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We investigate the mechanisms for the reduction of losses in doped semiconductor
multilayers used for the construction of uniaxial metamaterials and show that maxi-
mizing the mean scattering time of the doped layers is key to spectrally isolating losses
and maximizing anisotropy. By adjusting the layer thickness ratio of the multilayer,
we show that the spectral regions of extreme anisotropy can be separated from those
of high loss. Using these insights and coupled with realistic semiconductor growth
parameters, we demonstrate an InAs-based superlens with an excellent loss factor
α ≈ 52mm-1 and maximum perpendicular permittivity, ε⊥ > 250. By tuning the doping
concentration, we show that such a system can be designed to operate anywhere in the
region λ0 ≈ 5 to 25µm. We find that such a structure is capable of deep sub-wavelength
imaging (< λ0/15) at superlens thicknesses up to ∼85µm (∼8λ0). © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5013084

Abbe first introduced the diffraction limit to optical resolution in 1873.1 Since then, there have
been innumerable attempts to beat it, either by utilizing extra information about the sample (as in
STED2,3 and multi-photon imaging4), or through the direct recovery of the optical near-field (as in
scanning near-field microscopy5–7 and metamaterial super-lenses8,9). Metamaterial superlenses need
no additional information of the sample and they preserve the high-resolution near-field information
with only a single optical component.

In 2006, Salandrino and Engheta10 introduced a layered uniaxial metal-dielectric metamaterial
with large anisotropy, |ε⊥/ε‖ |, in its permittivity (where ε⊥ and ε‖ denote the dielectric responses
for electric fields polarized normal and parallel to the layers respectively) in a way that achieved
diffraction-less imaging without the heavy losses associated with all-negative index superlenses.11,12

These superlenses, or “hyperlenses” if the anisotropy is negative, can deliver diffractionless light
propagation through their “flat” dispersion curves, as shown in figure 1(a), but they are lossy
because of the strong absorption in the metal layers.13 In principle, cylindrical10,14–17 or spheri-
cal geometries10,15,18,19 can be used to transport the near field detail into far-field images, but they
require propagation through thick metamaterial structures to sufficiently magnify features from far
below the diffraction limit to above it. Thick superlenses are also more physically robust, allow-
ing them to be used and re-used in realistic conditions. High losses are the key problem in such
applications.

In order to combat losses, in 2007, Hoffman et al. demonstrated a system, using repeating
doped/undoped semiconductor bilayers for negative refraction,20 which had lower loss and operated
in the mid-infrared regime that is vital to many chemical and biological techniques based on infrared
spectroscopy.21 Provided such a multilayer, illustrated in figure 1(b), has layers that are thin compared
with the wavelength inside the structure, the effective medium approximation holds, and the parallel
and perpendicular permittivity components are given by:9,10
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FIG. 1. (a) Isofrequency dispersion curves of an isotropic medium (red) and of a heavily anisotropic medium (blue). The
arrows indicate propagation of light with different lateral wavevectors in each medium. The flat isofrequency curve in (a), and
the associated diffractionless propagation, is created using a semiconductor multilayer structure in (b).

ε ‖ (R)=
Rε1 + ε2

1 + R
, (1)

ε⊥ (R)=
(1 + R) ε1ε2

ε1 + Rε2
, (2)

where R = d1/d2 is the ratio of layer thicknesses in the repeating bilayer of the multilayer, and ε1 and
ε2 are the respective permittivities of each layer.

There are two possible regimes for large anisotropy (i.e. where ��ε⊥/ε ‖ ��� 1). The first, where
ε ‖ ≈ 0,10,25 has had limited success, as it necessarily occurs in spectral regions where the Drude losses
are high. The second possibility is to maximize |ε⊥ | by selecting the resonance condition ε1 = �Rε2.
In a doped semiconductor multilayer, whose layer thicknesses are large enough to avoid the effects
of quantum confinement on the electron states, ε1 takes the Drude form as a function of frequency,
ω, given by:

ε1 (ω)= ε01 *
,
1 −

ω2
p

ω2 + iω/τ
+
-

, (3)

where ε01, ωp and τ are the background permittivity, plasma frequency and mean charge carrier
scattering time respectively. We further choose the second layer to be an undoped semiconductor with
a frequency-independent permittivity ε2 = ε02 in the infrared. The resonance condition of |ε⊥ | � 1
is then achieved at a resonance frequency:

ωres =
ωp

√
1 + Rε2/ε01

. (4)

Such a multilayer with R = 1, and comprised of doped In0.53Ga0.47As (doping concentration
ne = 10.7 × 1017cm-3) and undoped Al0.48In0.52As, demonstrated negative refraction in ref. 20
and here we consider it as a “control” superlens example for comparison with improved designs.
The effective permittivity components and absorption loss factor, α (defined such that transmission
T ∝ e�αt , where t is the total multilayer thickness), are shown in figure 2(a).

For such a multilayer to preserve sub-diffraction resolution over a large propagation distance, it
must have: (a) a low far-field loss factor at the operating wavelength, so that enough light propagates
through to be detected with adequate signal-to-noise ratio, and (b) a large resonance in ε⊥, which
then gives a large degree of anisotropy in the isofrequency dispersion curve. The second condition,
(b), allows more of the high in-plane spatial frequency wavevectors to propagate without diffraction,
in order to retain the fine image detail. The superlens of figure 2(a), can only be made with a modest
thickness because it suffers from a high loss factor α ≈ 650mm-1 and has a maximum perpendicular
permittivity limited to ε⊥,max = 136.

A key issue is to find materials with very large scattering time, τ, since this both increases the
magnitude of the ε⊥ resonance, and ensures that the losses associated with the plasma frequency and
the region of negative ε ‖ are confined to narrower spectral regions. InAs is a promising candidate with



025203-3 Hart, Bak, and Phillips AIP Advances 8, 025203 (2018)

FIG. 2. Comparison between (a) an In0.53Ga0.47As/Al0.48In0.52As “control” multilayer with ne = 10.7×1017cm-3 and R = 1,
and (b) an improved InAs/InAs multilayer superlens with ne = 4.1×1017cm-3 and R = 0.7. The InAs-based superlens shows
greatly reduced loss factor, α, and increased anisotropy. ε‖ is shown magnified by 10 to improve clarity. Parameters were
chosen to give the same operating wavelength, λ0 ≈ 12µm, for both devices for fair comparison.

typical τ ≈ 448fs, which compares well with In0.53Ga0.47As and GaAs with τ ≈ 99.6fs and 98.7fs
(calculated from refs. 26 and 27), which have been used to date.20,28–30 Very recently, Desouky
et al.31 proposed an InAs based metamaterial for hyperbolic focusing. However, the very high doping
levels (up to ne = 7.5 × 1019cm-3) and equal thickness of doped and undoped layers (R = 1) in
such a structure incur heavy losses and severely limit the propagation distance of any superlens
implementation.

Equation (4) also shows how the ε⊥ resonance can be tuned by control of the layer thickness ratio,
R. This design flexibility allows us to spectrally separate the superlensing region from the region of
high loss. As a test case, we consider a structure with R = 0.7, and a repeated bilayer comprising doped
InAs (doping concentration ne = 4.1 × 1017cm-3) and undoped InAs in a multilayer superlens. This
level of doping corresponds to τ = 345fs and ωp = 2.08 × 1014rad/s, as detailed in the supplementary
material. The infrared background permittivity of InAs at 300K is taken from the literature as ε2 = ε01

≈ 12.3.26 The effective medium approximation of equations (1) and (2) can be limited in some cases
of multilayer metamaterials,22–24 so we confirm its validity for this structure in the supplementary
material.

Figure 2(b) shows that the ∼4.5× increase in scattering time of InAs versus the
In0.53Ga0.47As/Al0.48In0.52As “control” system has had the desired effect of narrowing the plasma
frequency absorption peak at λ0 ≈ 9µm, as well as broadening and reducing loss in the spectral
window of low loss between that absorption peak and the high loss ε ‖ < 0 region at λ0 ≥ 14µm. At
the same time, the larger τ of the InAs system increases ε⊥,max to ∼251. The decreased R has shifted
the superlensing region into the improved low loss region, resulting in a loss factor α ≈ 52mm-1 that
is more than 12× lower than in the In0.53Ga0.47As/Al0.48In0.52As control. This superlens offers an
excellent loss factor α < 100mm-1 and ε⊥,max > 50 at the same time.

Sinceωp depends on the charge carrier concentration, ne, the operating wavelength can be tuned
by varying the doping in layer 1. Figure 3 shows that the superlens retains excellent performance,
with α ≈ 40-60mm-1, when the operating wavelength is tuned throughout the λ0 ≈ 5-25µm region
simply by varying the doping levels within readily achievable values. Setting R = 0.7 has the effect of
keeping the operating wavelength in the low loss window, regardless of what doping concentration,
and hence operating wavelength, is chosen. The available optical anisotropy increases towards shorter
operating wavelengths.

To test the resolving power of the InAs/InAs system, we performed finite-difference time-
domain (FDTD; Lumerical) simulations of the structures illustrated in figure 4(a), for both the
In0.53Ga0.47As/Al0.48In0.52As control and an InAs/InAs design. In both cases the design was optimized
for the same operating wavelength λ0 ≈ 12µm for a fair comparison.

Figures 4(b–d) show the way the improved design increases the propagation distance of the
image of the gold mask. The InAs superlens still resolves (as judged by the Rayleigh criterion)
the deeply subwavelength slit separation, s = 800nm (≈ λ0/15), at distances of up to 85µm.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-003802
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-003802
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-003802
ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-8-003802
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FIG. 3. InAs-based superlens is spectrally tuneable between λ0 ≈ 5-25µm operating wavelength, by varying the doping ne

between (a) 43×1017cm-3 and (b) 0.8×1017cm-3. Layer thickness ratio R = 0.7. ε‖ is shown magnified by 10 to improve
clarity.

This is > 25× greater than previously proposed mid-infrared superlenses.20,28–30,32–34 The InAs/InAs
superlens needs only two source materials, In and As, and a dopant (Si), whereas other superlenses
operating in this spectral region can require up to four source materials and a dopant.20,28,30,32

The far-field loss factor, α, and the magnitude of the ε⊥ resonance are key figures of merit
for super-resolution imaging with anisotropic metamaterials. Here we find that the key parameters
for optimizing these figures of merit in classical Drude-based metamaterials are the mean charge

FIG. 4. (a) The simulation geometry used to test (b) the imaging performance of the InAs/InAs multilayer with
ne = 4.1×1017cm-3 and R = 0.7 against the control In0.53Ga0.47As/Al0.48In0.52As multilayer with ne = 10.7×1017cm-3 and
R = 1. The operating wavelength is λ0 ≈ 12µm in both cases. (c) Definition of the contrast ratio a/b and demonstration that the
800nm (≈ λ0/15) slit separation is still resolved in the InAs/InAs superlens, but not in the control. (d) The InAs/InAs superlens
can resolve above the Rayleigh contrast limit (a/b > 0.26) at thicknesses of up to 85µm.
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carrier scattering time, τ, which should be maximized, and the layer thickness ratio of the unit cell
R ≈ 0.7, which allows for spectral separation of superlensing and losses. Utilizing these insights, we
introduce an InAs-based superlens that is capable of deeply sub-wavelength resolution at distances
of up to 85µm at λ0 ≈ 12µm that is simple to fabricate. This opens up the future for ultra-thick, robust
super-lenses and for potential improvements in far-field super-resolution.

SUPPLEMENTARY MATERIAL

See supplementary material for detailed calculations of the mean charge scattering time and
plasma frequency of doped InAs, and for a comparison between an effective medium description of
the InAs/InAs multilayer and the explicit multilayer without approximation.
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