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We propose and realize a novel concept of a self-organized three-dimensional metamaterial with a
plasma frequency in the visible regime. We utilize the concept of self-rolling strained layers to roll up
InGaAs/GaAs/Ag multilayers with multiple rotations. The walls of the resulting tubes represent a radial
superlattice with a tunable layer thickness ratio and lattice constant. We show that the plasma frequency of
the radial superlattice can be tuned over a broad range in the visible and near infrared by changing the
layer thickness ratio in good agreement with an effective metamaterial description. Finite difference time
domain simulations reveal that the rolled-up radial superlattices can be used as hyperlenses in the visible.
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Metamaterials based on artificial building blocks with a
size and lattice constant smaller than the wavelength of the
transmitted electromagnetic waves have gained consider-
able interest in the science community since the beginning
of this century. Many new effects, e.g., negative refraction,
superlensing, or object cloaking, have been demonstrated
for metamaterials working in the microwave regime [1-5].
To explore the visible regime it is required that the artificial
building blocks be scaled down to the order of 100 nm.
Commonly planar lithographic techniques are used to ob-
tain such small dimensions [6-8]. To construct three-
dimensional materials, the planar processing step is re-
peated until the desired thickness is obtained [9,10].
Hyperlenses [11,12] for ultraviolet light have been created
by using this sequential method for alternating layers of Ag
and Al,O5 [13]. Recent alternative approaches for three-
dimensional metamaterials in the visible are based on
direct laser writing [14] and atomic layer deposition [15].

In this Letter we show that the concept of self-rolling
strained multilayers [16,17] can be utilized to create three-
dimensional metamaterials by rolling up planar metal and
semiconductor films with multiple rotations. The walls
of the resulting tubes represent high quality three-
dimensional radial superlattices (RSLs) with accurately
tunable unit cells and lattice constants [18,19]. We perform
transmission measurements on RSLs which consist of
(In)GaAs and Ag [Fig. 1(b)] and explain our results within
the framework of an effective metamaterial approximation.
We demonstrate that the effective plasma frequency of the
RSLs can be shifted over a broad range in the visible and
near infrared by changing the ratio between Ag and (In)
GaAs layer thickness. By means of finite difference time
domain simulations we show that our RSLs might be used
as hollow fluid fillable [20] hyperlenses working in this
frequency regime.
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The RSLs are prepared as follows: Initially a GaAs
buffer layer (100 nm) is grown on a GaAs substrate using
molecular beam epitaxy, followed by an AlAs sacrificial
layer (40 nm), a strained In,yGagyAs layer (17 nm), and a
GaAs layer (17 nm). Subsequently an Ag layer is de-
posited on the semiconductor by thermal evaporation. In
this work we varied the Ag layer thickness for different
samples between 17 and 25 nm. The exact thickness of the
Ag layers was measured with an atomic force microscope.
The strained layer system is released from the substrate by
selectively etching away the AlAs sacrificial layer and
minimizes its strain energy by rolling up into a tube.
Details of the lithographic process used can be found in
Ref. [21]. In good agreement with continuum strain theory
[22] we obtain outer tube radii of ry,. = 2 um to rype =
3 pm [Fig. 1(a)].

For transmission measurements through the tube walls
we developed a transmission setup as shown in Fig. 2(a).
To realize a light source which can be placed inside
the microtubes we use a tapered multimode glass fiber
with a core diameter of 65 pum and a tip diameter of less
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FIG. 1 (color online). (a) Sketch of the microtube. The AlAs
sacrificial layer is removed by selective etching. The released
strained multilayer of In,,Gag,As/GaAs/Ag relaxes and rolls up
into a microtube. (b) The wall of the tube represents a RSL that
consists of alternating layers of metal and semiconductor.
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FIG. 2 (color online). (a) Scanning electron microscope image
of the tip of the fiber and sketch of the setup. The patterns in the
tip metallization are prepared by focused ion beams. The fiber is
manipulated by an XYZ piezostack. The signal is collected by a
microscope objective and measured with a CCD. Intensity
measurements on selected areas (cf. red circle) are performed
using software based apertures. (b) Microscope image of the
fiber in front of the microtube. The light, which is coupled into
the fiber, is scattered through the holes in the tip metallization
(red circle). (c) The fiber tip is manipulated into the microtube,
and the light is transmitted through the RSL.

than 1 pm. The tip is metallized with 50-100 nm Al and
patterned using a focused ion beam. As shown in Fig. 2 the
holes patterned into the fiber tip metallization represent
well-defined point sources. The fiber is mounted on an
XYZ piezostage and can be positioned with an accuracy
of approximately 100 nm. The light of a supercontiuum
light source (Koheras A/S—Compact) is passed through a
monochromator and coupled into the fiber. We collect the
light with a 100X objective and detect it with a CCD
camera (Spiricon, Inc.—USB L230). The emission from
a selected area of the image (cf. red circles in Fig. 2) can be
measured using a software based aperture. A reference
spectrum is taken with the fiber tip outside of the micro-
tube [Fig. 2(b)]. Subsequently the tip is manipulated into
the microtube, and the transmitted intensity is recorded
[Fig. 2(c)]. Finally, a second reference spectrum is taken,
again with the fiber tip outside of the microtube.

The symbols in Fig. 3 represent the measured trans-
mission through the RSL for four samples with different
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FIG. 3 (color online). Measured transmission data (symbols)
of an (In)GaAs/Ag radial superlattice together with the corre-
sponding transfer matrix calculations for perpendicular inci-
dence on a flat multilayer (solid lines). For most data points
the error bars are smaller than the symbols. The thickness of the
InGaAs/GaAs layer was d(ycaas = 34 nm for all samples, and
the Ag-layer thickness was varied. Circles, 17 <0.03 (dj, <
I nm) with 5 rotations and d,; = 170 nm; squares, n = 0.5
(dag = 17 nm) with 4 rotations and d, = 204 nm; triangles,
17 = 0.56 (ds, = 19 nm) with 4 rotations and d,,; = 212 nm;
rhombuses, n = 0.65 (d,, = 22 nm) with 6 rotations and d,; =
336 nm. The arrows point to the center of the respective plasma
edge (cf. Fig. 4).

layer thickness ratios n = dj, /dn)Gaas- Data points are
obtained by normalizing the transmitted intensity by the
average of the two reference spectra. The error bars reflect
the variation of the reference spectra. The solid lines
represent the corresponding transfer matrix calculations
[23] for perpendicular incidence on a flat multilayer. The
optical material parameters for the layers were taken
from Refs. [24,25]. We find a good agreement between
theory curves and experimental data. Slight deviations
might be attributed to Fabry-Pérot interferences in the
walls of the microtubes which are less pronounced in the
real sample due to surface roughness. The thickness of
the InGaAs/GaAs layer was dygaas = 34 nm for all
samples, and the Ag-layer thickness was varied. Sample
1 < 0.03 (dpg <1 nm) is rolled up 5 times and exhibits a
total thickness of di, = 170 nm. Sample 1 = 0.5 (dp, =
17 nm) is rolled up 4 times and exhibits a thickness of
dioc = 204 nm. Sample 1 = 0.56 (dp, = 19 nm) is also
rolled up 4 times and is slightly thicker with a thickness of
dioc = 212 nm. Sample 1 = 0.65 (dp, = 22 nm) is rolled
up 6 times and exhibits a thickness of d,,; = 336 nm. All
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samples show a decay of transmission towards high ener-
gies. The maximum of transmission of sample n = 0.5 is
14% at E,, = 1.76 eV. The maximum of transmission of
sample 7 = 0.56 is 12% at E};, = 1.81 eV. The maximum
of transmission of sample 7 = 0.65 is 3% at E,, =
2.05 eV. The samples n = 0.5, n = 0.56, and 1 = 0.65
show a decrease of transmission towards low energies.

To qualitatively understand the transmission spectra we
applied, in addition to the exact transfer matrix method
used above, the effective metamaterial approximation [26].
In this approximation the components of the effective
permittivity parallel (€,) and perpendicular (€,) to the
multilayer planes are described as

_ €(In)GaAs + T €ag

, T (1)
r_ v (# + i) @)
€ 1+ 7 \€(In)GaAs €Ag

For normal incidence only the in-plane component €, is
relevant. The decrease of transmission towards high ener-
gies in our spectra is caused by a continuous increase of
absorption, i.e., an increase of the imaginary part of €,,
which is dominated by the imaginary part of €q,)Gaas at
high photon energies. In contrast to this, the decay towards
low energies in the samples n = 0.5, n = 0.56, and n =
0.65 is not due to absorption. It can be identified as the
plasma edge of the effective metamaterial: Below the
plasma edge the real part of €, becomes negative, and
the metamaterial exhibits metallic reflection. The fre-
quency at the zero crossing of €, is the plasma frequency
o, of the metamaterial. It depends on the layer thickness
ratio 7 and shifts to lower frequencies with decreasing Ag-
layer thickness. The plasma edge for n < 0.03 is expected
in the infrared and lies outside of the measuring range of
our setup. In Fig. 4 we demonstrate that the plasma fre-
quency w, of our RSL metamaterial can be shifted over the
visible range. The solid line gives the values of w, calcu-
lated with the effective metamaterial approximation, i.e.,
Eq. (1). The red squares are experimental values for w,
characterized by the center position of the measured
plasma edges for different n (cf. arrows in Fig. 3). A
comparison of measurement and theory shows that the
effective metamaterial description is a very good approxi-
mation for our RSLs. For reduced lattice constants, i.e.,
reduced layer thicknesses, we would expect full quantita-
tive agreement.

In analogy to hyperlenses based on curved multilayers of
Ag and Al,O5 with a plasma frequency in the ultraviolet
range [13], our approach might be used to obtain hollow
hyperlenses working in the visible. At the plasma fre-
quency w,, hyperlenses with n # 1 exhibit a pronounced
anisotropy in the effective permittivity with €, < €. This
anisotropy leads to unidirectional propagation perpendicu-
lar to the multilayers, i.e., in radial direction (channeling),
and the transmission of subwavelength details [13,26]. In
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FIG. 4 (color online). Plasma frequency of RSL metamaterial
with different layer thickness ratios 1. The solid line gives the
values of w,, calculated with the effective metamaterial approxi-
mation, i.e., Eq. (1). The red squares are experimental values for
w, characterized by the center position of the measured plasma
edges. The uncertainty of the center position is indicated by error
bars.

wave fields propagating from the inner to the outer shell of
a hyperlens, subwavelength details are magnified by the
ratio V. = ryyer/ Fimner Of the outer and the inner radius due
to conservation of the angular momentum of the wave
vectors [12]. In Fig. 5 we demonstrate that Ag/(In)GaAs
RSLs exhibit hyperlensing at visible frequencies by means
of finite difference time domain simulations (Lumerical
FDTD-solutions). The optical parameters used in the simu-

FIG. 5 (color online). Finite difference time domain simula-
tions (Lumerical FDTD-solutions) on hyperlenses working at
visible frequencies based on rolled-up Ag/(In)GaAs RSLs. Two
dipoles with a distance of 250 nm are placed at the inner
perimeter of the RSL. The dipoles emit at A, = 685 nm with
H polarized along the RSL axis. The value of H, represents the
wave field normalized to the dipole sources and is given by a
logarithmic color plot. (a) RSL with = 0.65, d, = 4 nm,
dnGaas = 6 1M, 25 rotations, Fipner = 0.380 um, 7ouer =
0.630 um, V = 1.7. (b) RSL with 5 = 0.65, ds, = 22 nm,
d(m)caas = 34 nm, six rotations, Fippe = 1.500 pum, royer =
1.836 um, V = 1.2.
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lations correspond to the experimental values [24,25] used
for the exact transfer matrix calculations in Fig. 3. In
Fig. 5(a) we show the results for a RSL with dy, = 4 nm
and dpgaas = 6 nm (= 0.65), 25 rotations, rie, =
0.380 pwm, and ryyer = 0.630 um. A RSL with such a
small lattice constant is technologically challenging but
nevertheless feasible as it has been shown for other mate-
rial systems [18]. In the simulations two dipoles with a
distance of 250 nm are placed at the inner perimeter of a
RSL. The dipoles emit at the plasma frequency w, =
1.8 €V (A, = 685 nm) of the system with magnetic field
vector H, and electric field vector pointing along and
perpendicular to the axis of the RSL, respectively. The
value of H, is indicated in a logarithmic color plot nor-
malized to the maximum value at the dipole sources. As
expected from the effective medium picture, the electro-
magnetic field is radially channeled, and the near field of
the dipoles is transmitted from the inner to the outer
parameter; i.e., the RSL exhibits hyperlensing. In the im-
age on the outer perimeter of the RSL the distance of the
dipoles is magnified from 250 to 425 nm (V =
Fouter/ Fimner = 1.7), and the full width at half maximum
value of the radiation loops at the interface is 20 nm; i.e.,
the image is resolvable with conventional far field optics
(numeric aperture >0.8) at A, = 685 nm. This demon-
strates the feasibility of our novel hyperlens concept.

We have also performed simulations for our realized
devices. Figure 5(b) shows simulations on the RSL with
dpg = 22 nm and d(p)Gaas = 34 nm (1 = 0.65), six rota-
tions, Fipper = 1.500 pum, ryyer = 1.836 um. We find a
magnification of the dipole distance from 250 to 305 nm
(V = router/ Finner = 1.2) and radiation loops with a full
width at half maximum value of 110 nm, indicating that
this device is so far not really capable of magnifying
subwavelength details to the far field. Nevertheless, with
further improvement of growth and preparation techniques
a device as discussed in Fig. 5(a) should be realized and
hyperlensing at visible frequencies possible.

In conclusion, we fabricated radial metamaterials based
on self-rolling InGaAs/GaAs/Ag multilayers. We demon-
strated that this novel kind of metamaterial can be de-
scribed by effective parameters in a good approximation
and exhibits a tunable plasma frequency in the visible
range. By means of finite difference time domain simula-
tions we showed that rolled-up InGaAs/GaAs/Ag multi-
layers exhibit subwavelength imaging with magnification
at visible frequencies, giving rise to using them as hollow
fluid fillable [20] hyperlenses. Apart from this, our ap-
proach might be used to roll up any two-dimensional
metamaterial into a three-dimensional radial geometry
and to realize metamaterials containing—for example,
optically active—semiconductor quantum systems.
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Nils Gerken and support by the Deutsche Forschungs-
gemeinschaft (DFG) via GrK 1286 and SFB 508.
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