by using our hyperlens.
Figure 6a—c shows the electric field intensity distribution by line graphs when the distance between
objects is 50 nm, 60 nm, and 70 nm, respectively. We employed two methods to simulate the data
collection process. The flat source represents a flat surface above the hyperlens with 100 nm distance
and the circle source represents a spherical surface with 100 nm radius. The circle source was employed
for the purpose of an expanded detecting range. The side peaks expressed by a flat source decrease
sharply with increasing distances. The employment of a circle source has confirmed this phenomenon
that a relatively high side peak is contained. As shown by red lines (circle source) and blue lines
(flat source), data supported by the flat source only shows better performance at 50 nm distance,
and data supported by the circle source still has higher intensity. For objects with 50 nm distance,
there are two clear troughs which denote that objects are clearly resolved, as shown in Figure 6a.
But when objects are placed more than 60 nm distance apart, the imaging effect shown by the blue line is
not as predicted. The intensity distribution curve has a relatively low value at both sides, which should
be higher than 50 nm as predicted. This is because our hyperlens has a special structure, in which
the top of the plasmonic resonant cavity is an arc. When the objects are placed with a relatively large
distance, edges of the cavity have a higher angle, which restricts the imaging performance by the
flat source. However, this restriction plays a relatively small role when the circle source is employed.
As shown in Figure 6b,c, red lines have much higher intensity at edges than blue lines, which means
red lines show better imaging performance. In Figure 6a—c, curves represented by flat source and circle
source only show slight differences. The main reason is that curves represented by circle source have
a closer distance to the outer surface of the hyperlens than the flat source (flat source is placed only
100 nm horizontally above the hyperlens).
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Figure 6. (a), (b), and (c) Electric field intensity distribution along line with 100 nm distance above
the hyperlens (blue lines) and semicircular arc with 100 nm distance above the hyperlens (red lines)
expressed by line graphs. The center-to-center distance is 50 nm (a), 60 nm (b), and 70 nm (c), respectively.
(d) Electric field intensity distribution in the hyperlens with different center-to-center distances between
the objects.
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4. Conclusions

To conclude, a novel hyperlensing device with a radian inner surface is proposed for super-resolution
imaging applications. Different objects are employed to test the performance of our hyperlens.
Both conventional slits objects and unconstrained objects are imaged with resolution below 60 nm
at 365 nm wavelength and 100 nm above the hyperlens, which is in the sub-diffraction-limit scale.
Better results can be realized with detecting distances lower than 100 nm. A reasonable layer
thickness should be taken into consideration as well to ensure the best resolution and transmittance.
For unconstrained objects, a plasmonic resonant cavity is employed for imaging. In order to achieve
better imaging performance, a semicircular arc is also employed to replace the conventional line
as a circle source.Resolution, represented by a circle source, shows a higher upper limit than a flat
source. Our hyperlens has great potential of pushing imaging conditions of hyperlens closer to
bioimaging. Simultaneously, a hyperlens with different radian inner surfaces has the ability to satisfy
different practical conditions when it is applied to nanolithography techniques involving demagnifying,
enabling new potential applications.
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