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Light concentration using hetero-junctions of anisotropic
low permittivity metamaterials

Mohammad Memarian and George V Eleftheriades

Focusing incident power into an area of high concentration is of significant interest for various applications. In optics, this has been

traditionally achieved with lenses where a higher curvature and lens permittivity typically result in shorter focal distances (low f/D). In

this work, we present designs and techniques for collecting, refracting and guiding incident light into an area of high power

concentration (a hot spot) at extremely short distances. Specifically, a flat low-profile focusing mechanism is presented using a

hetero-junction of anisotropic metamaterials (MTMs). The hetero-junction is formed from two cleaved finite slabs of low (near zero)

permittivity anisotropic MTMs with rotated optical axes. The MTMs have near zero longitudinal permittivity while matched in the

transverse direction. Such MTMs are shown to provide a unique ability to bend the transverse magnetic or p-polarized light away from

the normal and along the interface, contrary to conventional dielectrics, and with minimal reflections; hence allowing for a low profile

design. Realizations in the optical regime are presented using periodic bilayers of metal and dielectric. The proposed hetero-junction

focusing device concentrates the normally incident plane wave and/or beam into a corresponding focal region similar to a lens via

multiple refractions. The hetero-junction is capable of creating a hot spot very close to the device, much closer than dielectric lenses

and it significantly outperforms the size requirements of thick high curvature lenses with low f/D ratios. The proposed designs can find

applications in various scenarios including solar and thermo photovoltaics, photodetectors, concentrated photovoltaics, non-imaging

optics, micro- and nano-Fresnel lenses.
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INTRODUCTION

In many electromagnetic and optical applications, it is desirable to

collect light incident over a wide area and focus/concentrate it into a

smaller area. Although the most notable application is imaging, other

applications include non-imaging and illumination optics,1 concen-

trated photovoltaics1–3 and electromagnetic concentrators4–7 to name

a few. In all these scenarios, the collected electromagnetic waves are

refracted and guided to create an area of high power concentration.

Various solutions have been proposed so far, such as using traditional

lenses,1,2 Fresnel lenses1,3 and transformation optics devices,4,7,8

depending on the application. A potential solution for light concen-

tration is using the growing field of metamaterials.

Metamaterials (MTMs), materials with uncommon constitutive

parameters, have enabled new frontiers and various scientific break-

throughs such as the ‘superlens’ for perfect imaging9 and the electro-

magnetic ‘cloaking’8 in the past decade or so. Such engineered

structures have yielded an ‘effective’ electromagnetic response that is

normally not encountered in nature. Aside from enabling these new

frontiers and interesting scientific properties such as a negative index

of refraction,10,11 negative refraction,12 indefinite media13 or near-

field imaging,11,14 MTMs have shown to be beneficial for various

existing applications. For instance,MTMs show superior performance

over prior techniques for absorption, wave guidance and narrow-

band emission of light for solar and/or thermal photovoltaic cell

applications. Recently, various works have used metamaterials for

the design of thermal absorbers15–20 and selective thermal emit-

ters21–26 potentially for thermal photovoltaics (TPV), as well as

Solar-TPV systems.27,28

A certain class of metamaterials have permittivity values close to

zero which are also known as epsilon near zero (ENZ) materials in the

literature.29–31 They have shown interesting usages, e.g., in tunneling

energy through bends and channels30 and tailoring the radiation phase

pattern.31 Although isotropic bulk ENZs are hard to achieve, aniso-

tropic MTMs can be realized using subwavelength periodic bilayers of

two materials,32 such as bilayers of a metal and dielectric, enabling

negative refraction in the optical and infrared regimes.33,34 Such

layered structures can be tailored to achieve near zero permittivity at

least along one axis, which has enabled the realization of the hyperlens

with hyperbolic dispersion MTMs.35–38

In this work, we propose a flat low-profile device based on a hetero-

junction of anisotropic ENZ metamaterials, which leads to focusing

and power concentration of the incoming light. The anisotropic

MTMs have low longitudinal permittivity and are matched in the

transverse direction for minimal reflections. The proposed device is
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low profile and flat and concentrates the field much like a lens does

into a spot. In contrast to other designs, where the field intensity is

increased inside a transformed medium,4–7 this design focuses the

power into a region outside in the host medium (e.g., air). It is shown

that such a device can in fact outperform thick lenses with very low f/D

ratios, to create areas of high power concentration very close to the exit

facet of the device, i.e., at short focal distances. It also outperforms the

recently reported flat and thin lenses realized using arrays of optical

antennas39,40 in terms of their f/D ratios. The proposed focusing het-

ero-junction device is an alternativemethod for extremely close power

concentration under normal incidence.

We demonstrate how to logically construct such a focusing device

out of ENZ hetero-junctions, by exploring the unique refraction prop-

erties of anisotropic ENZs based on ray optics and corresponding

dispersion diagram analysis. Unlike transformation optics8which typ-

ically results in very complex media that are hard to realize in practice,

this approach yields simple uniaxial structures that are easier to realize

in the optical regime.

MATERIALS AND METHODS

Our uniaxial MTMmedia of interest are assumed to be non-magnetic

with mr51 and have a permittivity tensor

~

x 0 0

0 y 0

0 0 z

0

B

@

1

C

A 0 ð1Þ

For an anisotropic uniaxial medium ( y~f x or zg, x= z), trans-

verse magnetic (TM)-polarized light with an in-plane electric field in the

x–z plane experiences different permittivity values along the z and x axes.

Bending light away from normal

Consider a TM plane wave that is incident at a slightly off-normal

angle on the interface of air and an arbitrary medium, as shown in the

x–z plane of incidence in Figure 1a. If themedium is a typical dielectric

such as glass, according to Snell’s law, the wave refracts such that it

always makes a smaller angle with the normal as shown in Figure 1b,

since glass is a dense medium ( w 0) compared to air. But if the

medium has low permittivity ( v 0), the off-normally incident light

refracts differently, such that it makes a larger angle away from the

normal to the interface. In the case of a zero permittivity MTM ( ?0),

the refracted wave flows almost parallel to the interface of the MTM

and air, as shown in Figure 1a. This seemingly simple refraction is not

encountered in nature and is not typically noted. It is, however, of

significant importance and will be used for the operation of the light

concentrator.

An isotropic zero permittivity MTM is typically not realizable in

nature and it is alsomismatched to air (impedance5
ffiffiffiffiffiffiffi

m=
p

). The latter

issue causes reflections for the incident light at the interface of the

MTM reducing the transmitted power. We find, however, that in

order to achieve the desired refraction, the MTM does need to be

isotropic. The condition for refracting the wave away from the normal

is to have a close to zero longitudinal permittivity (e.g., z?0). The

permittivity in the transverse direction does not need to be low and can

in fact be used to match the MTM to air for normally incident light.

Deriving the reflection coefficient at the interface by applying the

boundary condition for the continuity of the tangential electric and

magnetic fields, it is found that for an arbitrary angle of incidence w,

the reflection coefficient is

r~
cos w

ffiffiffiffi

x
p

{

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1{sin2 w
�

z

q

cos w
ffiffiffiffi

x
p

z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1{sin2 w
�

z

q ð2Þ

This shows that for normal incidence w506, x~1 results in zero

reflections.

Therefore, we arrive at an anisotropic MTM with low longitudinal

z?0+ and matched transverse x~1 permittivity values as the

optimum solution for our refraction of interest. Incidentally this is

the opposite of the operation of the hyperlens35 where the transverse

permittivity was close to zero. As noted, there are two possible solu-

tions depending on the sign of z . Figure 1a shows the power flow

(Poynting vector) for the two possibilities corresponding to positive

(blue) and negative (red) refraction. From a dispersion standpoint,

this means that the MTM follows either elliptic or hyperbolic disper-

sion, respectively.

The same anisotropicmedium can be used to refract a completely z-

directed incident light away from the z-axis. This is done by rotating

the crystal by a slight angle a in the x–z plane as shown in Figure 1c,

where the rotation causes an inclined surface. The permittivity tensor

of such rotated crystal can be found by a coordinate transformation

and using a rotation matrix R að Þ, where

R
~

(a)~
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The final permittivity matrix of the rotated slab in the x–z coordi-

nates is ~R {að Þ ’
R að Þ. The same rotated crystal may also be cleaved

along the x-axis. The flat surface will still bend the normal incident

light with a large angle away from the normal, making it propagate

along the interface as shown in Figure 1d.

We can therefore bend the direction of power flow of normally (as

well as off-normally) incident light farther away from the normal to

the interface. This refraction with minimal reflections is not possible

with other choices of values for the permittivity tensor (e.g., it is not

encountered in nature with typical dielectrics) and is a direct

consequence of using an anisotropic low permittivity medium. This
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Figure 1 (a) Off-normal light incident on the interface of air and a half-space of a

material filled with an anisotropic MTM with low longitudinal and matched trans-

verse permittivity values z?0, x~1f g causing refraction away from normal.

Both positive (blue) and negative (red) refraction is possible depending on the

choice ofMTM. (b) Interface with a regular isotropic dielectric rw1which always

positively refracts light closer to the normal. (c) A rotated MTM with an inclined

interface and (d) a rotated MTM cleaved surface along x-axis, to refract the z-

directed incident light away from the z-axis. MTM, metamaterial.
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refracted wave is a free propagating wave in the lower half-space and is

not a ‘bound surface wave’, and thus can be further guided if needed.

Our intention is not to couple to surface waves bounded to the inter-

face as they do not carry real power when leaving the interface.

The refraction capability suggests that one can create a longer trans-

verse path length for the refracted wave and a much shorter longit-

udinal path. It therefore suggests that one can use a thin material, as

the longitudinal component of the ray path is much shorter than the

transverse. This has a direct consequence for realizing low profile

focusing devices as shown in this work. Another consequence of this

result is that it can potentially allow thinner absorbers (say, for TPV

applications), by increasing the chance of absorption of the incoming

power in the transverse direction despite its small thickness.

Physical realization

The desired anisotropic low permittivity MTMs can be realized with

layers of metal and dielectric at optical frequencies. It has been long

known that subwavelength periodic bilayers of materials can be effec-

tively treated as a homogenous medium with an effective uniaxial

birefringent permittivity tensor.32 This has been used in various stu-

dies33 and is particularly useful for the realization of ENZ MTMs29

where the desired ‘close to zero permittivity’ is typically achieved by

interleaving subwavelength layers of a material with positive permitti-

vity and a material with negative permittivity, such that the effective

medium is zero permittivity.35–38 The effective permittivity values along

the optical axis and normal to the optical axis of a layered structure

using the first-order Effective Medium Theory formulas are:32,38

axis~
m d

1{pð Þ mzp d

ð4Þ

\axis~p mz 1{pð Þ d ð5Þ

where m and d are the permittivity values of the metal and dielectric

layers, respectively, p is the filling ratio of the metal layer (thickness of

the metal layer divided by the sum of the thickness of metal and

dielectric layers) and the optical axis is normal to the layers.

Depending on the operating wavelength and desired level of loss,

one may choose a variety of materials for realizing the required aniso-

tropy. For instance for the low-loss focusing device presented here we

utilize bilayers of silver (Ag) having m~{18z0:5j35 for the metal

layer (loss and dispersion accounted for) and glass d~2:2 for the

dielectric layer, at a free-space operating wavelength of l05633 nm.

RESULTS AND DISCUSSION

Light concentration using MTM hetero-junctions

Figure 2a proposes the MTM based focusing device that collects light

over a large area and concentrates it into a hot spot. The device com-

prises a hetero-junction of two anisotropic low permittivity MTMs

z’?0, x’~1f g placed side by side. Each MTM is rotated by a small

angle (6a) giving rise to oppositely rotated principal axes on the two

sides of the junction. TheMTMs are finite slabs and their interfaces are

cleaved along the x-axis.

According to the operation discussed in Figure 1d, the normally

incident light bends away from the normal on each side of the
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Figure 2 A flat light-focusing device made of a hetero-junction of two rotated anisotropic MTMs with (a) negative near zero and (b) positive near zero longitudinal

permittivity. Power intensity for normal TM incidence (normalized to incident intensity) using a homogenized model of MTMs having (c) z’~{0:1 for the negative

refracting device and (d) z’~z0:1 for the positive refracting device and x’~1, a~+100. MTM, metamaterial; TM, transverse magnetic.
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hetero-junction. The MTMs are rotated such that the waves are

refracted accordingly on each side such that power is forced to flow

towards the center of the structure. The light is then transmitted

through to create a spot of high field concentration on the other side

of the structure in air. Hence, the overall hetero-junction operates

similarly to a lens under normal incidence and focuses light into a

spot. The device shown in Figure 2a uses negative refraction with

z ’?0{. A similar device using positive refraction with z’?0z can

also be envisioned as shown in Figure 2b. As shown, the MTMs in

Figure 2b must be rotated opposite to that of Figure 2a, such that the

refraction again forces the power towards the center.

Figure 2c shows fullwave simulation results of the fieldmagnitude for

a device with parameters z’~{0:1, x’~1f g, i.e., the case of Figure 2a
having MTMs with hyperbolic dispersion. The simulation results of a

device realized with elliptical dispersion MTMs z ’~z0:1, x’~1f g is

shown in Figure 2d. The tilt angle of the MTMs for both devices is

a56106. It can be clearly seen that an area of high field concentration or

hot spot is indeed achieved in both cases close to the bottom interface. It

should be noted that the top interface of the devices does not necessarily

need to be cleaved and can be left at the corresponding slanted angles as

was done in Figure 1c. However, a cleaved surface along the x-axis

allows realizing a more flat and low profile design.

Theory of operation of the light concentrator

The exact operation of the negative refracting device in Figure 2a can

be best understood using the equifrequency contours shown in

Figure 3a. The wave vector/phase velocity and the power flow are

traced out throughout the structure and outside. The diagram is con-

structed based on the phase matching boundary condition at each

interface, i.e., the tangential wave vector must be continuous. The

direction of the Poynting vector (power flow) as well as the group

velocity is normal to the equifrequency contour. The propagation in

the anisotropic medium prior to rotation is governed by

k2x’

z’

z
k2z ’

x’

~k20 ð6Þ

The figure shows the propagation of a TM wave incident on the

MTM on the right side of the hetero-junction. The normal incident
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Figure 3 (a) Dispersion diagram showing wave vector and refraction at different boundaries, equifrequency contours inside hyperbolic media, as well as predicted

directions of Poynting vector. Fullwave simulations of the power flow (Poynting vector) for (b) partial illumination and (c) full illumination of the device.
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wave~kki impinging on the air/MTM interface (1), phase matches to a

wave vector~kkr in the right-side MTM that also has a zero tangential

wave vector. Because of the crystal rotation, the equi-frequency con-

tour of the right-side MTM is tilted by the angle a causing ~kkr to be

larger than~kki . The normal to the equifrequency contour at this point

defines the direction of the Poynting vector~SSr , which as mentioned

before is bent along the interface, causing power to flow away from the

normal and to the left. Due to the choice of the permittivity tensor, the

dispersion in both MTMs is hyperbolic leading to negative refraction

at interface (1) and is consistent with the designated power flow. The

negatively refracted wave in the right-side MTM travels towards the

center along~SSr , while its phase changes along the wave vector~kkr . At the
interface (2),~kkr is completely tangential to the interface and therefore

phase matches a wave~kkl in the left side MTM as shown. In order to

maintain causality, the power now must flow away from interface (2)

and therefore, we need to choose the appropriate branch of the hyper-

bola in the left-side MTM. The direction of power flow changes to~SSl ,
due to the 2a tilt of the optical axis in the left side MTM and the

normal to the contour at that point. The wave in the left-side MTM

finally experiences another negative refraction at the MTM/air inter-

face (3). Again the tangential wave vector at the interface is continu-

ous, leading to the output wave~kko. The output power flow in air~SSo is
now in the 1x direction opposite to the flow in the MTM and is

directed towards the center.

Figure 3b shows the power flow (Poynting vector) for a Gaussian

beam incident on the right side of the device, using full-wave simu-

lation. The simulated power flow confirms the predicted behavior

from theory in Figure 3a. The figure confirms that the power incident

on the right-side MTM is refracted towards the middle, then refracted

into the left-side MTM and is then negatively refracted into air

towards the center at the bottom side.

If the power was only incident on the left-side MTM, a similar

behavior could be traced out for the transmitted and internal waves,

only mirrored about the z-axis. In the final case where the incident

wave illuminates both sides of the device, the resulting transmitted

wave is therefore the superposition of the output from both sides. The

two transmitted power flows concentrate towards themiddle, creating

a high concentration focal spot along the z-axis on the other side of the

structure. Such focusing action is shown in the simulation results of

the power flow in Figure 3c.

Bilayered negatively refracting focusing device

The fullwave simulation results of an actual focusing device realized

with theAg/glassbilayer implementationare showninFigure4aand4b.

The power density in Figure 4a is again normalized to the power

density of the normally incident plane wave illuminating the structure.

It can be clearly seen that a distinct bright focus point is achieved, with

significant field enhancement at that point, similar to the results of the
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Figure 4 (a) Power density normalized to the incident power density for the focusing hetero-junction device realized with layers of Ag and glass at l05633 nm, under

normal plane wave illumination. (b) Power flow (Poynting vector) throughout the device showing concentration towards the middle.
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ideal case of the negatively refracting focusing device in Figure 2c. This

demonstrates a focusing device with realistic materials and having

losses included, operating at l05633 nm. The power flow through

this layered focusing device is also shown in Figure 4b. It can be clearly

seen that the focusing device collects and bends the incident normal

power at the top surface and towards the middle via refraction, result-

ing in a high concentration of transmitted power at the middle of the

structure. TheMTMs of the focusing device are implemented with the

Ag/glass bilayer combination with a period of L5l0/10, filling ratio of

p50.126 and tilt angle of a56106. Although this device has an effec-

tive transverse permittivity of x&2:5 due to the choice of materials, it

is still far better matched to air than the corresponding isotropic low

permittivity medium ( x~ z?0), according to the expression for

reflection ‘r’ presented earlier. Note that the amount of the reflected

power is related to jrj2.
To our knowledge, this is the first time that a flat low-profile con-

centrator of light has been devised with the use of anisotropic MTMs.

Also, in contrast to other designs where the field intensity is increased

inside a medium,4–6 this design focuses the power in the host medium

(e.g., air) similar to a lens. This is particularly useful for solar-concen-

tration applications, where light with high concentration needs to

shine the PV and can be used as a non-imaging concentrator in focus-

ing power for concentrated photovoltaics applications.1

In general, the proposed light collecting hetero-junction structure

may be used in two different types of applications. The first set of

applications is when it operates as a focusing mechanism to transmit

and concentrate the power into a hot spot in air as shown in Figure 2.

This hetero-junction operates as a compact and low profile focusing

device with small dimensions on the order of several wavelengths at

the operating frequency. Various scenarios such as concentrated

photovoltaics applications or microlenses can benefit from this confi-

guration. Such scenarios would require maximum transmission of field

to the hot spot and therefore, the device should be designed for low

losses. Although we suggest here a layered realization with Ag and glass,

other metal/dielectric combinations may also offer advantageous low

loss operation, as well as the more recently explored low-loss plasmonic

metamaterials,41 depending on the wavelength of operation.

In a second type of applications, the same structure can be designed

to be highly lossy, in order to be used as a thin absorber (or equiva-

lently a narrow band and narrow angle emitter) applicable to solar and

TPV applications, if tuned to the desired wavelength. In this scenario,

the transmission of the field is not of importance and the effort is to

make a long transverse path for the rays inside the structure in order to

increase the chance of absorption. It can create an area of high con-

centration in the middle of the structure such that this power is

absorbed in order to heat up the structure itself and/or a secondary

structure in contact with the hetero-junction. Even a single rotated

slab of the proposed device may also be used as the thin absorber as it

yields a well matchedmedium that can absorb the incident power with

a thin depth.

Short focal distance

The proposed focusing device can achieve a focal point very close to

the exit facet of the device, closer than bulky lenses with extremely low

f/D ratios. Typically, short focal distances are achievedwith a thick lens

having a high radius of curvature, or even elliptical shapes. Not only

elliptical designs are harder tomake, but such large designsmay not be

always feasible, especially if the lens is a microlens with a small size in

the order of several wavelengths and/or in applications where a low

profile is desired.

The close focusing ability of the device can be better seen in the

comparison study summarized in Figure 5. We compare the locations

of the focal points for a plano-convex, a convex–convex lens and a

hyperhemispherical lens all made with glass r~2:5, with the pro-

posed ideal hetero-junction focusing device with parameters

z ’~{0:3, x’~1, a~+100f g. The aperture size and thickness

(bounding dimensions) of the first two lenses are kept equal to the

focusing device (8l032l0), such that the performance of the three

scenarios are evaluated under the same size requirements. In order

to achieve the closest focus, the two lenses must have the maximum

radius of curvature that fits this bounding dimension. Therefore the

lenses have zero thickness on the sides to a maximum thickness of 2l0
in the middle. All scenarios are illuminated with a Gaussian beam of

waist size v056l0, and the power is normalized to the peak power of

the incident beam in free space.

The simulation results in Figure 5b and 5c demonstrate that the

distance of the peak of the focal area from the exit face is

3.5 mm55.53l0 for the convex lens and 4 mm56.3l0 for the plano-

convex lens, respectively. However, the proposed hetero-junction

focusing device in Figure 5a develops a focus at 0.388 mm50.61l0, a

very short focal distance given the allowed dimensions. This shows a

considerable improvement over traditional lenses of the same size in

achieving close by focal points using the proposed structure, for the

same aperture and thickness dimensions.

Figure 5d shows a thick hyperhemispherical glass lens of the same

aperture size (2R58l0) and a thickness of R 1z1
�

ffiffiffiffi

r
p� �

~

4:13 mm~6:53l0, according to Filipovic et al.42 Such a thick lens pro-

vides a focal distance of 0.9 mm51.42l0, which is still longer than the

focal length achieved with the proposed device. A hyperhemispherical

lens with the same aperture size and made of quartz ( r~3:8) has a
focal distance roughly equal to the proposed focusing device but is

considerably thicker at 6.05l0. This demonstrates that a high permit-

tivity lens of very thick size with hyperhemispherical (or elliptical)

design is required to achieve the same focal distance, showing the

limitation of traditional lenses in achieving focal spots very close to

the lens. Another point of interest is that without curvature, a simple

dielectric cannot provide focusing, whereas here the proposed design

provides a flat structure without curvature that yields better results

than lenses.

From the color plots of Figure 5a–5c, it is evident that the proposed

device develops a focal spot that is much closer and also stronger than

the focus of the traditional lens of the same dimensions. Of course an

actual lossy implementation of the device can reduce the strength of

the fields at the focal spot slightly depending on the materials and

implementation. This is mainly due to the losses that the ray paths

exhibit by traveling through the lossy device. However, even a lossy

device outperforms the corresponding lens by developing a very close-

by focus that is actually still stronger than the lens’s focal strength. For

instance, consider an actual lossy focusing devicemadewith bilayers of

Ag/glass similar to Figure 4 andwith dimensions (8l031.5l0). If tuned

for a short focal distance, the peak power of the focus is about 1:25 of
the peak power of the lossless convex–convex lens of the same bound-

ing dimensions. This lossy focusing device has an extremely short focal

distance of only 0.175 mm50.277l0 away from the device, while the

corresponding convex lens has a focal distance of 4.75 mm57.5l0. This

is an extremely short focal distance resulting in an unprecedented f/

D50.034 at l05633 nm. This result even significantly outperforms

(by an order of magnitude) the recently demonstrated extreme short

focusing using transmitarrays of optical antennas,39,40which reported

a best case of f/D50.625 (2.5 mm/4 mm) at l05676 nm.40
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There are several parameters that determine the operation of the

device, primarily the effective permittivity z ’, x’f g, the tilt angle a and
the thickness. These parameters determine the location of the focal

spot with respect to the exit facet as well as the strength of the

focus. For an ideal device with parameters z’~{0:14, x’~f
1:068, a~100g and a fixed aperture size of 8l0, Figure 6a shows the

change in the focal spot location as a function of the device thickness,

as well as the strength of the focus sensed. The results show that thinner

devices (even thinner than one wavelength) are also possible yielding

light concentration at extremely short distances. Very thin devices

come at the expense of a reduced focal strength. Given the observed

trends for focal strength and location, one may conclude that a good

range for the thickness is l0/223l0/2, which provides 5–11 times

power intensification of the incident power density. For instance, a

thin device with thickness of only l0 yields a short focal distance of

0.6l0 and a focal strength intensification of 10 times (an order of

magnitude) higher than the incident power density. Such device out-

performs Fresnel lenses in terms of size, as they are normally in the
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Figure 5 Power density plot (normalized to incident power density) showing focal spot (a) focusing device with z’~{0:3, x’~1, a~100f g (b) a convex lens and (c)

plano-convex lens, all with bounding dimensions 8l032l0 and (d) a hyperhemispherical lens with bounding dimension 8l036.53l0. Lenses made of glass with

r~2:5. The incident Gaussian beam has a waist size of v056l0.
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order of several wavelengths.40 The f/D ratio for the range of devices in

Figure 6a is 0.02–0.2, for instance, f/D50.075 for the l0 thick case.

Figure 6b shows a half-wavelength thick lossy focusing device rea-

lized with Ag/glass, which is still able to achieve concentration at a

distance of about l0/4. Note that the low effective longitudinal per-

mittivity and the unique refraction are enabling this very thin design,

as the refracted waves have a very short longitudinal path inside the

structure as discussed earlier. With a layered realization, the permit-

tivity of the focusing device is adjustable by tuning the filling ratio

using the same materials, e.g., Ag and glass used here. This is while a

lens permittivity can only be changed by using a different material to

increase the refractive index. In addition to these extremely thin

designs, the device may also be scaled to electrically large aperture size

lenses by adjusting its thickness accordingly.

The lensing effect occurs for any wavelength in the theoretical

device as long as the effective longitudinal permittivity, z ’, is within

an acceptable limit. Therefore, the principle of operation is potentially

wideband. However, depending on the implementation (e.g., whether

bilayered, nanowire media, nanocomposite, etc.), the bandwidth li-

mits vary accordingly. The bandwidth of the bilayered implementa-

tion primarily depends on the choice of the metal and its frequency

dispersion characteristics. As the frequency changes, the negative per-

mittivity of the metal varies according to its dispersion; hence, the

effective z’ varies. Some of the overall effects of varying the operating

frequency are changes in the focus intensity and a slight reduction of

the focal distance from the exit facet of the device. For the specific Ag/

glass example presented in Figure 4, our simulations indicate that the

lens has an operating line-width of 200 nm ranging from 590 to

790 nm. This is based on a stringent condition requiring that a distinct

focus with at least 23 power intensification is achieved at the band

edges.

CONCLUSIONS

A flat low-profile focusing device is presented, using a hetero-junction

of anisotropic low-permittivity MTMs. These MTMs guide the wave

away from normal and along the interface, allowing for a thin realiza-

tion. The proposed focusing hetero-junctions are realizable at optical

frequencies using periodic bilayers of metal and dielectric. The pro-

posed device can focus an incoming plane or Gaussian wave into an

area of high power concentration, at a distancemuch closer than lenses

with low f/D ratios for the same size requirements, as well as the

recently reported arrays of optical antennas and Fresnel lenses. The

proposed hetero-junction may be used in the low-loss focusing mode

for applications requiring light concentration such as concentrated

photovoltaics, non-imaging optics, micro- and nano-Fresnel lenses,

photodetectors, etc., as well as in the high-loss mode for realizing thin

absorbers/emitters for solar and/or thermo photovoltaics.
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