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We experimentally demonstrate the enhancement of the spontaneous emission rate of GaAs quantum
wells embedded in rolled-up metamaterials. We fabricate microtubes whose walls consist of alternating
Ag and (In)(Al)GaAs layers with incorporated active GaAs quantum-well structures. By variation of the
layer thickness ratio of the Ag and (In)(Al)GaAs layers we control the effective permittivity tensor of the
metamaterial according to an effective medium approach. Thereby, we can design samples with elliptic
or hyperbolic dispersion. Time-resolved low temperature photoluminescence spectroscopy supported by
finite-difference time-domain simulations reveal a decrease of the quantum well’s spontaneous emission
lifetime in our metamaterials as a signature of the crossover from elliptic to hyperbolic dispersion.
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Metamaterials are artificial compound materials with
subwavelength inclusions which allow us to create optical
properties on demand. The attainable optical properties in
metamaterials are beyond that of ordinarymaterials found in
nature and give rise to new optical phenomena including
negative refraction of light [1–4], subwavelength imaging
[5,6], or invisible cloaking [7,8]. Besides that, metamaterials
offer the unique opportunity to study quantum emitters in
tailorable optical environments. It has been experimentally
demonstrated that so-called hyperbolic metamaterials
enhance the spontaneous emission rate of quantum emitters
such as colloidal quantum dots and dye molecules when
placed in close proximity to the material [9,10] and also
when positioned inside the material, which has been
accomplished by infiltration into nanopatterned slots and
a spin coating technique [11–13]. Likewise, hyperbolic
metamaterials are capable of amplifying the surface-
enhanced Raman scattering of dye molecules when placed
on top of themetamaterial [14]. The enhancement arises as a
consequence of the unique dispersion relation of these
materials [15–17]. In fact, the isofrequency surface in such
materials is of hyperboloidal shape. This is in contrast to the
majority of conventional materials, where the isofrequency
surface forms an ellipsoid or sphere [18]. It is for this reason
that hyperbolic metamaterials support an increased number
of propagating light modes often associated with a singu-
larity of the local photonic density of states (PDOS) [15–17].
An emitter in the vicinity or inside the hyperbolic meta-
material can couple to the hyperbolic modes, which can
significantly enhance its radiative decay rate.
Here, we investigate the spontaneous emission lifetime of

semiconductor quantum-well (QW) heterostructures that
are directly integrated inside rolled-up microtubes (RMTs)

with hyperbolic dispersion. RMTs can be fabricated by
self-rolling of strained semiconductor layer systems [19,20]
and have been investigated as ring resonators that support
azimuthal optical [21] and spin wave resonances [22] as well
as plasmonic hybrid whispering gallery modes [23] that can
be supported if a metal layer is introduced to the system and
have been explored for sensing applications [24,25]. In our
study, we use the rolled-up fabrication technique to realize
hyperbolic metamaterials with integrated semiconductor
quantum structures which enables us to study the sponta-
neous emission of quantum structures in a metamaterial with
controlled optical parameters. In the rolling-up process,
multiple functional layers are closely stacked on top of
each other, forming a three-dimensional radial metamaterial
that operates at optical frequencies. Rolling up metal-
semiconductor systems is a unique and elegant route to
incorporate optically active quantum-well structures directly
inside amultilayer system and results in a high-quality active
metamaterial composed of identical functional layers.Within
this approach, the variable metal and semiconductor layer
thicknesses allow us to control the effective permittivity
tensor of the metamaterial. Thereby, the topology of the
isofrequency surface can be changed from a closed ellipsoi-
dal isofrequency surface to an open hyperboloidal surface
corresponding to a hyperbolic metamaterial. We show by
means of time-resolved low temperature photoluminescence
(PL) spectroscopy supported by electromagnetic simulations
that the spontaneous emission rate of the embedded GaAs
quantum wells is enhanced by a factor of 2 as a signature
of the topological transition to a hyperbolic medium.
RMTs are fabricated by using the self-rolling mechanism

of strained semiconductor layers [19,20]. The utilized
multilayer structure is shown in Fig. 1(b). In detail, on
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top of a GaAs substrate an AlAs sacrificial layer (40 nm),
an InGaAs strained layer (9 nm), an AlGaAs=GaAs=
AlGaAs QW (7, 4, and 7 nm), and a GaAs coating layer
(3 nm) are subsequently grown by molecular beam epitaxy
(MBE). On top of this 30 nm thick semiconductor hetero-
structure, Ag layers of variable thickness (6–39 nm) are
deposited by thermal evaporation that are partially coating
the substrate. The rolling-up process is induced by selec-
tively removing the AlAs sacrificial layer with hydrofluoric
acid. This exposes the InGaAs strained layer that bends up
while minimizing its strain energy leading to the formation
of amicrotubewith an adjustable number of rotations. From
the same MBE grown wafer we fabricate four different
samples with Ag layers of thicknesses dAg ¼ 6 nm,
dAg¼ 17 nm, dAg ¼ 22 nm, and dAg¼ 39 nm. These sam-
ples are denoted as S6, S17, S22, and S39 with the subscript
numbers corresponding to the respective Ag layer thickness.
On each sample we fabricate RMTs with four rotations
and diameters of d ∼ 5 μm. Such RMTs are referred to as
RMT6, RMT17, RMT22, and RMT39 where the subscript
analogously denotes the thickness of the Ag layer rolled up
in themicrotubes. The resulting samplegeometry is depicted
in Fig. 1(a) showing a RMT along with the metal coated
semiconductor multilayer structure from which the RMT
was rolled up. The thickness of the semiconductor com-
pound layer in the RMT is 30 nm, while the thickness of
the Ag layer varies in different RMTs (6–39 nm).
The spontaneous emission decay kinetics of the QWs

were measured at low temperatures by time-resolved PL
spectroscopy. We used a confocal micro-PL setup equipped
with a continuous flow cryostat operating at liquid helium
temperature (4 K). For timing resolution we used a time-
correlated single-photon counting (TCSPC) system [26].

This system is based on a picosecond pulsed diode laser
emitting at 1.95 eV as well as a single-photon sensitive
avalanche photodiode. The decay kinetics is acquired at the
PL emission peak (1.64 eV) and lifetimes τ ¼ 1=Γ, with Γ
being the decay rate, are extracted by fitting a monoexpo-
nential decay to the decay kinetics. For resolving lifetimes
below 80 ps, we used a streak camera system combined
with a tunable Ti:sapphire laser with a pulse width of 600 fs
emitting at 1.72 eV. As sketched in Fig. 1(a), lifetimes τ of
the QWare measured separately in the RMT (τRMT) and, as
a reference, also on the Ag coated (τC) flat substrate, from
which the RMTs were rolled up, and on the flat substrate
without metal coating (τUC). The TCSPC system is used
to measure the lifetimes τC and τUC. The lifetimes τRMT are
determined with the streak camera system, since these
lifetimes are considerably below 80 ps. Transfer matrix
calculations show that the Ag layers in the rolled-up
multilayer structures reflect the excitation laser and absorb
the subsequent PL emission of the excited QWs and thus
significantly attenuate the signal from low-lying QWs. As
the top QW layer [Fig. 1(c)] is unaffected by this attenu-
ation we expect to predominantly observe the signal of the
top QW layer in our far field experiment. As sketched in
Fig. 1(d) we accordingly assume the RMT as a system
consisting of a QW layer on top of a multilayer system
composed of alternating metal and semiconductor layers.
We measured the lifetime of the QWs on S6, S17, S22, and

S39 separately on the RMTs (τRMT) and as a reference also
in the flat metal coated (τC) and uncoated (τUC) configu-
ration [cf., Fig. 1(a)]. The results for τRMT, τC, and τUC are
shown in Fig. 2(a). Figure 2(b) shows the lifetime of
the QW in the microtubes τRMT normalized with respect
to the reference data τC. The normalization ðτRMT=τCÞ was
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FIG. 1. (a) Sketch of the sample geometry showing a microtube (diameter d ∼ 5 μm) that was rolled up from the metal coated
substrate. Four different samples were prepared each of which with a different Ag layer thickness ranging between 6 and 39 nm.
(b) Detailed multilayer structure with integrated QW structures from which microtubes were rolled up by self-rolling of strained layers.
Layer composition: GaAs substrate layer, AlAs sacrificial layer (40 nm), InGaAs strained layer (9 nm), AlGaAs=GaAs=AlGaAs QW
(7=4=7 nm), GaAs coating layer (3 nm), and Ag layer (6–39 nm). (c) Magnified wall of the microtube representing a three-dimensional
radial metamaterial consisting of alternating Ag and GaAs QW layers. QWs in the tube wall emit radiation after excitation with the
pump laser. Emission of lower lying QW layers is attenuated due to absorption in the tube wall. (d) Model of the microtube wall showing
a QW layer emitting radiation on top of an effective medium.
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carried out in order to account for quenching effects of the
metal compound in the microtubes and intrinsic lifetime
variation of the utilized QW structures that are reflected in
the reference data for τC. Such intrinsic lifetime variations
are caused by lateral allocated thickness and alloy fluctua-
tions of the AlGaAs=GaAs=AlGaAs heterostructure during
MBE growth that affect the local band structure of the
quantum system and therefore alter the decay kinetics and
the intrinsic spontaneous emission lifetimes [27,28]. The
quenching effect can be observed when comparing the
reference data τC and τUC. The lifetimes on metal coated
areas τC are reduced compared to uncoated areas τUC as a
consequence of the metal layer in close proximity to the
QW. The oscillating dipole fields of the QW can penetrate

through the spacing layer (10 nm) and couple to surface
plasmon polariton modes [29,30] or lossy wave excitations
[30,31] at the metal interface in a near field coupling
process. This offers additional decay channels for the QW
that reduce its spontaneous emission lifetime.
We note that the normalized lifetime of the QW in the

microtubes ðτRMT=τCÞ [Fig. 2(b)] shows a reduction as dAg
is increased; e.g., a comparison between RMT6 and RMT22

shows a reduction of ðτRMT=τCÞ by a factor of 2. The
reduction of ðτRMT=τCÞ can be well explained by the
crossover from elliptic to hyperbolic dispersion between
the different microtubes. In a first approach, we model the
optical properties of the microtubes with an effective
medium model. As can be seen in Figs. 1(b) and 1(c)
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FIG. 2. (a) QW lifetimes τUC (gray dots), τC (gray triangles), and τRMT (black squares) on the samples S6, S17, S22, and S39. The top of
the plot shows the corresponding sample label; the bottom shows the Ag layer thickness dAg on the respective samples. Red highlighted
areas indicate Ag layer thicknesses dAg for which the RMTs exhibit a hyperbolic dispersion. (b) Normalized lifetime ðτRMT=τCÞ plotted
against the Ag layer thickness dAg on the respective samples. The blue framed figures (c)–(f) correspond to RMT6 (dAg ¼ 6 nm) and the
red framed figures (g)–(j) to RMT22 (dAg ¼ 22 nm). The QW lifetimes of RMT6 and RMT22 are highlighted in (a) with a blue and red
circle, respectively. [(c) and (g)] Real parts of the effective permittivities εx;y and εz for RMT6 and RMT22 based on an effective medium
model. The red highlighted areas mark photon energies Eph for which Reðεx;yÞ < 0 and ReðεzÞ > 0; the black dashed line indicates the
QW’s emission energy Eph;QW ¼ 1.64 eV. [(d) and (h)] Isofrequency plots of the dispersion relation for (d) RMT6 and (h) RMT22 for a
photon energy of Eph;QW ¼ 1.64 eV. [(e) and (i)] Absolute values of the magnetic field amplitude in linear scale obtained from finite-
difference time-domain (FDTD) simulations for a dipole antenna of length 6 nm (blue dot) emitting radiation at an energy E ¼ 1.64 eV
in the top layer of (e) RMT6 and (i) RMT22. [(f) and (j)] Absolute values of the magnetic field amplitude for an idealized homogenous
structure (i.e., no individual layers) with anisotropic material parameters εx;y and εz as determined from the effective medium model for
(f) RMT6 and (j) RMT22.
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the walls of the microtubes represent three-dimensional
structures consisting of alternating layers of metal and
dielectric. For such structures, the effective medium model
yields an effective permittivity tensor ε ¼ diagðεx;y; εx;y; εzÞ
with uniaxial anisotropic components in plane εx;y and out
of plane εz [32],

ϵx;y ¼
ηϵmetal þ ϵdielectric

1þ η
ð1Þ

1

ϵz
¼ 1

1þ η

�
η

ϵmetal
þ 1

ϵdielectric

�
: ð2Þ

The permittivity components εx;y, εz both depend on
the permittivities of the constituent materials (ϵmetal and
ϵdielectric) and on the layer thickness ratio between the metal
and dielectric layer η ¼ dmetal=ddielectric. We remark that
changing the thickness ratio η enables control over εx;y and
εz over a wide range. Figures 2(c) and 2(g) show the real
part of εx;y (green solid) and εz (blue dotted) for RMT6

(η ¼ 0.22) and RMT22 (η ¼ 0.73), respectively, plotted
against the photon energy Eph where the Ag layer is the
metal compound and the GaAs quantum structure is the
dielectric compound. Values for complex permittivities of
GaAs and Ag are taken from the data of Palik [33]. Red
highlighted areas indicate photon energies Eph for which
Reðεx;yÞ < 0 and ReðεzÞ > 0; the black dashed line corre-
sponds to the QW’s emission energy Eph;QW ¼ 1.64 eV.
With the dispersion relation for extraordinary (TM-
polarized) waves in uniaxial anisotropic systems given by

k2x þ k2y
εz

þ k2z
εx;y

¼ ω2

c2
ð3Þ

we can evaluate the topology of the isofrequency surfaces
of the RMTs on the respective samples. For RMT6, the
isofrequency plot of the dispersion relation yields a closed
ellipsoid in k space as a consequence of Reðεx;yÞ;ReðεzÞ>0

and Reðεx;yÞ ≠ ReðεzÞ at Eph;QW ¼ 1.64 eV [Fig. 2(d)].
In contrast, for RMT22 we find Reεx;y < 0 and ReðεzÞ > 0

at Eph;QW ¼ 1.64 eV, which results in an isofrequency
surface of hyperboloidal topology [Fig. 2(h)]. Even though
for RMT22, Eq. (3) does not have a solution for small k
vectors, as can be seen from the hole in the center of the
isofrequency surface, high-k vectors are supported as the
hyperbolic isofrequency surface is an open surface in k
space extending infinitely leading to a diverging PDOS.
In the effective medium model the transition from

elliptic to hyperbolic dispersion occurs for samples with
dAg > 16 nm, which agrees well with our data. In fact,
RMT6 is expected to have elliptic dispersion and the QW in
RMT6 has a relatively large lifetime of ðτRMT=τCÞ ¼ 0.52.
By contrast, the lifetime of RMT22 [ðτRMT=τCÞ ¼ 0.25],
which is expected to show hyperbolic dispersion, is

significantly reduced. We attribute this difference in life-
time to the topological transition of the isofrequency
surface to an open hyperboloidal surface giving rise to a
diverging PDOS that induces a faster spontaneous emission
of the embedded quantum emitter.
In RMT17 [ðτRMT=τCÞ ¼ 0.34] the lifetime is only

moderately decreased compared to RMT6 ½ðτRMT=τCÞ ¼
0.52�. We assume that RMT17 does not yet show a distinct
hyperbolic dispersion with a diverging PDOS since it lies in
the crossover regime to the hyperbolic dispersion that is
expected to be smeared out due to losses of the metallic
components in the system [15]. Therefore, the reduction of
the lifetime is less significant compared to RMT22, which
agrees well with our expectation. RMT39 ½ðτRMT=τCÞ ¼
0.25� on the other hand is far in the hyperbolic regime and
the lifetime is not reduced any further as compared to
RMT22 ½ðτRMT=τCÞ ¼ 0.25�, which already shows distinct
hyperbolic dispersion. Even though we effectively probe
the lifetime of the top QW layer, since this layer provides
the dominant contribution to the signal that we measure in
our far field experiment, it is reasonable to assume that the
lifetime of all quantum structures in the metamaterials is
decreased in the hyperbolic dispersion regime. Radiation
from lower lying QW layers could be coupled out to free
space, in a subsequent step, by nanopatterning the structure,
which has successfully been employed to couple out
hyperbolic modes from a multilayer system [11].
FDTD simulations using the CST MICROWAVE STUDIO

package very well support our experimentally observed
results. We numerically determine the emission enhance-
ment and analyze the spatial electromagnetic field distri-
bution in RMT6 and RMT22. For this purpose we place a
subwavelength dipole emitter of length 6 nm oriented in
z-direction in the middle of the top layer of the microtubes
[cf. Fig. 2(e)]. We use three-dimensional simulations with
open boundary conditions (perfectly matched layers) and
consider losses of the metallic components. The emission
enhancement was simulated using the induced impedance
model [34]. In this model, the emitter is a metal antenna
and the effect of the environment on its radiation can be
measured in terms of the antenna radiation resistance,
which can be computed in CST MICROWAVE STUDIO. We
remark that this classical antenna model is well suited to
also describe the spontaneous emission enhancement of
quantum emitters [34]. Care was taken in order to exclude
the effect of mesh on the emitted power by providing a
sufficiently dense mesh around the dipole, which is kept
identical in all simulations. Computing the induced imped-
ance for the light source embedded in RMT6 and RMT22,
we determine an enhancement of the emitted power (i.e., a
lifetime decrease) in RMT22 by a factor of 4.2 compared to
RMT6. This result is the same order of magnitude as our
experimental result (factor of 2). The electromagnetic field
distribution in RMT22 reveals characteristic features of
hyperbolic dispersion that are responsible for the emission
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enhancement. Figures 2(e) and 2(i) show the spatial
distribution of the magnetic field amplitude in RMT6

and RMT22, respectively. We plot the magnetic field
amplitude as it is free from unsteady boundary conditions
at the layer interfaces. In Figs. 2(f) and 2(j) we show the
simulation of an idealized structure with anisotropy param-
eters as determined from the effective medium model for
RMT6, and RMT22, but simulated as homogenized media
(i.e., without discrete layers). We note that in the idealized
simulation for RMT22 [Fig. 2(j)] the radiation of the
source is emitted in two preferred directions. Such directed
wave beam propagation is characteristic for hyperbolic
dispersion of optical waves [35,36], but also occurs for
other wave phenomena such as spin waves [37] and
acoustic waves [38] in media with engineered anisotropy.
The directed beams are the consequence of high-k vector
modes that are expected to travel with a group velocity
pointing in the same direction. For RMT6, the two
distinctive beams do not occur since the sample features
elliptic dispersion. We note that the layered samples show a
similar behavior compared to the idealized structures. For
RMT6, it can be additionally seen that fields are localized at
the top metal layer, which is due to the excitation of a
plasmonic mode at the metal-semiconductor interface in the
vicinity of the emitter. For RMT22, field localizations as a
consequence of plasmonic excitations can also be noticed
but are distributed over the whole structure. Comparison
between the idealized homogeneous [Fig. 2(j)] and the
realized layered [Fig. 2(i)] simulation for RMT22 shows
that also in the layered structure light propagation takes
place in the expected directions shown for the ideal
homogeneous sample. This demonstrates that also the
realized samples with layer thicknesses in the order of
30 nm support characteristic features of hyperbolic
dispersion giving rise to the lifetime enhancement of the
integrated quantum wells as observed in our experiments.
In conclusion, we report on enhanced spontaneous

emission rates of GaAs quantum wells embedded in
rolled-up metamaterials. The metamaterials were fabricated
by rolling up strained metal-semiconductor layers with
incorporated quantum structures resulting in active meta-
materials composed of identical functional layers.
Time-resolved PL measurements supported by FDTD
simulations reveal a reduction of the spontaneous emission
lifetime of the integrated quantum structures as the thick-
ness of the incorporated Ag layer in the metamaterials dAg
is increased. Besides a contribution of quenching by the
metal compound we identify a lifetime decrease as a
signature of the topological transition to hyperbolic
dispersion in our metamaterials that is predicted by a
simple effective medium model and well supported by
our electromagnetic simulations. Our study shows that the
spontaneous emission rate of high-quality quantum-well
structures with a narrow spectrum can be tailored when
integrated in a metal-dielectric metamaterial system in

which the emitters are part of an optical environment with
controllable optical properties. Our results are an important
step towards novel integrated quantum light sources with
tailored emission properties.
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