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ABSTRACT: We demonstrate hyperbolic metamaterials (HMMs) on a curved surface for an
eﬃcient outcoupling of nonradiative modes, which lead to an enhanced spontaneous emission.
Those high-wavevector plasmonic modes can propagate along the curved structure and emit
into the far ﬁeld, realizing a directional light emission with maximal ﬂuorescent intensity.
Detailed simulations disclose a high Purcell factor and a spatial power distribution in the
curved HMM, which agrees with the experimental result. Our work presents remarkable
enhancing capability in both the Purcell factor and emission intensity, which could suggest a
unique structure design in metamaterials for potential application in, e.g., high-speed optical
sensing and communications.
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simulation results. The resulting HMM structure might be a
promising candidate for the realization of a hyperlense,11−13
liquid refractometers,14 and a metamaterial-based light source.15
The HMMs used in this work consist of 20 stacked layers
(10 periods) of metal Ag and dielectric TiO2 deposited on top
of a tapered glass capillary, which was obtained by pulling a
heated glass capillary to reduce its diameter from around 1 μm
to dozens of micrometers (see the Supporting Information,
Part 1 and Figure S1). Both the TiO2 and Ag layers were
prepared by electron beam evaporation with thicknesses of 30
and 10 nm, respectively. On top of the uppermost Ag layer, an
extra 10-nm-thick TiO2 layer was deposited as a spacer layer to
decrease the dye absorption. As shown in Figure 1a, the
resulting HMM has a gradient in its thickness due to the
directional deposition,16 which meets our demands. Subsequently, the HMM-capped tapered glass capillary was dipped
into the solution of Rhodamine 6G (R6G) with a concentration
of 100 μM for 30 s and then dried in air. Figure 1b shows a
scanning electron microscopy (SEM) image of the fabricated
sample (cross-sectional view), where the boundary (dashed
line) of the deposited HMM layer (w/HMMs) is clearly visible
and the bottom part is without HMMs (w/o HMMs). The

yperbolic metamaterials (HMMs), as one kind of
artiﬁcial material featuring extraordinary electromagnetic
properties because of its hyperbolic dispersion relationship,
have recently attracted signiﬁcant attention.1,2 Unlike the
elliptical dispersion of conventional materials, the hyperbolic
dispersion results in a sharp increase in the photonic density of
states (PDOS) and thus drastically alters the spontaneous
emission rate of integrated light emitters.3 Therefore, HMMs
play a crucial role in both the fundamental and applied aspects
of photonic devices for light emission and biosensing.4−6
However, because HMMs are generally prepared in the form of
a planar thin ﬁlm, the spontaneous emission eﬃciency in the
out-of-plane direction to the far ﬁeld is extremely low because
of the continuous translational symmetry of planar HMMs.7 To
overcome this obstacle, various nanopatterned structures have
been utilized with planar HMMs for the far-ﬁeld outcoupling.8−10 In this Letter, we constructed a curved HMM
with gradient thicknesses of metal/dielectric layers on top of a
tubular structure without a continuous translational symmetry.
The curved HMM features an asymmetric cross section with
improved emission eﬃciency as well as directionality. Relevant
calculations are performed to elucidate enhancement of the
spontaneous emission rate, while enhancement of the emission
directionality is veriﬁed by monitoring the emission intensity
distribution based on angle-dependent microphotoluminescence (μ-PL) measurement, which matches well with the
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Figure 1. (a) Schematic conﬁguration of the asymmetric HMM layer
on a tapered glass capillary. The multilayers consist of Ag−TiO2 stacks
(the thicknesses of the Ag and TiO2 layers are 10 and 30 nm,
respectively, at θ = 90°). (b) SEM image of the fabricated sample at
the smaller end from the top view. (c) STEM image of the stacked
layers’ cross section at θ = 30°. The bright area corresponds to TiO2
and the dark to Ag. (d) Element mapping for the constituent materials
(Ag, Ti, and O).

Figure 2. Calculated real (a) and imaginary (b) parts of the radial and
tangential components of the eﬀective permittivity for the fabricated
TiO2/Ag multilayer in a planar form. For a curved HMM layer on a
tubular structure, the Purcell factor (c) for a dipole located at θ = 90°
with the following orientations: parallel (∥), perpendicular (⊥), and
isotropic. (d) Average Purcell factors at dipole locations of θ = 0°, 90°,
and 270°.

cross-sectional details of the deposited multilayer structure
were investigated by scanning transmission electron microscopy
(STEM), and the focused-ion-beam milling process was
adopted for the preparation of the sample’s cross section. A
typical STEM image of the cross section at θ = 30° is given in
Figure 1c, showing the periodic multilayer structure, where θ is
the angular position with respect to the parallel direction (see
Figure 1a). It is noted that the thickness of one single layer at
this position is nearly equal to half of the thickness of that at θ
= 90°, as expected, while we can expect both better continuity
and smoothness of the stacked layers at θ = 90°. Figure 1d
shows the element mappings for Ag, Ti, and O, by which the
structural periodicity and thickness are veriﬁed with good
homogeneity.
The eﬀective permittivity tensor for the fabricated dielectric/
metal multilayer in the planar form can be calculated based on
the eﬀective media theory17 as
εpeff
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which will be used in the simulation part of this work.
To estimate the spontaneous emission rate of a ﬂuorescent
molecule near the curved HMMs, the Purcell factor20−22 was
calculated based on the ﬁnite-element-method simulations (see
the Supporting Information, Part 2). Here, a tapered glass
capillary with a diameter of ∼20 μm and a wall thickness of ∼1
μm is considered, on top of which the dielectric/metal
multilayer with a maximum thickness of ∼0.4 μm is applied.
Considering the asymmetric feature of the curved HMMs, three
Purcell factors in the cases of an electromagnetic dipole located
at θ = 0°, 90°, and 270°, respectively, were calculated. The
result for θ = 90° is shown in Figure 2c, where the dipole takes
three orientations: parallel (∥), perpendicular (⊥), and
isotropic with respect to the tangent. As can be clearly seen,
the transition in the dispersion relationship results in an abrupt
increase in the Purcell factor due to the PDOS enhancement as
the wavelength increases over about 498 nm. Under the same
circumstance, the dispersion transition dominates the Purcell
eﬀect; thus, a planar structure presents a value of the Purcell
factor comparable to our proposed structure at θ = 90°.
Moreover, by variation of the dipole location (Figure 2d), the
Purcell factor can be tuned. Thus, one could utilize the curved
HMMs to engineer the light−matter interaction when the
Purcell eﬀect is dominant.
The optical property of the tapered-glass-capillary-based
asymmetrically curved HMMs was characterized by the μ-PL
measurements. Owing to the cone-shaped feature of the

(1)

εmεd
(1 − pm )εm + pεd

ε⊥ =

bolic as ε⊥ < 0 and ε∥ > 0, while the broad-band response and
tunability can be engineered in the fabrication process.18 A
simple coordinate transformation gives the eﬀective permittivity
tensor for the resulting HMMs in the curved form:19

where εd and εm are the permittivities of dielectric TiO2 and
metal Ag, respectively, and pm = tm/(td + tm) is the ﬁlling ratio
of Ag. Here, the permittivity ε and thickness t of a single TiO2
or Ag layer were determined by means of spectroscopic
ellipsometry (see the Supporting Information, Part 1 and
Figure S2), and the ﬁlling ratio pm is designed to be 0.25 in
order to have a better continuity of Ag layers. Parts a and b of
Figure 2 show the calculated radial and tangential components
of the eﬀective permittivity tensor, respectively. It is clearly
visible that a transition in the dispersion relationship of the
dielectric/metal multilayer occurred from elliptical to hyper7705
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capillary as shown in Figure 3a, characterizations were carried
out as a function of the diameter. Here, a laser confocal μ-PL

Moreover, to extract the emission directionality characteristics, a more detailed PL experiment was performed based on a
capillary with a diameter of ∼20 μm. In Figure 4a, the

Figure 4. (a) Experimental demonstration of the intensity enhancement distribution at emission wavelengths of 540−600 nm by polar
coordinates. The experiments were taken for the structure with a
diameter of ∼20 μm. (b) Theoretical result of the spatial power
distribution (magnitude of the Poynting vector) at an emission
wavelength of 552 nm. Dozens of dipoles with isotropic orientation
were placed inside the HMM layer with consistent spacing between
each one. The diameter was 20 μm.

Figure 3. (a) Optical microscopy image of the tapered-glass-capillarybased asymmetrically curved HMMs. (b) μ-PL spectra of the resulting
structure with diameters of ∼20, ∼40, and ∼60 μm. The colored
curves of black, red, and blue stand for the results from diﬀerent
excitation/collection angles θ of 0°, 30°, and 90°, respectively. The
inset shows the Raman signal based on the data in the dashed box. (c)
Experimental demonstration of the intensity enhancement with
variable diameter and incident angle at an emission wavelength of
552 nm compared with that on the planar case.

experimental results of the intensity enhancement at emission
wavelengths of 540−600 nm (depicted by the radial axis)
demonstrate increased directionality and eﬃciency. The
intensity enhancement was deﬁned as the R6G molecules’
emission on the resulting HMMs compared with that on planar
HMMs. A maximum enhancement above 60 times can be
achieved with the excitation and collection angles θ of about 0°
and 180°. The intensity enhancement at θ = 0° and 180° results
from the contributions of the outcoupling of nonradiative
modes due to the notch where the thickness of the HMM layer
is close to 0 nm gradually.
To further conﬁrm this phenomenon, a simulation model
with dozens of dipoles placed inside the HMM layer was
completed for the stimulated emission. In Figure 4b, we present
the power distribution of isotropic dipoles based on a curved
structure with a diameter of 20 μm (see the Supporting
Information, Part 4, for more details). The power distribution
at an emission wavelength of 552 nm indicates propagation of
the electromagnetic energy, which conﬁrms the directional
emission eﬀect of using an asymmetrically curved structure. It is
noticed that a number of waves travel inside the HMM layer
until they hit its boundary,29,30 while for the curved HMM
layer, those modes with high wave vectors can be outcoupled to
the free space thanks to the asymmetric structure-induced
notch, which matches well with the experimental results of the
intensity enhancement. Thus, as mentioned, for the proposed
structure, it is feasible to realize a directional spontaneous
emission enhancement while still embracing an excellent
Purcell eﬀect.

setup was used to focus a 532 nm laser onto the surface of the
HMMs to excite R6G molecules and then collect their broadband PL emission. The PL spectra of capillary samples with
cross-sectional diameters D of ∼20, ∼40, and ∼60 μm are
depicted in Figure 3b. As can be seen, the PL intensity changes
with the excitation and collection angle. In addition, enhanced
Raman emissions of R6G molecules are achieved, especially at
the collecting angle θ of 30°, as shown in the inset of Figure
3b(i). While θ is the angular position with respect to the
thinnest point, the layer thickness at the angle θ of 30° induces
a greatly enhanced light−matter interaction, where a large
localized plasmonic enhancement is achieved because of the
decreased continuity and smoothness of the deposited ﬁlms.23
In addition, the relationship between the cross-sectional
diameter D and the emission enhancement is clearly seen in
Figure 3c, where the ratio of the intensities at the emission
wavelength of 552 nm of the curved-to-ﬂat HMMs is shown. A
stronger emission enhancement is obtained at a smaller crosssectional diameter because of its larger curvature, where the
intensity of the excited electromagnetic ﬁeld increases, resulting
in a better far-ﬁeld light outcoupling.24 In conclusion, these
experimental results demonstrate both the enhancement and
directionality of the emission due to the asymmetrically curved
HMMs.
While the whispering-gallery mode resonances have been
observed via the tapered ﬁber coupling method shown in
Figure S3 (see also the Supporting Information, Part 3), they
are absent in the μ-PL measurements because of the coneshaped structure, which, by itself, cannot support any axial
conﬁnement for the emission light.25 This nonresonance
character ensures a wide-band emission enhancement. On the
other hand, future work might be done on resonant curved
HMMs by introducing an axial conﬁnement via well-deﬁned
diameter variations.26−28

■

CONCLUSIONS
Asymmetrically curved HMMs exhibit enhancement for the
spontaneous emission due to their unique outcoupling scheme
for nonradiative waves. The intensity distribution detected
through the μ-PL technique indicates enhancement of both the
directionality and eﬃciency from the thickness-graded curved
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(28) Bolãnos Quiñones, V. A.; Ma, L. B.; Li, S. L.; Jorgensen, M.;
Kiravittaya, S.; Schmidt, O. G. Enhanced Optical Axial Confinement in
Asymmetric Microtube Cavities Rolled Up from Circular-Shaped
Nanomembranes. Opt. Lett. 2012, 37, 4284−4286.

structure. Such curved HMMs, maintaining excellent property
in the Purcell eﬀect, can achieve a maximum intensity
enhancement of about 80-fold for directional emission
compared with planar HMMs. Our work oﬀers an interesting
design for HMMs to outcouple the plasmon modes for far-ﬁeld
emission, which could apply to other metamaterials and
photonic structures for the required light−matter interaction.
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