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Focusing a beam beyond the diffraction limit using
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A super-focusing device composed of a focusing objective and a hyperlens is proposed to focus an incident plane

wave into the deep subwavelength dimension. In the device, the objective converts the incident plane wave into a

convergent one. The half cylindrical hyperlens can support high wave vector k modes propagating towards its core. So

the convergent wave can be focused into an ultrasmall spot beyond the diffraction limit. The layout is proposed for

the super-focusing device and its characteristics are investigated theoretically. Numerical simulations verify that the

focused beams are confined in a spot with a diameter of 16.3 nm in the focal plane of the focusing objective with a

numerical aperture of 0.6, which corresponds to a super-resolution spot of λ0/23 (λ0 is the wavelength in vacuum). The

simulations confirm the effectiveness of the proposed device.
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1. Introduction

In the optical data storage area, a high numerical-
aperture (NA) lens system is required to focus the col-
limated laser beam into a small spot for data recording
and reading. The minimum dimension of the focused
spot ∆x in one direction, which is constrained by the
equation ∆x∆k ≈ 2π[1] with ∆k being the bandwidth
of the angular spectrum, is determined by the maxi-
mum transverse wavenumber kx,max (∆k = 2kx,max)
in the focal plane. When the convergent wave with
aperture angle θ propagates from the back surface
to the focal plane of the lens, the largest transverse
wavenumber in the focal plane is k0 sin θ, where k0

is the wavenumber in the vacuum, thus the mini-
mum focused spot size is ∆xmin = 2π/(2k0 sin θ) =
λ0/(2 sin θ), where λ0 is the wavelength in the vacuum.
To realize a smaller focused spot for high-density data
storage, a suggested method is to place a solid im-
mersion lens (SIL) with high refractive index in the
proximity of the focal plane, which can narrow the
focused spot size down to λ0/(2n sin θ) = λ0/(2NA),
where n is the refractive index of the SIL material,
and NA is the numerical aperture. However, due to
the limitation of the lens materials and the laser tech-

nology, it seems that techniques, which compress the
beam size by means of decreasing wavelength and in-
creasing numerical aperture, do not hold much po-
tential for breakthrough in recent years. In fact,
the key to overcoming the diffraction limit to ob-
tain smaller beam spots lies in how to allow the con-
vergent wave with its transverse wavenumber larger
than k0 to reach the focal plane without the am-
plitude decay. Based on this principle, in recent
years, a lot of super-resolution imaging devices that
consist of noble metals have been reported, such as
the near-field superlens based on a silver slab,[2−7]

the far-field superlens (FSL) combining a thin silver
slab and sub-wavelength gratings,[1,8−11] and the ring-
structured hyperlens.[12−17] However, none of those
super-resolution imaging devices mentioned above can
be used in the beam compressing directly. For exam-
ple, the near-field planar superlens can only achieve
a 1:1 imaging, and the far-field superlens can re-
construct an object only by numerical calculations
based on the far-field spectrum information recorded
by a charge-coupled device (CCD) camera[8,9] or by
means of a complicated image-reconstructive setup.[10]

Therefore, a more effective and simpler device is ur-
gently needed for super-resolution focusing. The hy-
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perlens, which is capable of compressing and enlarg-

ing beams, brings a new way to us for sub-wavelength

focusing. Featured by alternating metal and dielec-

tric layers, the hyperlens is equivalent to a structured

metamaterial with a positive tangential dielectric per-

mittivity εθ and a negative radial dielectric permittiv-

ity εr. Meeting the hyperbolic dispersion relation[17]

k2
r/εθ+k2

θ/εr = k2
0 in the cylindrical coordinates, wave

vectors kr and kθ can take unbounded values at a fi-

nite frequency. Such a desired lens can support not

only high wave vector k modes (which decay away in

the ordinary media) toward the core of the hyperlens,

but also beam magnification or beam demagnification

due to its cylindrical structure.

However, focusing the collimated beam requires

that the aperture of the lens is large enough to enve-

lope all incident beams. For the traditional hyperlens,

a larger aperture requires more metal and dielectric

layers, which will increase the difficulty in fabrication

and reduce the system transmission. In this paper,

we propose to use a focusing objective first to focus

the incident beam and then place a hyperlens with a

few layers near the focal plane of the objective to im-

prove the resolution. Therefore, with the advantages

of both high resolution and high transmission, the pro-

posed hyperlens-based focusing device is a device with

a simple design and a simple structure that can be

used for the high-density near-field optical data stor-

age and other potential applications requiring beam

focusing.

The working principle and the characteristic anal-

ysis of the proposed device are presented first. Then

the effectiveness of the device consisting of a mi-

crolens and a half cylindrical hyperlens is numerically

demonstrated. The hyperlens is composed of alternat-

ing rings of silver (Ag) and aluminum oxide (Al2O3).

Compared with the conventional focusing objective,

our proposed device achieves a smaller focal spot with

a dimension of 16.3 nm, corresponding to λ0/23. The

system transmission is calculated to be 5.3%, which is

much higher than that of a single hyperlens (∼0.1%)

producing the same spot size. Finally, the influence

of the innermost layer radius of the hyperlens on the

focusing spot size and the system transmission is sim-

ulated and discussed.

2. Hyperlens-based focusing de-

vice

2.1.Working principle of the device

To illustrate the characteristics of the hyperlens,
we present the dispersion relations of a conventional
solid immersion lens and the hyperlens for compari-
son, as shown in Fig. 1. It can be seen that the wave
vectors of the propagating waves in the solid immer-
sion lens are localized within a circle of radius nk0 and
the evanescent wave featured by wavenumbers larger
than nk0 undergoes evanescent decay. The evanescent
wave plays an important role in the solid immersion
lens system[18] and is stimulated only in the interface
when the conditions of the total internal reflection are
met. Furthermore, the focusing objective with a high
numerical aperture and the solid immersion lens made
of a high refractive index material[19,20] are required.
Nevertheless, the hyperlens is beyond such a limita-
tion. In the hyperbolic lens, tangential wave vectors
kθ and radial wave vectors kr satisfy a hyperbolic re-
lation (shown in Fig. 1(b)), and thus the transmission
of waves with tangential wave vectors larger than nk0

is supported.

Fig. 1. Dispersion relations for (a) isotropic medium and

(b) a metamaterial with εr < 0, εθ > 0. Note that for an

ordinary solid immersion lens with constant refractive in-

dex n, the maximum wave vector for propagation modes is

nk0, however, for a hyperlens, the wave vector k can take

an arbitrarily large value in the metamaterial medium.

In our design, a focusing objective is employed
first to transform the incident plane wave into a con-
vergent one. Without the objective, the hyperlens
should be large enough to cover all the incident plane
waves, which requires more layers and then depresses
the system transmission and increases the difficulty in
fabrication. When the focusing objective is inserted,
a smaller hyperlens can cover all the focused waves.
The inserted objective can bring another benefit to
the beam focusing device. According to the analysis
in Ref. [15], all incident light beams on the hyperlens
will travel toward the cylindrical core; however, the
marginal rays ejected from the outmost layer of the
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hyperlens will undergo large incident angles at the
medium boundary, which will cause a large Fresnel
reflection loss. Fortunately, the inserted objective en-
sures that each incident beam on the hyperlens arrives
at normal incidence. Figure 2 shows the schematic
diagram of the proposed hyperlens-based focusing de-
vice. It can be seen from Fig. 2 that the focusing
device consists of two parts: one is the conventional
objective and the other one is the hyperlens. The hy-
perlens is utilized to gradually amplify the wavenum-
ber of the focused cylindrical wave as the wave propa-
gates toward the inner layer of the hyperlens. Finally,
the wave with a tangential wavenumber larger than k0

for super-resolution focusing will be formed in the fo-
cal plane of the objective. Since the cylindrical shape
of each layer of the hyperlens matches well with the
wavefront of the convergent wave, only wavenumbers
increase as the convergent wave propagates, no per-
turbation is presented in the wavefront, and thus the
focal plane of the hybrid device will coincide with that
of the focusing objective.

Fig. 2. Schematic diagram of the proposed hyperlens-

based focusing device. The device is composed of a focus-

ing objective and a hyperlens. The f is the focal length.

2.2.Parameter analysis

The resolution (focused spot size) and the trans-
mission of the system are two important characteris-
tics of the proposed beam focusing device. The res-
olution is related to the wavenumber. We now anal-
yse the delivery of the wavenumber in each part of
the device. Suppose that the clear aperture of the
focusing objective is D, the beam size of the incident
plane wave is equal to D, and the corresponding band-
width of the angular spectrum of the incident wave is
2π/D. Limited by the nature of the isotropic medium
and the numerical aperture of the focusing objective,
the largest transverse wavenumber of the propagating
wave is nk0. In our case, if 2π/D < 2nk0, all incident
waves will be in the propagation modes and can pass

through the focusing objective without a sharp decay.
After the beams propagate through the focusing ob-
jective, limited by the finite value of numerical aper-
ture NA of the focusing objective, the largest trans-
verse wavenumber of the propagating wave is k0 sin θ,
leading to 2π/(2k0 sin θ) = λ0/(2NA) for the final size
of the focused spot, which corresponds to the resolu-
tion limited by the diffraction. In contrast, by adding
the hyperlens, waves with transverse wavenumbers ex-
ceeding k0 will still be in propagation modes and keep
focusing until they eventually reach the focal plane.
The largest transverse wavenumber is proportional to
(R2/R1)k0 sin θ, where R1 and R2 are the radii of the
outmost and the innermost layers of the hyperlens,
respectively, and the corresponding resolution is pro-
portional to λ0/[(R2/R1) sin θ].

The second important characteristic, i.e., the
transmission, is influenced mainly by the intrinsic loss
of the metal, which is unavoidable.[7,21−23] However,
the hyperlens can be designed to optimize the filling
ratio of the metal layers, resulting in a higher trans-
mission. This can be explained by examining effective
tangential dielectric permittivity εθ = pεm +(1− p)εd

and radial dielectric permittivity εr = εmεd/[pεd +
(1−p)εm], where p denotes the metal filling factor.[17]

Due to the dispersion relation k2
r/εθ + k2

θ/εr = k2
0 de-

scribed in Section 1, Im[εθ] and Im[εr] influence radial
wave vector kr, and the imaginary part of kr implies
the amplitude decay of the convergent wave. We sim-
ulate the Im[kr] versus p with kθ varying from k0 to
6k0. The results are shown in Fig. 3. It can be seen
from Fig. 3 that when p is around 0.5 for different
values of kθ, the minimum Im[kr] can be obtained.

Fig. 3. The Im[kr] versus p with kθ varying from k0 to

6k0. In the simulation, the dielectric material is the alu-

minum oxide with εd = 3.21,[14] and the metal is silver

with εm = −3.12 + 0.21 i.[14] The working wavelength is

375 nm.

The bulk silver is chosen as the metal layer mate-
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rial, because it can cause less loss than the ultra-thin
silver film that has a relatively large imaginary part
Im[εm] of its permittivity.[22] Besides, permittivity εm

will not remain a constant, as it becomes a function of
the layer thickness[21,22] for the ultra-thin silver film.

In addition to the optimal layer thickness, the out-
most layer with a small radius is also needed to achieve
a high transmission system with less metal loss. How-
ever, taking the resolution into consideration, the ra-
dius of the outmost layer of the hyperlens should be
large enough to deliver all waves from the focusing ob-
jective. Since the outermost layer of the hyperlens is
in contact with air in our design, the maximum trans-
verse wavenumber in air should be less than k0 sin θ for
the propagating waves, corresponding to a minimum
spots size of ∆xmin = 2π/(2k0 sin θ). Consequently,
the minimum radius of the outermost layer of the hy-
perlens should satisfy R2,min = (∆xmin/2)/ tan θ =
λ0/(4 tan θ sin θ).

It should be noted that in the application of the
optical data storage, the focused laser beam will be
reflected backwards after it has reached the optical
disk. The large wave vectors of the reflected beams
are demagnified by the hyperlens and then gradually
reduced to values less than k0 sin θ. Following the col-
limation by the focusing objective and the detection
by using a photodetector, the data reading process of
an optical disk signal can be realized.

The fabrication of the hyperlens can follow the
method mentioned in Ref. [17], while the objective
lens can be fabricated by using the traditional lens
fabrication procedure. And the microlens as the ob-
jective to be discussed in Section 3 can be fabricated
by using the microoptics fabrication technology men-
tioned in Refs. [24]–[26].

3. Numerical simulations and dis-

cussion

To verify our design, a commercial finite element
method program COMSOL MultiphysicsTM 3.5 was
used to simulate the performance of the proposed
hyperlens-based beam focusing device. The power
flows in the simulation domain are shown in Fig. 4
for the focusing objective, the single half cylindrical
hyperlens, and the focusing objective with a half cylin-
drical hyperlens respectively. For simulations shown
in Figs. 4(a) and 4(c), an equal microlens is used as
the focusing objective, and its main parameters are

as follows. The diameter is 1.2 µm, the focal length
is 0.8 µm, the numerical aperture is 0.6, and the cur-
vature radius and the conic coefficient of the plano-
convex structure are 0.5912 µm and −2.886, respec-
tively. The material of the microlens is photoresist
and has a refractive index of 1.699. For the hyper-
lens shown in Figs. 4(b) and 4(c), we fill the inner-
most hollow cylinder with alternating layers of metal
and dielectric materials to lengthen the propagation
distances of waves with large wavenumbers, thereby
improving the focusing resolution. The parameters of
the single half cylindrical hyperlens shown in Fig. 4(b)
are as follows. The outmost radius is 600 nm, the layer
thickness is 10 nm, and the layers are composed of al-
ternating aluminum oxide (Al2O3) (εd = 3.21[14]) and
silver (Ag) (εm = −3.12+0.21 i[14]). The layer materi-
als and the thickness of the half cylindrical hyperlens
shown in Fig. 4(c) are the same as those of the hyper-
lens shown in Fig. 4(b) except that the outmost radius
is 240 nm and a microlens (the same as the case shown
in Fig. 4(a)) is inserted.

It can be seen from Fig. 4(b) that many marginal
beams cannot enter the hyperlens because of their
large incident angles. In comparison, when a mi-
crolens is inserted (shown in Fig. 4(c)), the incident
plane wave can be transformed into a convergent one
first, and then each beam is incident on the hyperlens
in the norm direction, which will improve the system
transmission. What is more, compared with the case
shown in Fig. 4(b), a small radius of the outmost layer
of the hyperlens is required to cover the convergent
waves, which will reduce the metal layers and then
further improve the system transmission. We simulate
the power flow distributions at the exit port of the hy-
perlens in the cross-section direction, and the results
are shown in Fig. 4(d). Figure 4(d) shows that the
focusing system without the hyperlens has a higher
transmission (∼ 75%) but a lower resolution, a sin-
gle hyperlens has a higher resolution but a ultral-low
transmission (∼0.1%), and only the hybrid structure
can obtain both a high resolution and a higher trans-
mission (∼5.3%).

Figure 4(d) shows that the spot size, the full
width at half maximum (FWHM), in the focal plane
of the single focusing objective is about 287.6 nm, cor-
responding to λ0/1.3, which is close to the theoretical
diffraction-limited spot size of λ0/2NA = 312.5 nm
(∼λ0/1.2). For the half cylindrical hyperlens based
device, it can be seen from Figs. 4(b) and 4(c) that the
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focused spot is remarkably localized within a smaller
area limited by the innermost layer core, verifying the
existence of large transverse wavenumbers. According
to Fig. 4(d), the focusing size is 16.3 nm for the hybrid

structure (FWHM, corresponding to λ0/23), which is
far smaller than the diffraction-limited spot size sim-
ulated in Fig. 4(a), and thus the super-resolution fo-
cusing is realized.

Fig. 4. (colour online) Simulations of different focusing devices with a normal incident plane wave. The working

wavelength is 375 nm, and the incident wave is in the transverse magnetic mode. Panels (a), (b), and (c) show

the power flow distributions in the simulation domain for a single microlens, a single hyperlens, and a microlens

combining with a half cylindrical hyperlens, respectively. Panel (d) exhibits the power flow distributions in the

cross-section direction of the focal plane with data taken from panels (a), (b), and (c).

Fig. 5. (a) Schematic diagram of the modifed hyperlens-based focusing device and (b) spot size and system

transmission of the device varying with innermost layer radius R1.
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In some beam focusing applications, such as the
optical data storage and the photolithography, the
system transmission of only 5.3% (simulated results
above) is not good enough. In our optimization de-
sign, we can increase the radius of the innermost layer
R1 to reduce the layer number and thereby improve
the system transmission. The schematic diagram of
the modified structure is shown in Fig. 5(a). The dis-
advantage of the method is that the focusing spot size
will increase with the increasing R1. We calculate the
spot sizes and the transmissions for different values of
R1, and the results are shown in Fig. 5(b). It can be
seen from Fig. 5(b) that when R1 increases to 120 nm,
the system transmission increases to 32.6%, and the
spot size increases to 203.4 nm (∼λ0/1.8), which is still
below the diffraction limit (∼λ0/1.2). In applications,
the structure of the device should be carefully opti-
mized, because the focusing spot size and the system
transmission are both important.

The waves with transverse wavenumbers exceed-
ing k0 will be in evanescent modes after passing
through the hyperlens. Due to the strong diffraction
and the amplitude attenuation of the waves, the spot
size will increase and the system transmission will de-
crease when the waves leave away from the hyperlens.
Therefore, the working plane should be as close to the
focusing device as possible in applications.

It should be mentioned that in the optical data
storage and other applications, the diameter of the
collimated beam is generally much larger than 1.2 µm
used in our simulation. However, as long as the nu-
merical aperture of the focusing objective remains un-
changed, the aperture and the focal length can be en-
larged in proportion to the actual sizes to meet the
size of the beam spot in reality without disturbing the
wavefront. Then for the unchanged mode of transmis-
sion, the device proposed is still applicable.

4. Conclusion

We report a device combining a focusing objec-
tive and a hyperlens together to realize the super-
resolution focusing with an incident plane wave. The
layout is presented for such a realization, and the de-
vice’s characteristics are analysed theoretically, which
is valuable for optimizing the design. The numerical
simulations further verify our design and demonstrate
that the minimum beam spot size can be reduced to

λ0/23 for the given focusing objective and the system
transmission can exceed 5.3%. The proposed device,
owing to its simple design and the realizable struc-
ture, is expected to be useful in the fields of optical
data storage, nanolithography, nanofabrication, and
so on.
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