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Plasmonic nanostructures have been extensively used to
manipulate the spontaneous light emission rate of molecules
and their radiative efficiency1–6. Because molecules near a met-
allic surface experience a different environment than in free
space, their spontaneous radiative emission rate is generally
enhanced7–9. Such enhancement, measured by means of the
Purcell factor, arises as a consequence of the overlap between
the surface plasmon mode frequency and the emission spec-
trum of the molecule. However, such overlap is available only
for a few narrow bands of frequency due to the limited plasmo-
nic materials existing in nature10,11. Although this limitation can
be overcome by using hyperbolic metamaterials (HMMs)—a
type of nanoscale artificial material with hyperbolic dispersion
relations—the Purcell factor and the radiative power have
remained relatively low12–16. Here, we show that by nanopat-
terning a hyperbolic metamaterial made of Ag and Si multi-
layers, the spontaneous emission rate of rhodamine dye
molecules is enhanced 76-fold at tunable frequencies and the
emission intensity of the dye increases by ∼80-fold compared
with the same hyperbolic metamaterial without nanostructur-
ing. We explain these results using a dynamic Lorentzian
model in the time domain.

Metamaterials offer new routes to the design of materials with
attractive optical properties for potential applications in super-resol-
ution imaging and multifunctional devices17–19. Metamaterials com-
posed of a stack of multilayers are particularly promising because of
their unique, hyperbolic dispersion relation20–24. When brought into
the near-field of multilayer metamaterials, light emitters release
their energy predominantly via three channels: radiative emission,
plasmonic modes and other non-radiative decay modes10,11.
Plasmonic modes usually dominate over other decay channels20,21.
Because of their tunable dispersion relations, HMMs offer a larger
plasmonic density of states (DOS) at any desired wavelength,
which leads to an enhancement in spontaneous emission rates.
However, the difficulties in fabricating metal–dielectric multilayer
HMMs at deep subwavelength scales, as well as the non-radiative
nature of the dominating plasmonic modes in uniform HMMs,
limit Purcell enhancement and the external quantum efficiency in
the far-field. Accordingly, an outcoupling mechanism is necessary
to extract energy from the non-radiative plasmonic modes.

Figure 1a presents the schematic configuration of the proposed
HMM structure, which consists of nanopatterned Ag–Si multilayers.
This multilayer combination was selected based on the optical
properties and the compatibility of film growth (see Methods for
more details). A scanning electron microscope (SEM) image of
one of the fabricated samples is shown in Fig. 1b. The individual

Si and Ag layers are not visible due to the limited resolution in
this SEM image. Dark-field scanning transmission electron micro-
scope (STEM) images of the cross-sectional view at different magni-
fications indicate a well-formed periodic lattice structure in the Ag–
Si multilayers with a highly conformal coating across the substrate
(Fig. 1c). There is no accumulation of film roughness along the
growth direction, and 10 nm layer thicknesses are consistently
achieved. The element mapping for Si and Ag verifies the multilayer
structure and some minor diffusion of Ag into Si (Fig. 1d). The layer
thicknesses and multilayer structure were also confirmed by X-ray
reflectivity scans.

We first calculated the Purcell factor7 based on a modified theory
of dipole interaction with metal films to characterize the plasmonic
DOS of the multilayer system (Supplementary Section 1).
Figure 2a,b shows the normalized dissipated power spectra for per-
pendicular dipoles at a distance of d¼ 10 nm above the Ag film and
the Ag–Si multilayer HMM, respectively, at various emission wave-
lengths. These graphs present the k-space power distribution of the
spontaneous emission and indicate the presence of different decay
channels. Components with a wavenumber less than

���

11
√

k0 corres-
pond to power propagating in the surrounding dielectric medium
with permittivity 11, whereas those larger than

���

11
√

k0 are domi-
nated by non-radiative parts, including plasmonic modes, where
k0 is the magnitude of the wavevector in vacuum.

By integrating normalized dissipated power across all wavenum-
bers, the resulting Purcell factor quantifies the spontaneous emis-
sion-rate enhancement at different emission wavelengths (Fig. 2c,d).
The Purcell factor for a bulk Ag layer peaks at l¼ 360 nm with a
narrow bandwidth of �10 nm (Fig. 2c), corresponding to surface
plasmon resonance of the Ag film. In contrast, for the Ag–Si multi-
layer HMM the Purcell factor peaks around l¼ 600 nm with a
much broader bandwidth of over 60 nm (Fig. 2d), which aligns
better with the emission spectrum of Rhodamine 6G (R6G). The
Purcell enhancement at 600 nm is �60-fold on the Ag–Si multilayer
HMMs but less than tenfold on the Ag film. By adjusting the
filling ratio of Ag in HMMs, the Purcell enhancement can be
tuned, as shown in Fig. 2e, demonstrating the versatility of
plasmonic DOS engineering in multilayer HMMs to achieve
better control of emission processes at desired wavelengths.
Three-dimensional full-wave simulation results (Supplementary
Section 2) agree well with the theoretical calculations (provided as
open circles in Fig. 2c,d).

We used the full-wave simulation method to study the inter-
action of dipole emitters with the nanopatterned multilayer
HMM. Figure 3a,b presents the calculated cross-sectional
mapping of the Purcell factor and the enhancement of radiative
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emission for isotropic dipole emitters placed at different locations
on uniform and nanopatterned Ag–Si HMMs at l¼ 600 nm.
Data corresponding to the dashed lines are replotted in Fig. 3c,d
for a direct comparison of the characteristics on different substrates.
The Purcell enhancement for a uniform HMM is known to decay
exponentially away from the substrate, that is, along the z-axis.
The introduction of nanopatterning in uniform HMMs leads to
new variations in the Purcell factor in the x–y plane. The nanopat-
terned HMM retains a similar trend in Purcell enhancement at x–y
locations away from the nanoslit, but has weak enhancement close
to the nanoslit opening due to effectively larger emitter–metamater-
ial distances. At dipole locations 1, 2 and 3 (Fig. 3a), the Purcell
factor as a function of emission wavelength (Fig. 3e) further illus-
trates the local plasmonic DOS and the spectral similarity between
uniform and nanopatterned multilayer HMMs, whereas the
Purcell enhancement close to the sidewall of the nanoslit shifts to
longer wavelengths because of the anisotropic material property of
the multilayer HMMs.

Thanks to the outcoupling effect of the grating, radiative emis-
sion is significantly enhanced on nanopatterned multilayer
HMMs compared with uniform ones, as shown in Fig. 3b (for
calculation details see Supplementary Section 2). The radiative
emission on the uniform HMM is almost invariant with emitter–
metamaterial distance, whereas on the nanopatterned multilayer
HMM it has strong enhancement close to the surface of the
HMMs where higher plasmonic DOS is available for outcoupling

(see the mapping of the Purcell factor in Fig. 3a). The corresponding
spectra of radiative enhancement for dipole locations 1′, 2′ and 3′

(Fig. 3b) are also shown in Fig. 3f. In comparison with the
uniform HMM, radiative emission on the nanopatterned HMM is
improved by over 100% at the peak wavelength, which will lead to
the same improvement in the external quantum efficiency of
dipole emitters (Supplementary Fig. 1). It is worth noting that the
radiative enhancement factor relies on the geometry of the nanopat-
terns (see also Fig. 5).

To identify, experimentally, the Purcell enhancement of the mul-
tilayer HMMs, the lifetime of R6G dye molecules on various
samples was measured and compared by time-resolved photolumi-
nescence in a two-photon microscope system (see Methods).
Figure 4 shows the measured time-resolved fluorescence decay
curves (open circles), with peaks normalized to unity, for R6G on
both nanopatterned Ag–Si HMM (Fig. 4,iv) and Ag grating
(Fig. 4,ii) substrates. The lifetime of R6G in methanol solution (as
a reference) was determined to be 3.8 ns according to the corre-
sponding decay curve (black circles), which agrees well with the
typical value in the literature25. Unlike the case of R6G in methanol,
the decay rate for the nanopatterned Ag–Si HMM and the Ag
grating cannot be fit by a single-exponential function, because the
detected fluorescence signals arise from the collective responses of
the molecules randomly distributed in polymethyl methacrylate
(PMMA) (Fig. 1a). For the nanopatterned Ag–Si HMM sample
with a period of 200 nm, the fluorescence intensity initially decays
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Figure 1 | Nanopatterned multilayer HMMs. a, Schematic configuration of nanopatterned multilayer HMMs on a glass substrate. The multilayers consist of

Ag–Si stacks (thickness of each layer, 10 nm; total thickness H, 305 nm). Grating patterns with different periods are formed in the multilayers by FIB milling.

The R6G dye molecules mixed in PMMA are spin-coated onto the surface to a thickness of h¼ 80 nm. b, SEM image of one of the fabricated nanopatterned

HMMs (period a¼ 200 nm; width w¼ 40 nm). Inset: tilted-angle SEM image of the grating nanostructure. c, Dark-field STEM images of the cross-sections

of Ag–Si multilayers under different magnifications, showing well-formed periodic lattice structures (each layer thickness, �10 nm). The white colour

corresponds to Ag and the black to Si. d, Element mapping for the constituent materials (Si and Ag), verifying the established multilayer lattice with some

minor diffusion of Ag into Si.
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at a maximum rate of �1/(0.070+0.003) ns21 which is attributed to
the molecules strongly coupled to the HMM structure, before slowing
to a minimum rate of 1/(2.2+0.3) ns21, which is determined
mainly by those molecules away from the HMM. By the same
token, for the Ag grating sample, the decay rates at the maximum
and minimum are 1/(0.40+0.03) ns21 and 1/(2.0+0.1) ns21,
respectively (Supplementary Fig. 2). The HMMs with plasmonic
DOS aligned with the molecular emission spectra further enhance
the decay rate by about one order of magnitude compared with
the pure Ag gratings. A total 54-fold Purcell enhancement of the
decay rate was measured for R6G on the nanopatterned
HMM with a period of 200 nm at the emission wavelength
(Supplementary Fig. 3 shows a comparison with pure Si films).

Figure 4 also shows the results for the uniform Ag–Si HMM
(Fig. 4,iii) and the Ag single layer (Fig. 4,i) after division by the
same normalization factor as used for the nanopatterned Ag-Si
HMM and Ag grating, respectively. Compared with uniform
films, a stronger Purcell enhancement was detected in both the
nanopatterned HMM and the Ag grating. The grating nanostruc-
tures outcouple the dominating plasmonic modes in the HMM

for better far-field detection of fast-decaying signals from molecules
strongly coupled to the metamaterials. Not only does the strong
Purcell effect become accessible in the far-field—the fluorescence
intensity is also enhanced significantly.

A systematic study of the geometrical dependence of decay rate
and intensity enhancement was carried out for nanopatterned
HMMs with different grating periods. Figure 5a shows that the
measured lifetime of R6G further decreases as the period of the
grating reduces. A correspondingly larger Purcell factor results in
a total 76-fold decay-rate enhancement for R6G on the nanopat-
terned HMM with a period of 80 nm. The fluorescence intensity
image accumulated over 100 frames at the emission wavelength
was also captured on the area with both nanopatterned and
uniform Ag–Si HMM regions. The ratio of the averaged intensity
for the nanopatterned region and the uniform region identifies
the fluorescence intensity enhancement (Supplementary Fig. 4).
As shown in Fig. 5b, an enhancement factor close to 80-fold was
achieved for the nanopatterned HMM with a period of 80 nm, com-
pared with an eightfold intensity enhancement for larger periods.
This intensity enhancement on nanopatterned HMMs results
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Figure 2 | Comparison of Purcell factors for Ag–Si multilayer HMMs and a pure Ag single layer. a,b, Normalized dissipated power spectra (intensity on a

logarithmic scale) for a dipole perpendicular to and at a distance of d¼ 10 nm above a uniform Ag single layer (a) and a Ag–Si multilayer HMM (b), each

with the same total thickness of 305 nm. The multilayer has 15 pairs of Ag and Si layers (each layer thickness, 10 nm). The colour scales indicate normalized

dissipated power. c,d, Purcell factor for a dipole located d¼ 10 nm above the uniform Ag single layer (c) and the Ag–Si multilayer HMM (d), as depicted in the

insets. The Purcell factor for isotropic dipoles (iso, black lines) is averaged from that for the dipoles perpendicular (⊥, red lines) and parallel (‖, blue lines) to

the surface. Corresponding three-dimensional full-wave simulations (open circles) agree with theoretical calculations. e, Tunable Purcell enhancement across

the visible spectra for isotropic dipoles located d¼ 10 nm above the uniform Ag–Si HMMs by adjusting the volumetric filling ratio of the metal, P.
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from contributions from both enhanced radiative emission and the
larger excitation electric field intensity. Smaller grating periods
better match and outcouple high-wavevector plasmonic modes,
resulting in a simultaneous enhancement of both the Purcell
factor and fluorescent intensity. Nevertheless, optimized designs

that compensate multiple mismatched wavevectors may further
help outcouple more high-wavevector modes.

To understand Purcell enhancement and the outcoupling effect
in the nanopatterned multilayer HMMs, we adopted a dynamic
Lorentzian model26 to explain the spontaneous emission behaviour
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Figure 3 | Comparison of Purcell enhancement for uniform and nanopatterned multilayer HMMs. a,b, Cross-sectional mapping of Purcell factor (a) and
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the dashed lines in a and b are replotted for comparison. e, Purcell factor as a function of emission wavelength for isotropic dipoles at locations indicated in
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in the time domain (Supplementary Section 3). Because Purcell
enhancement depends on dipole–substrate distance, the time-
resolved fluorescence measures an averaged effect from molecules
distributed within the PMMA layer thickness. The theoretical
model takes this into account by averaging the time response of
the dipoles at different spatial locations, whereas the outcoupling
effect of the nanopatterns is taken into account by introducing an
effective outcoupling coefficient into the model (Supplementary
equation (10)). The theoretical fit based on this model is given as
solid lines in Fig. 4, which agrees well with experimental measure-
ments (see Supplementary Section 3 for the fitting procedure).
The model not only predicts the change in spontaneous emission
rates at different times determined by the interaction strength of
molecules with the substrate, but also explains the outcoupling
mechanism that helps improve the radiative emission, for better
identification of the Purcell enhancement of the system.

In conclusion, we have shown that the spontaneous emission rate
of a dye molecule embedded in a polymeric matrix can be greatly
enhanced by nanostructuring HMMs composed of alternating mul-
tilayers of Ag and Si. In nanopatterned HMMs, non-radiative plas-
monic modes are outcoupled, resulting in a 76-fold enhancement in
Purcell factor and an 80-fold enhancement in emission intensity
compared to HMMs without nanostructuring. In addition, theoreti-
cal calculations show that these enhancements can be tuned to a
desired wavelength across the visible spectrum by changing the met-
allic filling ratio in the HMMs. Further improvements can be
obtained by optimizing the distribution of dipole emitters and the
design of the nanostructure geometry. Engineering plasmonic
DOS using outcoupling nanostructures in multilayer HMMs can
provide desired tunability of Purcell factor enhancement for light
emission, with both high speed and high radiative intensity at
broadband operational frequencies, for applications in biosensing,
surface-enhanced Raman spectroscopy and light-emitting devices.

Methods
Fabrication of nanopatterned multilayer HMMs. Ag–Si multilayers, composed of
15 pairs of 10 nm Ag and 10 nm Si layers with a capping Si layer of 5 nm, were
prepared by alternately d.c. magnetron sputtering Si and Ag layers onto glass
substrates at room temperature. Sputtering rates for Ag and Si at 50 W
(�2.5 W cm22) were 1.6 Å s21 and 0.16 Å s21, respectively, as determined by low-
angle X-ray reflectivity measurements of calibration sample film thicknesses. The
5 nm capping layer helps prevent Ag oxidation as well as rapid quenching of
emitters in the vicinity of the metal surface. The base pressure of the chamber was
5 × 1028 torr and the Ar pressure was fixed at 2.0 mtorr. Nanoscale trenches
were inscribed into the multilayers by focused ion beam (FIB) milling with

different periods to form grating nanostructures. The Ga ion implantation effect
introduced during the FIB milling process was not observed in our experiments.
The fluorescence R6G dye molecules mixed in PMMA were spin-coated onto the
uniform and nanopatterned surface of the multilayers to a thickness of 80 nm.
A flat PMMA top surface was formed (Supplementary Fig. 5).

Measurements of time-resolved photoluminescence. The lifetime of the R6G dye
molecules on various samples was measured by time-resolved photoluminescence
in a two-photon microscope system27. A Ti:sapphire laser system (Spectra-Physics
Mai Tai) with a pulse width of less than 100 fs and a repetition rate of 80 MHz was
applied to excite R6G with an excitation wavelength of 800 nm. A dichroic filter
(700 nm) was used to block the laser light from detection. Through an emission
filter at 560 nm with a bandwidth of 15 nm, the fluorescence signal was collected
by a ×20 objective (numerical aperture¼ 0.4) before being recorded by a
Hamamatsu photomultiplier tube.
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