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Abstract Inside of a hyperbolic medium, the principal com-
ponents of the permittivity tensor have opposite signs causing
the medium to exhibit a ‘metallicbr’ type of response to light
wave sin one direction, and a ‘dielectric’ response in the other.
Our study shows that inside hyperbolic media, volume plasmon
polaritons (VPPs) propagate along the characteristic planes,
forming distinct, directionally dependent optical responses. This
is similar to the propagation of conventional surface plasmon
polaritons (SPPs) along the planar interfaces separating the
isotropic dielectrics and metallic slabs. Interestingly, the plas-
mon polariton propagates along the resonance cone in a vol-
ume of hyperbolic metamaterial crossing the interfaces of the
constitutive materials. The Young’s double-slit scheme is used
to study the spatially-confined diffraction in a hyperbolic slab,
made of many thin planar layers of a metal and dielectric, to
obtain the sub-wavelength interference pattern at the output in-
terface. Proof-of-concept systems for producing such patterns
applicable to nanolithography and subwavelength probes are
demonstrated.

Sub-wavelength interference pattern from volume plasmon
polaritons in a hyperbolic medium

Satoshi Ishii1, Alexander V. Kildishev1, Evgenii Narimanov1, Vladimir M. Shalaev1,
and Vladimir P. Drachev1,2,∗

1. Introduction

In the 50’s and 60’s, many papers were published investi-
gating electromagnetic wave propagation in a special type
of anisotropic media with hyperbolic dispersion [1–5]. The
permittivity components of such a medium have opposite
signs, resulting in evanescent propagation of plane waves
with certain direction and polarization. This research was
motivated by the problem of wave propagation in a plasma
of electrons and ions under the influence of a magnetic
field, and in particular, radio waves in the Earth’s iono-
sphere [3–6]. Along with the anisotropic plasmas, stratified
artificial materials were studied for applications in transmis-
sion lines [1]. Recently, a more general case of indefinite
metamaterial media was theoretically analyzed where both
the permittivity and permeability components tensors may
have opposite signs [7].

The fact that a broad spatial spectrum, including waves
with a large wave-vector, can propagate in a hyperbolic
media along one direction has been used to achieve ex-
tremely high spatial resolution. This property of hyper-
bolic materials, when used as an immersion lens, has
been coined a “hyperlens” [8, 9]. Here we study a uni-
axial hyperbolic metamaterial (HMM) – a lamellar metal-

1 Birck Nanotechnology Center and School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN 47907, USA
2 Department of Physics, University of North Texas, Denton, TX 76203, USA
∗Corresponding author: e-mail: vladimir.drachev@unt.edu

dielectric structure – in a regime that allows for the obser-
vation of the interference between two spatially-confined
transverse-magnetic (TM) waves propagating across the
metal-dielectric interfaces. Our experiments show that these
highly localized waves, which we call volume plasmon
polaritons (VPPs), propagate along the characteristic vir-
tual interfaces separating the directions with distinct metal-
lic and dielectric optical responses. An interference of two
VPPs from the double-slit results in a sub-wavelength pat-
tern, which is clearly demonstrated in our photolithogra-
phy experiment. As a result, a route to VPP’s applica-
tions to nanolithography and subwavelength light probes is
demonstrated.

A significant amount of work has been done involving
surface plasmon polaritons (SPPs) in the past few decades.
Developments in SPP optics [6, 10, 11] allowed the real-
ization of planar optical elements such as Bragg mirrors
and beam splitters. These elements have been combined in
various 2D SPP devices [12,13] including interferometers,
beam-splitters, mirrors, and magnifying superlenses [14].
Two dimensional double-slit experiments with SPPs on an
isotropic planar metal-dielectric interface have been stud-
ied [15]. The subwavelength nature of SPPs’ localization
has been studied theoretically and validated experimentally
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with the wave-guiding of light by a subwavelength thick
metal layer (see [16] and references therein).

2. Volume plasmon polaritons in a
hyperbolic medium

The hyperbolic metamaterial design, based on alternat-
ing planar metallic and dielectric layers, supports a strong
preference to the planar architecture in modern optoelec-
tronics [17]. In our experiments, a binary metal-dielectric
lamellar structure with deep subwavelength periodicity is
used to effectively emulate a homogeneous hyperbolic
medium [17]. The symmetry of this metamaterial medium
makes it uniaxial, i.e. having (εx = εy = εx,y) �= εz for the
principal components of its effective permittivity tensor
ε = diag(εx, εy, εz), with the ordinary wave propagating
along the z-axis. The notation ε = ε′ + ιε′′ is also used to
denote the real and imaginary parts of those components.

In the effective medium limit, when the thickness of
the individual layers is much smaller than the wavelength,
the components of effective dielectric permittivity of such
metamaterials are,

εx,y = rεm + (1 − r )εd, ε−1
z = rε−1

m + (1 − r )ε−1
d , (1)

where εm and εd are respectively the isotropic permittivities
of metal and dielectric layers of thickness δm and δd, and
the metal volume fraction is given by r = δm/(δm + δd).
Equation (1) was derived by Rytov from the exact tran-
scendent dispersion equation for binary lamellar media [1].
Then, non-locality effects were taken into account by Agra-
novich et al [18, 19].

For a given free-space wavelength, λ and k = 2π/λ, the
resulting dispersion relation for normalized wavenumbers
(kkx,y → kx,y, kkz → kz),

k2
x,y

/
εz + k2

z

/
εx,y = 1, (2)

describes hyperbolic isofrequency wavenumber curves,
provided that ε′

x,y and ε′
z have opposite signs.

Because of the optical dispersion of metal, a metal-
dielectric lamellar structure can manifest metallic, epsilon-
near-zero (ENZ), or dielectric properties for the adjacent
wavelengths bands. Thus, Eq. (2) confirms that depending
on the sign of transverse components, ε′

x,y, three different
regimes for the ordinary wave propagation are possible:
a metallic (transverse-negative) regime with ε′

x,y < 0 and
ε′

z > 0, a dielectric (transverse-positive) regime with ε′
x,y >

0 and ε′
z < 0, and the transitional ENZ regime with ε′

x,y > 0
and ε′

z ≈ 0. The bands of a binary silver-silica lamellar
structure with r = 1/2 and the corresponding components
of the effective permittivity tensor (ε′

x,y and ε′
z) are depicted

in Fig. 1 with the dielectric function of silver being taken
from [20]. The dielectric and metallic HMM regimes are
achieved at 328 nm < λ < 353 nm and 356 nm < λ (the
blue and yellow regions in Fig. 1), respectively.

A transitional, narrow-band epsilon-near-zero (ENZ)
regime occurs approximately at 353 nm < λ < 356 nm,

Figure 1 (online color at: www.lpr-journal.org) Effective permit-
tivity of a silver-silica lamellar structure having equal thicknesses.
The components of the effective medium permittivity tensor, both
real and imaginary parts, vs. free-space wavelength λ (top, ε′

x,y,
ε′′

x,y; bottom, ε′
z, ε′′

z ).

where ε′
x,y ≈ 0 (the narrow grey region in Fig. 1). In

summary, for binary metal-dielectric lamellar structures,
a metallic HMM regime is typical for the broad spectral
range across the visible, the dielectric HMM regime is con-
fined within a relatively narrow band in the ultra-violet
range, while the epsilon near zero (ENZ) regime occurs in
a resonant narrow band between the metallic and dielectric
bands. Dielectric HMMs (with a few elemental material
combinations) have been used for far-field sub-wavelength
imaging [8, 9, 14, 21], which differs from the ENZ multi-
layer structure suggested in [22], and have been recently
realized in [23, 24] for near-field imaging.

The field distribution of an electric dipole inside a uni-
axial material is expressed by scaling the dielectric space
[4, 25] as we will explain in detail below. In a two dimen-
sional x-z space, for a line of dipolar sources (p = x̂p) con-
tinuously distributed along y-axis, the H-field in a medium
is H = ŷh. We take the H-field pattern in vacuum, h0(x, z),
and the corresponding exact H-field patterns h(x, z), for all
three regimes of the HMM, which we presented in Fig. 1.

In the wavelength-normalized free 3D-space, kx → x ,
ky → y, kz → z, the TM H-field is defined as,

h0(x, z) = −1

4
pck2 H (1)

1 (ρ)z/ρ, (3)

where c is speed of light in free-space, H (1)
1 is the Hankel

function of the first kind and first order, ρ = √
x2 + z2, with

z = ρ cos θ , and x = ρ sin θ . Hence, the singular shadow
region is aligned with the x-axis (z = 0) as depicted in Fig.
2(a). Note that the free space tangential E-field (E = θ̂e0)
is e0(x, y) = (ze0,x − xe0,z)/ρ.

For the uniaxial HMM we directly use the ‘Clem-
mow’s scaling prescriptions’ [4] to transform h0(x, z)
into h(x, z) and, e0(x, z) into e(x, z) [4], we ar-
rive at, h(x, z) = nznx,yh0(nx,yx, nzz) and e(x, y) =
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Figure 2 (online color at: www.lpr-journal.org) Pseudo-color
map of the H-field generated by an elementary electric (dipole)
source. The source is an infinite line of coherent in-phase dipoles
uniformly distributed along the y-axis (out of plane). The dipoles
are aligned with the x-axis and generate the single y-component
of the magnetic field. The generated H-fields are shown in the
normalized space: (a) vacuum; (b) dielectric HMM at 340 nm
with εx,y=0.57 + ι0.13, εz = −4.22 + ι2.03; (c) ENZ at 359.4 nm
with εx,y = 0.005 + ι0.123, εz = 2.82 + ι43.3; (d) metallic HMM
at 465 nm with εx,y = −2.78 + ι0.13, εz = 6.31 + ι0.09. Yellow in-
sets in (a)–(d) show the isofrequency curves for the normalized
wavenumbers calculated for each material case using Eq. (2).

nx,ynzn−1
θ e0(nx,yx, nz y), where nx,y = √

εz, nz = √
εx,y,

and nθ = √
εz sin2 θ + εx,y cos2 θ .

As a result, for each HMM regime, the shadow and
illumination regions become very different as depicted in
Fig. 2(b)–(d). The tangential far-field, E(x, y) = θ̂e(x, y),
ρ 	 1, in free space is e0(x, z) = η0h0(x, z), where η0 =√

μ0/ε0 is the vacuum impedance. As expected, by using
the H-field, h(x, z), and the directional impedance, ηθ =
n−1

θ the far-E-field can be defined as e(x, y) = η0ηθ h(x, z).
Hence, we can obtain the radial component the Poynting
vector from,

s(ρ, θ ) = 1

2
Re(eh̄)

= 1

2
η0Re(ηθ )|εzεx,y||h0(nx,yρ sin θ, nzρ cos θ)|2.

(4)

An approximation that is commonly made for ρ 	
1 is that only the lowest-power term of ρ in h0(x, z)
needs to be considered. Thus, for ρ 	 1, the approximate

free-space H-field is given by h0(x, z) ≈ 1+ι1
4
√

πρ
ck2eιρz/ρ.

In the cylindrical coordinates, the far-field inside the

HMM yields, h(ρ, θ ) ≈ 1+ι1
4
√

πρ
ck2n2

znx,y n
− 3

2
θ eιnθ ρ cos θ , and

Eq. (4) gives the following approximation (ρ 	 1):

s(ρ, θ ) ≈ η0

∣∣n2
z nx,y

∣∣2

16π |nθ |5ρ c2k4Re(nθ )e−2n′′
θ ρ cos2 θ. (5)

To illustrate the radiation patterns specific to the unique
anisotropy of the HMM, an electric dipole radiation in a
homogenized isotropic medium of the silver-silica lamellar
structure is shown in Fig. 2. In this figure, we compare an
H-field map generated by an infinite line of electric dipolar
sources p = x̂p in vacuum (Fig. 2(a)) with the correspond-
ing field maps in given HMM regimes (Fig. 2(b)–(d)) where
the effective permittivities are taken from Fig. 1.

The ENZ regime gives low divergence due to the highly
anisotropic elliptical dispersion (see, Fig 2(c)), while di-
electric HMM dispersion may result in a similar directional
propagation along the z-axis (normal to the surface of metal-
dielectric layers), as shown in Fig. 2(b). These types of
propagation were studied in experiments on hyperlenses
[14,21]. In this case, light propagates along the optical axis
of the anisotropic structure.

Consider a slab of hyperbolic uniaxial medium with
optical axis in the z-direction and the displacement vector
D lying in the principal plane containing both optic axis and
wave vector k. Component of electric field directed along
D is given by ED = E · D/|D| =|D|/ε(ϕ), where

1

ε(ϕ)
= sin2 ϕ

εe
+ cos2 ϕ

εo
(6)

here εo = εx,y, εe = εz and ϕ is the angle between the
wave vector and optical axis. The wave vector refraction
at the crystal-isotropic medium interface formally obeys
the Snell’s law. The critical angle ϕc for the wavevector
can be found from the angular dependence of the effective
permittivity, ε(ϕ), calculated from Eq. (6) at Re(ε(ϕ)) = 0
as shown in Fig. 3(a) at 456 nm. As in turn the an-
gle θ between the ray and optical axis depend on ϕ as
tan θ = (εo/εe) tan ϕ, as depicted in Fig. 3(b). Then, the
critical angle θc for the resonance cone can be found from
θc = tan−1(Re(εo/εe) tan ϕc).

The table in Fig. 3(c) compares the critical angles (θc)
obtained either directly at max |s(ρ, θ )|, with the Poynting
vector s(ρ, θ ) being defined by Eq. (4), or indirectly from
the resonance condition Re ε(ϕc) = 0. The differences be-
tween the two methods do not exceed more than one degree
in the visible range, as illustrated in Fig. 3(c). The angular
dependences of the normalized Poynting vector amplitudes,
calculated from Eq. (4) as well as from Eq. (5), are shown
in Fig. 3(d). Figure 3(d) clearly shows the wedge-confined
energy flow at the critical angle θc ≈ −32 deg. So the plas-
mon polariton in this case propagates along the resonance
cone in a volume of hyperbolic metamaterial.

Note that by confining the propagating modes inside
the metallic medium along the resonance cone (Fig. 2(d)),
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Figure 3 (online color at: www.lpr-journal.org) Angular depen-
dence of VPPs for a silver-silica lamellar structure. (a) the angular
dependence of the effective permittivity (red, ε′(ϕ); blue, ε′′(ϕ))
calculated from Eq. (6); (b) the critical angle of the resonance
cone θc obtained using the dependence tan θ = (εo/εe) tan ϕ

shown as a solid-red line; (c) wavelength dependence of the
VPP angles: comparison of the critical angles (θc) obtained
either through ϕc from the resonance condition ε′(ϕc) = 0 for
Eq. (6) and θc = tan−1[Re(εo/εe) tan ϕc], or directly from max
|s(ρ, θ )|. (d) normalized Poynting vector amplitude calculated
from the exact formula (Eq. (4) and the far-field approximation
(Eq. (5) plotted against angle (θ).

two-beam interference can be accomplished. Thus, in con-
trast to the imaging devices built on ENZ materials and
dielectric HMMs [8, 9, 26–28], optical devices exploiting
wedge-confined diffraction in the metallic hyperbolic me-
dia may offer lucrative applications for photo-lithography
and light response probing.

Several numerical studies have shown that it is possible
to obtain an interference peak much smaller than the free-
space wavelength [29–33]. There are however many aspects
of light-matter interaction in such hyperbolic metamaterials
to be clarified for experimental realization. These include
the essentially nonlocal response of the free electrons [34]
(defined by the carrier mean-free path) and the defects at the
layer boundaries which can lead to strong scattering into
the high-k modes of the hyperbolic media. These issues
are especially crucial in the case of the metallic range of
hyperbolic media supporting VPPs (see isofrequency curve
in Fig. 2(d)).

3. Experimental demonstration of
sub-wavelength interference in a hyperbolic
medium

Next, we experimentally demonstrate that the metallic
HMMs support propagation of the VPPs along the wedge

Figure 4 (online color at: www.lpr-journal.org) Schematic dia-
gram (a) and a SEM image (b) of the double slit milled in a
chromium film. (c) Schematic diagram of the double slit with a
silver-silica lamellar HMM slab in contact with a photoresist layer.
(d) Schematic diagram of double slit with a reference silica slab
in contact with a photoresist layer. Incident and diffracted fields
are shown in red. AFM images after develop for the silver-silica
lamellar HMM sample (e) and the silica layer sample (f). The di-
mensions of the images in x axis are 600 nm and 1000 nm for (e)
and (f), respectively. The dimensions of the images for (e) and (f)
in x and y directions are 1500 nm and 600 nm, respectively.

surface defined by the condition of crossing zero epsilon
(ε′(ϕc) = 0, i.e. the boundary of the evanescent wave). An
interference of two volume waves from individual double-
slits results in a sub-wavelength pattern, which is clearly
demonstrated in our photolithography experiment. We see
that the interfering waves go through the hyperbolic mul-
tilayer metamaterial and hit the photoresist layer. Differ-
ent power-to-time product of the exposure show similar
patterns at different depths. Due to localized propagations
of the VPPs, a relatively thin structure supports the inter-
ference of the two beams, simplifying its fabrication and
integration into a potential planar photonic device. Thus,
the operation principles and design of our focusing device
are different from imaging or transformation optics devices
such as the designs of cylindrical hyperlens or planar hy-
perlens requiring curved layers [8, 9, 26–28].

The fabrication process began by depositing a 50-nm
chromium film on a glass substrate using an electron-beam
evaporator. The double slit design was then milled into the
chromium film using a focused ion beam (FIB) (FEI, Nova
200). A schematic diagram and a scanning electron micro-
scope (SEM) image of the double slit are shown in Fig. 4(a)
and (b), respectively. The separation of the two slits is
270 nm, and the width of each slit is 50 nm. In order to fill the
slits, we spin-coated diluted PMMA on the chromium film.
The PMMA solution was prepared by diluting 950PMMA
A4 (MicroChem Corp.) with Anisole in a one to four vol-
ume ratio. This gives a final film thickness of 18 nm after
spin coating at 3000 rpm for 40 seconds and a soft-bake
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Figure 5 (online color at: www.lpr-
journal.org) (a) and (b): Simulated irradiances
through the double slit at 465 nm in the
silver-silica lamellar HMM slab with 15-nm
thick layers of silver and silica (a) and in the
single layer of silica (b). These structures
correspond to the experimentally fabricated
samples. (c) and (d): Same as (a) and (b),
but with 2-nm thick layers of silver and silica:
(c) an HMM with 28 pairs of layers; (d)
semi-infinite HMM slab. The color scales
in (a), (c) and (d) are normalized to each
diffraction peak irradiance and the color scale
in (b) is same as (a).

at 185◦C for 5 min on a hotplate. On top of the PMMA
layer, we deposited three pairs of alternating silver and
silica layers for a total of six 15-nm-thick layers. To have a
smooth and continuous silver film, 1-nm-thick germanium
layers were deposited before each of the silver layers [35].
Hence, the final structure looks like the images shown in
Fig. 4(c) and the total thickness of the multilayer structure
including the PMMA layer was 111 nm. From spectro-
scopic ellipsometry measurements, the permittivities of the
silver and silica layer were found to be 7.82 + ι0.45 and
2.1, respectively at 465 nm. The imaginary part of the per-
mittivity of silver was 1.7 times larger than the value given
in [20] due to the film thickness, which is less than the elec-
tron mean free path [36] and unavoidable grain structures
[37]. We also prepared a control sample consisting of a sin-
gle 110-nm-thick layer of silica instead of the alternating
metal-dielectric layers (see Fig. 4(d)).

To detect the diffraction pattern, we exposed positive
photoresist (AZ Electronic Materials, AZ 1518) films. The
photoresist was spin-coated on a glass substrate. The light
source used for exposing the photoresist was a linearly po-
larized 3 mW Ar/Kr CW laser (Melles Griot, 43 series)
operating at 465 nm. Since the transmittance of the silica
layer sample is higher than the transmittance of the HMM
sample, the laser power was decreased by 20% when ex-
posing the silica layer sample to keep the exposure time
the same as the HMM sample. When exposing the sample,
the photoresist was brought into contact with the sample,
and the sample was illuminated from the Cr film side in TM
polarization as shown in Fig. 4(c) and (d). Light coming out
from subwavelength slits can be treated as point sources.
The arrows in Fig. 4(c) and (d) schematically show the light
propagation in each structure.

After exposure, the photoresist was developed with AZ
developer (AZ Electronic Materials) for one minute. The
dip created by the photolithography process was scanned by
an atomic force microscope (AFM, Veeco Dimension 3100)
with a high-aspect ratio tip (Veeco Nanoprobe Tip TESP-
HAR) to detect narrow features. The root-mean-square
(RMS) roughness of our sample, in addition to the pho-
toresist, was below 1.5 nm. Examples of the AFM scans for
the silver-silica lamellar HMM sample and the silica layer
sample are shown in Fig. 4(e) and (f), respectively. The dip
created by the HMM sample is much narrower compared
the dip created by the silica layer sample.

To verify our experimental results on the interference
of VPP waves inside the HMM, and optimize the perfor-
mance of the double-slit/HMM device, we have conducted
full-wave simulations using a commercial finite-element
software (COMSOL Multiphysics), with all dimensions
taken from the fabricated samples. The permittivities of
the materials are extracted from spectroscopic ellipsometry
measurements. The computational domain was truncated
by the scattering boundary condition, and a 465-nm TM-
polarized plane wave (electric field is across the slits, see
Fig. 4(c)) was incident from the top boundary. The con-
trol structure which has a single layer of silica instead of
the lamellar structure was also simulated. The irradiance
of the transmitted light for the silver-silica lamellar HMM
and the silica reference slabs are shown in Fig. 5(a) and
(b), respectively. While the silica slab creates a diffraction-
limited pattern, the HMM directs the diffracted light into a
subwavelength spot at the HMM-substrate interface due to
the directional propagation of high-k waves from the slits.
Note that inside HMM pattern light is still “diffraction lim-
ited” but this limit is much less for the hyperbolic media as
compared to free space.

Even for the HMM described with a relatively small
number of the metal-dielectric layers, the effective permit-
tivity is still hyperbolic [1,38]. Nonetheless, the limitations
of the EMT approximation become significant [1, 39, 40].
One of the indications of that is the beam walk-off parallel
to the interfaces as seen in the simulations (Fig. 5(a)). Some
changes in the results should be expected, once the period
of the HMM structure is decreased, leaving the effective
parameters formally the same. The computed hypothetical
HMM structure consists of 28 pairs of silver and silica lay-
ers, each with a 2-nm thickness. The total thickness would
then be 112 nm, which is approximately same as the ex-
periment. The distance between the two slits was set to
200 nm to maximize the irradiance at the center as shown
in Fig. 5(c). Since this structure has a smaller period, its
performance becomes closer to the homogeneous effec-
tive medium. Compared to Fig. 5(a), we see more distinct
beaming in Fig. 5(c). In terms of the beam propagation
angle, the angles in Fig. 5(a) and (c) are 51 and 40 deg,
respectively. Thus, the structure in Fig. 5(c) gives the angle
which is closer to that obtained from the VPP condition
(|θc| ≈ 33 deg at 465 nm). More importantly, the pattern
size is significantly decreased as shown below in Fig. 5(c).
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Figure 6 (online color at: www.lpr-journal.org) (a) Depth profiles
from the AFM scans for the silver-silica lamellar HMM sample
having three different depths depending on exposure conditions.
(b) Normalized depth profiles of the HMM sample shown in (a)
and the silica layer sample. The actual depth for the silica layer
sample is 112 nm. (c) Simulated irradiances at the slab-substrate
interface for the lamellar HMM slab and the uniform slab of silica.

We also plot a semi-infinite slab of alternating 2-nm thick
silver/silica layers (Fig. 5(d)). The FWHM is about the
same as in Fig. 5(c) which means that back reflection at the
interface does not affect the pattern size. Note that before
the experiments, the initial EMT-based estimates have been
followed by full-wave modeling to optimize the center peak
intensity by varying the distance between the slits.

Fig. 6(a) shows the AFM scans averaged along the
slits for the silver-silica lamellar HMM sample deposed for
8 to 10 minutes. When the pattern depth in photoresist is
15 nm, the full-width-at-half-maximum (FWHM) is 83 nm.
Longer exposure time resulted in a deeper profile and wider
FWHM. Thus, for the writing depths of 35 nm and 42 nm
the FWHMs are 105 nm and 135 nm, respectively. Our re-
sults clearly indicate that planar metal-dielectric lamellar
structures have the capability to form the diffracted light
from the slits into a subwavelength interference spot. In
Fig. 6(b), we show the normalized AFM scans presented in
Fig. 6(a) as well as the silica layer sample. As the penetra-
tion depth (exposure time) increases, the contrast becomes
better while the FWHM becomes larger. If the experimen-
tal profile was extrapolated to an even smaller depth, the
side peaks would grow and the central peak would become
narrower, approaching the simulated irradiance just near
the resist’s surface. Fig. 6(c) depicts the irradiances at the
interfaces and the substrate obtained from the simulations

Figure 7 (online color at: www.lpr-journal.org) Numerically sim-
ulated grating nanolithography pattern with metallic hyperbolic
medium.

shown in Fig. 5. The FWHM of the central peaks of the
HMM structure and the single layer are 45 nm and 514 nm,
respectively. Thus, the results of the numerical simulation
results agree with our experimental results. Our separate
simulations (with the photoresist being replaced with air)
show that the minimum FWHM does not depend on the
substrate index. When comparing the experimental results
with the simulations, it is important to keep in mind that
the tightest spot is at the interface of the top layer (sil-
ica) and the resist for the HMM sample. As the distance
from the interface increases, the peak-to-background ra-
tio becomes worse. This happens because the photoresist
is not a hyperbolic medium, and therefore the waves en-
tering the photoresist from the multilayers diverge within
a few tens of nanometers. Since the depth of the surface
profile is 15 nm even for the shallowest result, it is natu-
ral that the FWHM of the experimentally measured dip is
wider than that from the simulation results of Fig. 6(c). The
overall picture becomes closer to the simulated results if
the depth of the dip is shallower. The simulations for the
28 layer structure show potential to improve the resolution.
Indeed the FWHM of the interference peak for this short pe-
riod structure is about 22 nm. Reducing the metallic losses
could further improve the resolution as discussed in [29].
However, to reach this resolution the photoresist quality
should be improved. Commercially available photoresists
at the tested wavelength have grains of at least 60 nm [41].
However, PMMA could be grafted with azobenzene dye
for better resolution down to 30 nm [42]. Our results can
be easily extended to the grating nanolithography as it is
shown in Fig. 7.

4. Summary

To summarize, we have experimentally shown that
diffracted light propagates inside a hyperbolic material
made of a planar silver-silica lamellar structure along
the resonance cone boundary between the directions with
Re ε(ϕc) > 0 and Re ε(ϕc) < 0. Such propagation across
the real metal-dielectric interfaces is a characteristic fea-
ture of the volume plasmon-polaritons. The interference of
VPPs from a double-slit creates a sub-wavelength inter-
ference pattern, which is six times smaller than the free
space wavelength at 465 nm. This is in sharp contrast
to the double-slit experiment in silica, which results in a
diffraction-limited pattern. The hyperbolic material prop-
erties tend to be closer to the target effective parameters as

C© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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the layering-period is decreased, providing potential pat-
tern sizes of 22 nm. Such unique subwavelength interfer-
ence patterns offered by hyperbolic metamaterials allow
for a range of applications in nanophotonics – from photo-
lithography demonstrated in our work, to a sub-wavelength
optical probe for sensing. Planar structures are preferred
due to their ease of fabrication and integration into planar
photonic devices and conventional optical systems.
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