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ABSTRACT We propose a kind of v-shaped planar silver and dielectric multilayers for
far-field subdiffraction imaging. Finite difference time domain simulations reveal that
two linear sources with a separation far below the diffraction limit can be magnified by
the systems to the extent that conventional far-field optical microscopy can be further
manipulated.

PACS 78.67.Pt; 07.60.Pb; 42.79.-e; 78.20.-e

1 Introduction

The diffraction limit of light,
which is caused by the loss of evanes-
cent waves that carry high spatial fre-
quency information, limits the reso-
lution of conventional lenses to the order
of the wavelength of light used to image
the object. Near-field scanning optical
microscopy can overcome this limit [1]
to reach a much finer resolution beyond
the diffraction limit and has led to the
possibility of resolving details on the
order of the 10–100 nm scale [2]. But
the major constraint of this invention
may be the need for scanning the sam-
ple point by point, making the entire
procedure relatively slow and thus, in
principle, preventing it from capturing
the fast dynamic process taking place
in the sample in real time. The recently
proposed “superlens” offers that pos-
sibility, but the amplified image can
not be processed by conventional op-
tics because the image is still in the near
field [3–5]. It is highly desirable for
many applications to use a system which
would produce a direct optical far-field
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image that carries subwavelength fea-
tures. Quite recently, theoretical and ex-
perimental studies demonstrated a kind
of hyperlens, which is constructed with
layered media with a hyperbolic disper-
sion and can carry evanescent waves to
the far field along the normal direction
of the layered medium [6–10]. How-
ever, the reported hyperlenses so far
utilize cylindrical geometry, which is
not easy to perfectly realize in common
cases and hence technologic aberration
in the fabricating process may destroy
the resultant resolution of the systems.
Although a planar layered structure with
inclined output plane was also proposed
for the far-field superresolution imag-
ing [7], the optical paths from different
objects to the imaging plane are differ-
ent, which will result in the variation of
image intensity and hence may lead to
misreading to the images.

Since Economous’ pioneering work
on periodic structures consisting of
nanoscale metal and dielectric layers
[11], subwavelength metal–dielectric
multilayers were revealed to show very
attractive properties [12–18]. Most re-

cently, it was suggested that such lay-
ered metal–dielectric media show the
capability of almost undistortedly trans-
ferring an optical field distribution in
a plane to any other arbitrary plane
through the rays parallel to the axis of
the layered structure, as if the dielec-
tric functions of metal (εm) and dielec-
tric (εd) satisfy the relation of εm +
εd → 0 [19–21]. This is essentially be-
cause of the anisotropic property of light
propagation in the layered materials,
which can support propagation waves
with very large wavenumbers in some
designed directions. Based upon the
principle, instead of using the nonpla-
nar structures, we will introduce a pla-
nar silver and dielectric multilayered
v-shaped hyperlens (VSHL) for far-field
subdiffraction imaging. The feasibility
of the VSHL for the far-field superres-
olution imaging will be demonstrated
by using two-dimensional finite differ-
ence time domain (FDTD) simulations.
It should be pointed out that, similar to
all the previous reports such as [8, 10],
the hyperlens demonstrated here is also
just suitable for magnifying linear ob-
jects oriented in a proper direction.

2 VSHL structure and
imaging properties

Figure 1 illustrates the sug-
gested VSHL constructed by alterna-
tively stacking two-dimensional planar
Ag films and dielectric films. Where d1,
d2 and εm, εd are the thickness and di-
electric constant of Ag films and dielec-
tric films, respectively. θ and d denote
the wedge angle and total thickness of
the VSHL, respectively. The blue dotted
lines 1 and 2 represent the input and out-
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put surfaces of the VSHL, respectively.
In our FDTD simulations, the spatial
and temporal steps are set at ∆x = ∆y =
5 nm and ∆t = ∆x/2c (c is the velocity
of light in vacuum), and the perfectly
matched layer absorbing boundary con-
dition is used at the boundaries of the
computational window [22]. The excit-
ing light is a TM-polarized wave (mag-
netic field parallel to the z-direction)
with wavelength λ = 365 nm, and the
relative dielectric constants of the Ag
and dielectric films are εm = −2.4012+
j0.2488 and εd = 2.4, respectively [23].

To know the far-field imaging char-
acteristics of the VSHL, we first con-
sider two linear sources A and B sepa-
rated by dAB = λ/3 and symmetrically
placed on the input surface of a VSHL
made of 36 pairs of alternating Ag and
dielectric layers with d1 = d2 = 10 nm
and d = 720 nm � 2λ. Figure 2a–c show
the amplitude distributions of the mag-
netic field |Hz| in the region bounded by
the rectangle denoted in Fig. 1, as θ is set
at 45, 90, and 135◦, respectively. From
the figures, one can see that the radiat-
ing lights from the two linear sources
travel along the normal directions of the
system and then enter into the air at the
output boundary surface of the VSHL to
form two images A′ and B′.

Figure 3 shows the |Hz|2 profile dis-
tributions of two linear sources along
the input surface (Fig. 3a) and their
output images on the output surface
(Fig. 3b) of the VSHL, respectively, in
the case of θ = 90◦ (Fig. 2b). From the
figures, we can see that the curve dis-
tance (dAO +dOB) of two linear sources
on the input surface is amplified from
0.47λ to 4.5λ on the output surface
(dA′O′ + dO′B′ ), corresponding to the
straight distances of the two linear
sources from dAB = 0.47λ/

√
2 � λ/3

to dA′B′ = 4.5λ/
√

2 � 3.2λ of the out-

FIGURE 2 Calculated gray dis-
tributions of |Hz| in the region
bounded by the rectangle shown
in Fig. 1, as θ is set at 45◦ (a),
90◦ (b), and 135◦ (c), respec-
tively. The straight distance of the
two linear sources is λ/3, and the
total thickness of the VSHL is
d ≈ 2λ, which is constructed with
36 pairs of Ag and dielectric films
(d1 = d2 = 10 nm)

FIGURE 1 Schematics of the VSHLs consisting of a periodic stack of planar Ag and dielectric films
with thicknesses d1 and d2, respectively. θ denotes the wedge angle. The blue dotted lines 1 and 2 rep-
resent the input and output surfaces of the VSHLs, respectively. Two linear sources (A and B) with
a straight distance below subdiffraction limit are symmetrically placed on the input surface of the
VSHLs

put. Defining the magnification P of the
VSHL as the straight distance of two
output images dA′B′ divided by that of
two linear sources dAB, one gets a mag-
nification factor of about 3.2λ/(λ/3) �
9.5. Similarly, in the cases of θ = 45◦
(Fig. 2a) and 135◦ (Fig. 2c), respec-
tively, the calculated straight separa-
tions between two output beams on the
output surface of the VSHL are about
dA′B′ = 12 ×λ/3 and 5.5 ×λ/3, respec-
tively, corresponding to the magnifica-
tion factors of 12 and 5.5, respectively.

Shrinking the distance between the
two sources to dAB = λ/4 while all the
other conditions are the same as that
of Fig. 2, we see that the separation
between the two output beams on the
output surface of the VSHL are about
dA′B′ = 16×λ/4, 12×λ/4, and 7×λ/4,
much bigger than the diffraction limit
with magnification factors of 16, 12,
and 7, respectively, as the wedge angle
is set at θ = 45, 90, and 135◦, respec-
tively. Thereby the premagnification of

the VSHL allows for subsequent pro-
cessing on subdiffraction limit objects
by conventional far-field optics.

From the above results we see that
the magnification of the VSHL is de-
pendent on the wedge angle and the dis-
tance of two objects. From the geom-
etry, one can get the magnification P =
dA′B′/dAB = 1 + 2d cos(θ/2)/dAB (θ in
the range of 0 to 180◦). This means
that, in addition to dependence on the
wedge angle θ and the distance of two
objects dAB, P is also determined by the
total thickness d of the VSHL: a thicker
VSHL and smaller wedge angle will
produce stronger amplification to the
object. Most interesting, from the ex-
pression, we see that P of the VSHL
is inversely proportional to the distance
of two objects: the shorter the distance
between two objects, the larger the P
of the VSHL, which has been demon-
strated by FDTD simulation. For ex-
ample, as d and θ are set at 2λ and
45◦ while the distance between two lin-
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ear objects is dAB = λ/3 and λ/4, re-
spectively, we can get the corresponding
P = 12 and 16, respectively. Although
the magnification of the VSHL is also
monotonously enhanced by increasing
the total thickness d of the system, the
light energy will suffer from stronger
attenuation due to longer propagating
distance in the metal–dielectric layers.
Hence, to balance the magnification and
energy loss, one has to select a proper
number of the pairs of metal–dielectric
layers.

As the objects are illuminated by
a plane wave, the scattering light from
the region of the two planar layered
structures may ultimately limit the imag-
ing performance. To test the effect of the
plane wave illumination we simulate the
imaging properties of the VSHL as two
objects with a space below the diffrac-
tion limit are illuminated by a plane
wave (Fig. 4a). The objects are two
chromium cylinder wires with radius of
20 nm separated by 120 nm. Figure 4b
shows the FDTD simulated amplitude
distributions of the magnetic field |Hz|
as a TM-polarized plane wave is inci-
dent into a system with θ = 90◦. The
relative dielectric constants of chro-
mium at 365 nm wavelength is εm =
−8.85 + j8.96 [4], while other parame-
ters are the same as that of Fig. 2b. From
the figure, one can see that in this case
no imaging points can be formed at the
output surface of the VSHL. To avoid
the influence of the central light between
the two objects, we cover the inner sur-
face of the VSHL with a 60-nm-thick
chromium layer and cut two nanoslits
(45 nm wide) with subdiffraction dis-
tance (120 nm) on the chromium layer
as light scatters (objects) according
to [4, 8, 10] (Fig. 4c). The two nanoslits
serve as two objects [4, 8, 10], which is
similar to the cases where the objects
are fluorescence-labeled for bioimag-
ing [24]. Upon light illumination, the
scattering light from the two objects
will enter into the VSHL and propa-
gate along the normal directions of the
layered structure. Figures 4d–f show
the amplitude distributions of magnetic
field |Hz| in the region bounded by the
rectangle denoted in Fig. 4c, as θ is set at
45, 90, and 135◦, respectively. From the
figures, one can see that the light wave
illuminates the whole inner surface of
the system but the images of the two ob-
jects can clearly be distinguished.

FIGURE 3 Calculated |Hz|2 pro-
files along the input surface (a) and
output surface (b) of the VSHLs. The
two linear sources are separated by
λ/3 and the wedge angle θ is 90◦, as
the case of Fig. 2b

FIGURE 4 (a) Schematic of structures as two Cr nanowires (A, B) are placed near the inner surface of
the VSHL. (b) The gray distributions of |Hz| as a TM-polarized plane wave illuminates a VSHL with
θ = 90◦. (c) Schematic of structures as the inner surface is covered with a chromium layer with two
nanoslits (A, B). The simulated gray distributions of |Hz| as θ is set at 45◦ (d), 90◦ (e), and 135◦ (f),
respectively, while other parameters are the same as that Fig. 2a–c
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3 Mutual interference of two
linear sources

Finally, to estimate the mu-
tual interference of two objects with
nanoscale separation on the resolving
power of the VSHL, we calculate the
field distribution of light around the
VSHL as only one linear source (A)
is placed on the input surface of the
system. Figure 5a shown is the |Hz| dis-
tribution of light in the region bounded
by the rectangle shown in Fig. 1 as the
distance dAO = 80 nm while other pa-
rameters are the same as that of Fig. 2b.
One can see that the linear source can
form two separated images at the outer
boundary surface of the VSHL. Fig-
ure 5b shown is the corresponding |Hz|2
profiles of images at points A′ and
around B′. It can be seen that the opti-
cal intensity of the image around point
B′ is much weaker than that of the image
at A′. Introducing optical modulation
M = (I1 − I2)/(I1 + I2) to represent the
image contrast, where I1, I2 represent
the light intensities of the images of
points A and B (B and A) at points A′
(around B′) of the output surface, re-
spectively, then we can get an image
contrast of about 0.77 as linear sources
A and B are simultaneously involved on
the input surface of the VSHL. As the
linear source moves towards the corner
O of the VSHL, the light intensity of
the image of object A around point B’
will become stronger and hence M will
decrease. For instance, Fig. 5c and d, re-
spectively, show the gray distribution of
|Hz| in the rectangular panel of Fig. 1
and |Hz|2 profiles along the output sur-
face at output points A′ and around B′,
as dAO = 10 nm while other parameters
are the same as that Fig. 5a and b. In
this case, we can get an image contrast
M of about 0.19. When dAO changes
to 15 nm, then the corresponding M is
about 0.31 [25], that is to say, as two ob-
jects are simultaneously placed at points
A and B of the input surface of a VSHL,
the two images A′ and B′ can exactly
be distinguished as dAO = dBO = 15 nm,
which corresponds a straight distance
of points A and B of dAB = 15 nm ×√

2 � 21 nm, much below the diffrac-
tion limit.

Figure 6 shows the dependence of
the optical modulation M (curves 1–3)
and magnification P (curves 4–6) on
the distances of two linear sources as θ

FIGURE 5 Calculated gray distributions of |Hz| in the region bounded by the rectangle shown in Fig. 1
(a and b) and |Hz|2 profiles along the output surface (c and d) as just one linear source is placed at A of
the input surface of the VSHLs with dAO = 80 and 10 nm, and θ = 90◦, respectively

FIGURE 6 Dependence of the optical modulation M (curves 1–3) and magnification P (curves 4–6)
on the distances of the two linear sources as θ is set at 45◦ (dash-dotted line), 90◦ (dashed line), and
135◦ (solid line), respectively, while other parameters are the same as that of Fig. 2a–c

is set at 45, 90, and 135◦, respectively,
while other parameters are the same as
that of Fig. 2a–c. It can be seen that
P is reduced while M increased with
the distance of two scattering sources
monotonously. In addition, with the
same object distance, M is enhanced but
P reduced with the increase of θ . This
means that, to balance the magnifica-
tion and image modulation, one has to
properly choose θ .

4 Conclusions

To sum up, VSHLs con-
structed with v-shaped planar layered

metal–dielectric media are introduced
for far-field subdiffraction imaging. Nu-
merical results of the imaging properties
from the FDTD simulations demon-
strated that two linear sources with
a straight distance far below the diffrac-
tion limit can be magnified by the sys-
tems to the extent that conventional far-
field optical microscopy can be further
manipulated.
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