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ABSTRACT: Plasmonic material has emerged with multifunctionalities for its
remarkable tailoring light emission, reshaping density of states (DOS), and focusing
subwavelength light. However, restricted by its propagation loss and narrowband
resonance in nature, it is a challenge for plasmonic material to provide a broadband
DOS to advance its application. Here, we develop a novel nanoscale core−shell
hyperbolic structure that possesses a remarkable coupling eﬀect inside the multishell
nanoscale composite owing to a higher DOS and a longer time of collective oscillations
of the electrons than the plasmonic-based pure-metal nanoparticles. Subsequently, a
giant localized electromagnetic wave of surface plasmon resonance is formed at the
surface, causing pronounced out-coupling eﬀect. Speciﬁcally, the nanoscale core−shell
hyperbolic structure conﬁnes the energy well without being decayed, reducing the
propagation loss and then achieving an unprecedented stimulated emission (random
lasing action by dye molecule) with a record ultralow threshold (∼30 μJ/cm2). Besides,
owing to the radial symmetry of the nanoscale core−shell hyperbolic structure, the excitation of high wavevector modes and
induced additional DOS are easily accessible. We believe that the nanoscale core−shell hyperbolic structure paves a way to
enlarge the development of plasmonic-based applications, such as high optoelectronic conversion eﬃciency of solar cells, great
power extraction of light-emitting diodes, wide spectra photodetectors, carrying the emitter inside the core part as quantitative
ﬂuorescence microscopy and bioluminescence imaging system for in vivo and in vitro research on human body.
KEYWORDS: hyperbolic structure, random lasers, core−shell nanoparticles, localized surface plasmon resonance,
photonic density of states
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enhanced Raman scattering applications.7−10 However, the
above mentioned behaviors are limited by their natural loss
and narrowband resonance that restrict to achieve a broadband
and stronger LSPR or even go beyond the plasmonic eﬀect.
Therefore, overcoming the above diﬃculty still remains a great
challenge.
Apart from the natural plasmonic property of metal NPs,
metamaterials were derived from the existing natural materials
and their combinations to achieve unnatural electromagnetic
phenomena by tailoring their phases, amplitudes, and polarizations, such as metasurface,11 hyperlens,12,13 and metalens.14−16 One of the most signiﬁcant breakthrough is

INTRODUCTION
Under light illumination on the noble-metal nanoparticles
(NPs), surface plasmon polaritons (SPPs) can be excited as a
form of the propagation wave at the surface owing to the
coupling eﬀect.1,2 When these SPPs are spatially conﬁned to
the NPs resulting from the collective oscillation of electrons at
their surfaces, localized surface plasmon resonance (LSPR) is
known to boost the strength of electromagnetic ﬁeld.3−5 These
phenomena are plasmonic-based concepts based on the
modiﬁed density of states of light, which enables a great
impact in the development of nanoscale science and
technology.6 To induce more LSPR, recently, core−shell
NPs have been synthesized as the form of dielectric (core)−
metal (shell), metal−dielectric, semiconductor−semiconductor, or other compositions for biomedicine, catalysis,
controlling drug delivery, tissue engineering, and surface© 2018 American Chemical Society
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enables to achieve a record ultralow threshold (∼30 μJ/cm2)
due to the formation of closed loop paths by the highly
scattered nanoscale core−shell hyperbolic structure. Threedimensional ﬁnite-diﬀerence time-domain (FDTD) simulations verify our experimental results. Potential applications
could be imaged when introducing the nanoscale core−shell
hyperbolic structure, such as plasmonic nanoscale lasers, lightemitting diodes with high power extraction, and broadband
absorption with tremendous photoelectric conversion eﬃciency for solar cells and photodetectors. Even more, the
nanoscale core−shell hyperbolic structure can carry the
quantum emitters inside the core as a quantitative ﬂuorescence
microscopy and bioluminescence imaging system for in vivo
and in vitro researches on human body. Consequently, the
nanoscale core−shell hyperbolic structure is promised to be
useful for practical industrial applications due to its easily
synthesized characteristic; thus, it is expected to be a rescue for
exploring plasmonic-based technologies and metamaterials.
Design, Characterization, and Optical Property of the
Nanoscale Core−Shell Hyperbolic Structure. The schematic diagram of nanoscale core−shell hyperbolic structure
under light illumination is depicted in Figure 1a. This novel
nanoscale core−shell hyperbolic structure is composed of the
core material, SiO2 (silica), with a radius of 3 nm and

hyperbolic metamaterials (HMMs), with the unique hyperboloid of isofrequency contour in momentum−space bringing
about unlimited wavevectors (high-k modes) and subsequently
increasing the photonic density of states (PDOS).17,18
Moreover, these high-k modes are realized as the volume
plasmon polaritons emerged from the intercoupling eﬀect of
SPPs by the metal−dielectric interfaces.19,20 Several intriguing
developments have then been unveiled, including ultrahigh
sensitive biosensors,21 robustly enhanced ﬂuorescence emission,22,23 and increase in the charge-transfer dynamics for
photonics, optoelectronics, and chemistry.24,25 Considering the
van der Waals heterostructures with atomic thickness, HMMs
have been proven to assist the carriers transfer in between
graphene and hexagonal boron nitride through a strong nearﬁeld coupling that opened a new era in nanoelectronics.26 The
HMMs are also employed to boost the transition rates of
optical gain media to trigger the lasing action with higher
possibility.27−30 Additionally, the control of directivity for
eﬃcient deep-ultraviolet power extraction and high-speed
optical transmission applications could be accomplished by
artful design of HMMs.31,32 To achieve these functionalities,
previous methods have used patterned nanostructures through
electron beam lithography or focused ion beam (FIB)
technology to eﬀectively couple out the energy, whereas they
are too costly for commercialization.33,34 Hyperbolic multilayered nanotube could be a solution because its structure is
achievable from the self-roll-up process.35,36 However, the
drawback of this nanotube is that it does not have a truly threedimensional (3D) symmetry, indicating only speciﬁc incident
light direction (perpendicular to the surface) can induce its
potential PDOS. To utilize these characteristics to extremes,
the demand of unearthing novel metamaterials with a stronger
LSPR eﬀect and to conquer broad angular excitation from
incident light is highly expected.
Here, we introduce the ﬁrst nanoscale core−shell hyperbolic
structure that possesses a superior plasmonic coupling eﬀect
inside the multishell structure and enables to generate a giant
PDOS. Thus, the nanoscale core−shell hyperbolic structure
can produce a stronger intensity of LSPR leading to the
pronounced out-coupling eﬀect. In addition, due to its
naturally radial symmetry, the nanoscale core−shell hyperbolic
structure makes the excitation of pronounced PDOS
independent of the direction of incident light. Besides, the
nanoscale core−shell hyperbolic structure sustains the longer
time of coupling eﬀect inside the multishell structure and then
continuously couples the energy through the dielectric core
material. One of the particular interests in stimulated emission
is random laser. It is deemed as the succeeding light source by
multiple scattering in between the disordered materials,
making gain overcome its loss.37,38 Beneﬁts of broad angular
emission, simple design, and easily accessible characteristics
provide random laser system a great potential for display,
biological probe, full-ﬁeld microscopy, and white light
illumination.38−42 Furthermore, it is not required for a random
laser system to hold a rigorous cavity.38,43,44 Diversiﬁed
functionalities have then been achieved, such as highly
stretchable and ﬂexible optoelectronics and dissolvable and
recyclable random laser devices.45,46 Therefore, for a proof-ofconcept demonstration, we integrate the nanoscale core−shell
hyperbolic structure with 4-(dicyanomethylene)-2-tert-butyl-6(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB)
dye molecule to achieve random laser action as a platform
for stimulated emission. This random lasing action system

Figure 1. Proof-of-concept design of the nanoscale core−shell
hyperbolic structure. (a) The schematic diagram of the nanoscale
core−shell hyperbolic structure under light illumination to eﬀectively
excite the pronounced photonic density of states (PDOS). (b)
Transmission electron microscopy (TEM) image of the nanoscale
core−shell hyperbolic structure. The highly compact Au NPs form the
layer for simulation. (c) The distributions of electric ﬁeld intensity
(|E|2) around the nanoscale core−shell hyperbolic structure. (d)
Isofrequency contours of the nanoscale core−shell hyperbolic
structure and air. Inset image is the schematic diagram of incident
⎯⇀

⎯⇀
⎯

plane wave (k ) and polarization direction (E ) by a spherical
coordinate. k represents the out-coupling wavevector and P is the
Poynting vector that out-couples to the free space. The dashed line is
the conservation of the k-vector component between the nanoscale
core−shell hyperbolic structure and air.
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Figure 2. Random laser action based on the nanoscale core−shell hyperbolic structure. (a) The top-view scanning electron microscope (SEM)
image of the nanoscale core−shell hyperbolic structure mixed with 4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)4H-pyran (DCJTB) dye molecules in a volume ratio of 4:1. (b) The corresponding emission spectra. All the emission spectra were excited by a 374
nm pulsed diode laser. ((c), (e), (g), and (i)) The SEM images in a volume ratio of 3:1, 2:1, 1:1, and 1:2, respectively. ((d), (f), (h), and (j)) The
corresponding emission spectra.
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Figure 3. Characterization of random laser action. (a) The peak emission intensity as a function of pumping energy density. The ﬁtted lines are the
spontaneous emission (ﬂat slope) and stimulated emission (sharp slope) with the threshold (hollow circle) of random lasing action of ∼50, 47, 30,
42, and 61 μJ/cm2 in a volume ratio of 4:1, 3:1, 2:1, 1:1, and 1:2, respectively. (b) The full width at half-maximum (FWHM) as a function of
pumping energy density. (c) The lifetime measurements for the samples with the volume ratio of 2:1. (d) The lifetime as a function of pumping
energy density.

coordinate. Considering the optical tensor, the diﬀerent sign of
permittivity is opposite (εr·εθ < 0).13 Thus, the dispersion
relation changes from elliptical to hyperboloid as

alternative multishells, and Au (5 nm)/silica (3 nm)/Au (5
nm). The total radius of the nanoscale core−shell hyperbolic
structure is 16 nm. Figure 1b presents the transmission
electron microscopy (TEM) image of the nanoscale core−shell
hyperbolic structure. A detailed discussion of the TEM image
is shown in Figure S1. Because the synthesis of silica−Au
core−shell hyperbolic structure consists of several steps,
measuring the ζ-potential of each step of surface functionalization is one of the suitable methods to provide the additional
evidence for the formation of the core−shell motifs as shown
in Figure S2. To illustrate the importance of nanoscale core−
shell hyperbolic structure, Figure S3 shows the silica@Au NP
as a plasmonic-based reference, including Au (radius of 3 nm)
as a core and silica (2 nm) as a shell layer. Figure 1c is the
simulated cross-sectional electric ﬁeld intensity (|E|2) distribution of the nanoscale core−shell hyperbolic structure using 3D
FDTD method to realize the LSPR eﬀect.
Considering the nanoscale core−shell hyperbolic structure,
the thickness of each layer is much smaller than the operating
wavelength and remains the same. Then, the eﬀective dielectric
tensor in radial direction is12,13
εr =

ij kθ yz 1
ij k r yz 1
jj zz
j z
jj k zz ε + jjj k zzz ε = 1
k 0{ r
k 0{ θ
2

(1)

And, in polar and azimuth (tangential to the surface)
directions, they can be expressed as
εθ = εϕ =

εAu + εSiO2
2

(3)

where k0 = ω/c (ω is the angular frequency and c is the speed
of light in vacuum). The calculated eﬀective permittivity of the
metal−dielectric multishells with the thickness of SiO2 (3
nm)/Au (5 nm) is shown in Figure S4. With the negative
component of eﬀective permittivity (εθ) above the wavelength
regions of 450 nm, the metal−dielectric multishells can be
deemed as hyperbolic dispersion. The emission spectra of
random lasing action mixed with DCJTB dye molecules are
within 500−700 nm, which can be inﬂuenced by the eﬀect of
hyperbolic dispersion as shown in our study. This distinction
allows the existence of high-k modes to assist wave propagation
inside the multishell structure instead of being annihilated as a
form of evanescent ﬁeld, subsequently producing the
remarkable PDOS as compared to the general materials with
elliptical dispersion.
Emission Dynamics. To illustrate the usefulness of
nanoscale core−shell hyperbolic structure, it is mixed with
DCJTB dye molecules to demonstrate the random laser action
as shown in Figure 2. Figure 2a presents the top-view scanning
electron microscopy (SEM) image of the nanoscale core−shell
hyperbolic structure mixed with 4-(dicyanomethylene)-2-tertbutyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran
(DCJTB) dye molecules in a volume ratio of 4:1. The sizes in
irregular and randomly distributed mixtures ranged from tens
of nanometers. These morphologies are beneﬁcial for the
formation of closed-loop paths to trap the light and then
enlarge the optical gain by multiple scattering process, resulting

2εAuεSiO2
εAu + εSiO2

2

(2)

where ε is the permittivity. To further discuss the out-coupling
conﬁguration (|kHMM| > |kair|) of the nanoscale core−shell
hyperbolic structure, the isofrequency contour is shown in
Figure 1d. Inset image depicts the corresponding spherical
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Figure 4. Broad angular emission. (a) The emission spectra of random lasing action detected at a tilted sample holder angle of 10° (upper) and 20°
(bottom) for the volume ratio of 4:1. Inset image is the schematic diagram of tilted sample holder measurement. ((b), (c), (d), and (e)) The
corresponding emission spectra for the volume ratio of 3:1, 2:1, 1:1, and 1:2, respectively. These broad angular emissions demonstrate the unique
characteristic of the random laser action.

Figure 5. Theoretical analysis. (a) The scattering eﬃciency (scattering cross section divided by its scattering cross-sectional area). (b) The Purcell
factor is an isotropic dipole (Fiso, marked as the solid line) with dipole sources perpendicular (F⊥, marked as the dash line) and parallel (F||, marked
as the dot line) to the surface for 10 nm to address the variation of emission rates around the environment. Furthermore, considering the light−
matter interaction, the approach of dyadic Green’s function is used to determine (c) the local density of states (LDOS) (ρp) and (d) the
spontaneous decay rate (γ). All the simulation spectra are set at the wavelength region of 500−700 nm.

lasing threshold of ∼50, 47, 30, 42, and 61 μJ/cm2,
respectively. Note that the lasing threshold of pumping energy
density of 30 μJ/cm2 for the sample with the volume ration of
2:1 outperforms all the values ever reported for the similar
laser dye systems. Figure 3c is the lifetime measurements for
the volume ratio of 2:1 and Figure 3d is the lifetime as a
function of pumping energy density, whereas for the samples
with other volume ratio, the lifetime measurements are shown
in Figure S5. When achieving random lasing action, the
lifetime shortens to ∼0.25 ns as compared with the
spontaneous emission, which is larger than 3 ns.

in the ampliﬁcation of stimulated emission and the occurrence
of random laser action. Figure 2b shows the corresponding
emission spectra. Figure 2c,e,g,i are the SEM images in a
volume ratio of 3:1, 2:1, 1:1, and 1:2, respectively, and Figure
2d,f,h,j are the corresponding emission spectra. Several sharp
peaks with linewidths of ∼0.3 nm are clearly seen above the
pumping energy densities. And, Figure 3a,b show the
corresponding peak emission intensity and full width at halfmaximum (FWHM) as a function of pumping energy density.
Between a relative ﬂat slope (spontaneous emission) and a
sudden increase in shape slope (stimulated emission), the
intersection (hollow circle) of these two lines is an ultralow
1167
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these methods are too ineﬀective. In this study, the nanoscale
core−shell hyperbolic structure can be considered as more
suitable and eﬀective for large-area fabrication than the abovementioned methods to couple out energy or achieve strong
light−matter interaction. This is due to the fact that the
formation of the core−shell hyperbolic structure is in the
solution form, which can be easily mixed with the dye
molecules or the gain medium for the purpose of light-emitting
diode, solar cells, and even achieving the lasing action, as we
have demonstrated in this study. Besides, the core−shell
hyperbolic structure can be also easily spin-coated on the
substrate for the multijunction photodetectors applications
with high electronic−optical conversion eﬃciency.
Figure S10 presents the radiation patterns for the nanoscale
core−shell hyperbolic structure and silica@Au NP, demonstrating that these two structures have radial symmetry in 3D
space. Prominently, the nanoscale core−shell hyperbolic
structure is suitable for a large-area fabrication and angle-free
incident of light to excite pronounced PDOS. Figure 5a shows
the scattering eﬃciency (scattering cross section (σscat) divided
by its scattering cross-sectional area (Ascat)).47 Detailed
calculation method is discussed in the Supporting Information.
At the emission wavelength center (590 nm) for DCJTB dye
molecule, the scattering eﬃciency for the nanoscale core−shell
hyperbolic structure is signiﬁcantly ∼320 times higher than
that of silica@Au NP. This higher scattering eﬃciency results
from the strong coupling eﬀect between the multishell
structure with lower propagation dissipation. High scattering
of the nanoscale core−shell hyperbolic structure is observed at
diﬀerent incident angle (θ) from normal (0°) to 50° as shown
in Figure S11. In the end, this strong coupling eﬀect outcouples the energy to the surrounding dye molecules well to
drastically enhance the random lasing action.
We further calculated the Purcell factor (Fiso) to express the
variation of spontaneous emission rates around the environment, which is composed of the dipole orientations
perpendicular (F⊥) and parallel (F||) to the substrate as22,48

The well-known randomly emerged lasing peaks are realized
brieﬂy as follows. When light passes through the highly
scattered nanoscale core−shell hyperbolic structure with a
strong energy conﬁnement, it is able to trap the coherent
photons well to form a closed loop path. Then, the optical gain
is ampliﬁed, making gain overcome its loss easily, which
triggers stimulated emission to achieve random laser action.
Because the chances of forming closed loop paths are high, the
lasing peaks with linewidths of ∼0.3 nm appear randomly at
diﬀerent measuring times. In our study, the optimized
performance of lasing action is the volume ratio of 2:1. It
can be realized by the fact that the concentration of the
nanoscale core−shell hyperbolic structure can increase the
possibility of the formation of closed loop path. When the
nanoscale core−shell hyperbolic structure is too diluted, the
number of the scattering events to form closed loops is much
less (e.g., 1:1 and 1:2) However, for a larger volume ratio (e.g.,
3:1 and 4:1), the possibility to generate these closed loop paths
is also reduced due to the excessive densely packed NPs, which
can produce too many scattering events and inhibit the
formation of closed loops. Broad angular measurements of
angles for 10 and 20° are shown in Figure 4, where the angle is
between the normal vector and observing direction. Broad
angular emission spectra were detected as a ﬁrm signature of
random laser action in addition to the occurrence of threshold
behaviors observed in emission spectra. In stark contrast, for
mixture of silica@Au NPs and DCJTB dye molecules (Figures
S6 and S7) and the pure DCJTB dye molecules (Figure S8),
only the spontaneous emissions can be observed without any
sign of lasing action. This measurement provides a further
evidence of the important role played by the nanoscale core−
shell hyperbolic structure in the observed laser action.
Theoretical Analysis. Next, let us discuss theoretically the
functionalities of the nanoscale core−shell hyperbolic structure
having a stronger plasmonic coupling eﬀect than silica@Au
NPs. Figure 5 demonstrates the simulated cross-sectional |E|2
distributions using 3D FDTD method to realize the LSPR
eﬀect of transverse magnetic and transverse electric modes.
The maximum |E|2 proﬁle at the core position for the
nanoscale core−shell hyperbolic structure shows ∼9.3 times
higher intensity than silica@Au NP, whose intensity is more
than 10 times stronger at the nearest interface of Au and silica.
This is due to the strong coupling eﬀect triggered by the high-k
modes inside the multishell structure of the nanoscale core−
shell hyperbolic structure to sustain the longer time of energy
propagation rather than being annihilated owing to Ohmic
loss. Figure S9 illustrates the 3D components of |Ex|2, |Ey|2, and
|Ez|2 using a normally incident light at wavelength of 590 nm
around the nanoscale core−shell hyperbolic structure and
silica@Au NP. As anticipated, the nanoscale core−shell
hyperbolic structure out-couples |E|2 to the free space. Movie
S1 depicts the time-resolved |E|2 distributions to support our
proposed mechanism.
To develop the interaction between LSPR and the nanoscale
core−shell hyperbolic structure, the discussion of Mie
scattering theory is necessary.47 Note that the scattering
process of light plays an important role in out-coupling the
energy to the environment instead of being annihilated as an
evanescent ﬁeld. To out-couple the energy to the far-ﬁeld or
extract light directivity, previous reports have integrated the
nanopatterned hyperbolic structures with sophisticated design
using FIB or electron beam lithography.21,22,34 However, for
the large-area fabrication and upcoming industrial applications,

Fiso =

1
2
F⊥ + F
3
3

(4)

Figure 5b presents the Purcell factor with dipole sources above
the outermost surface for 10 nm in a wavelength region of
500−700 nm, whereas Figure S12 is the dipole distance within
50 nm marked in a logarithmic scale to emphasize the
importance of the near-ﬁeld coupling eﬀect. At the emission
center for DCJTB dye molecule at 590 nm, the Purcell factor
for the nanoscale core−shell hyperbolic structure is ∼5 times
higher than that for the silica@Au NP. The underlying
mechanism is explained based on the Fermi’s golden rule.
Considering the quantum mechanism, the transition rate (Γfi)
from the initial state (Ψi) to the ﬁnal state (Ψf) is given by49
Γfi =

2π
2
|⟨Ψf |H |Ψ⟩|
ρ (k )
i
ℏ

(5)

where ℏ is the Dirac’s constant, ⟨Ψf|H|Ψi⟩ is the matrix
component of the inner product perturbation Hamiltonian
(H) from Ψi to Ψf, and ρ(k) is the density of ﬁnal states that is
proportional to k3. The nanoscale core−shell hyperbolic
structure has unlimited wavevectors compared to the bounded
value for the isotropic medium, leading to the higher transition
rate. Therefore, the nanoscale core−shell hyperbolic structure
possesses a pronounced PDOS.
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Figure 6. Optical characterizations. (a) The time decay of ﬁeld components with the corresponding envelopes for the nanoscale core−shell
hyperbolic structure. (b) The energy distributions of the top-view proﬁles for the nanoscale core−shell hyperbolic structure. (c) The ratio of energy
for the nanoscale core−shell hyperbolic structure. (d) The time decay of ﬁeld components with the corresponding envelopes for the silica@Au NP.
(e) The energy distributions of the silica@Au NP. (f) The ratio of energy for the silica@Au NP. The mode volume for nanoscale core−shell
hyperbolic structure (silica@Au NP) is simulated as 176 159 (215 980) nm3. The nanoscale core−shell hyperbolic structure can conﬁne the energy
well without being decayed, reduce the propagation loss, and then trigger the lasing action.

materials, as shown in Figure S13. The observed trends are
similar with less discrepancy.
The nanoscale core−shell hyperbolic structure sustains the
longer time and strength of coupling eﬀect, which is ∼2.2 (3.9)
times higher than that of silica@Au NP for the ﬁeld envelop
(Figure 6a,d). To consolidate the nanoscale core−shell
hyperbolic structure to trigger a lasing action, we consider
the Purcell factor as another form of55

Furthermore, considering the light−matter interaction in a
two-level quantum system, we calculated the local density of
states (LDOS) (in Figure 5c) and spontaneous decay rate (γ)
(in Figure 5d) from the approach of dyadic Green’s function
(G⃡ (r0, r0; ω0)). At point r = r0 and ω = ω0 along the p
direction generates electric ﬁeld, where r is the position
coordinate and ω is its frequency.50 Thus, the LDOS is
determined by
ρp (r0 , ω0) =

6ω0
πc

[np ·Im{G(r0 , r0 ; ω0}·np]
2

Fiso =

(6)

and the spontaneous decay rate by
πω0 2
|p| ρp (r0 , ω0)
γ=
3ℏε0

3 ijj λc yzz
jj zz
4π 2 jk nc z{

3

ij Q yz
jj zz
jj V zz
k eff {

(8)

where λc is the wavelength in free space, nc is the refractive
index at the dipole position, Q is the quality factor (Q-factor),
and Veff is the eﬀective mode volume. To further develop the
light−matter interaction, we discuss the Q-factor and Veff for
the nanoscale core−shell hyperbolic structure. The Q-factor is
deﬁned by the resonance wavelength (λ) divided by its
FWHM (Δλ)

(7)

Note that γ is related to ρp, demonstrating that a photon with
energy of ℏω0 is emitted through a process of spontaneous
decay for number of modes per unit volume at the speciﬁc
frequency. As expected, both the LDOS and spontaneous
decay rate for the nanoscale core−shell hyperbolic structure
are ∼4.8 times higher than that of the silica@Au NP due to the
pronounced PDOS that can also be used to support our
proposed mechanism. To have a more detailed examination of
the measured spectra, a slight blue shift is observed for the
volume ratio of 2:1. This is caused by the dispersion of the
Purcell factor and the density of photonic states.51−54
Therefore, beneﬁting from the proper concentration of the
nanoscale core−shell hyperbolic structure, the strongest lasing
intensity occurred at the optimized volume ratio of 2:1, which
is in good agreement with our observation. We further
simulated the theoretical analyses for the refractive index of Au
for nanoscale materials and the literature values for bulk

Q=

λ
Δλ

(9)
52,56,57

and mode volume
Veff =

∭ W (r′)d3(r′)

W (r′) =

max W (r′)

⎯
| ⎯⇀
⎯
1 l
1 ⎯⇀
o d[ωε(r′)] o
|E (r′)|2 + μ0 |H (r′)|2
Rem
}
o
o
2 n dω ~
2

(10)

(11)

where W(r′) is the energy density of the NP in free space.
Fundamentally, a larger Q-factor represents the longer time
that the electromagnetic wave can sustain inside the nanoscale
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a succeeding research highlight in nano-optics that goes
beyond the plasmonic eﬀect. Since the above novel and
irreplaceable properties of pronounced PDOS, potential
prospects are attempting imagined. First, if the nanoscale
core−shell hyperbolic structure is composed of biocompatible
materials, it can be implanted in a human body for in vivo
photothermal therapy or tumor imaging. Second, owing to the
broadband enhancement of PDOS covering a wide spectral
range, the nanoscale core−shell hyperbolic structure is
suggested for highly eﬃcient optoelectronic devices, such as
solar cells and photodetectors. Moreover, because of the longer
time of plasmonic coupling eﬀect, the nanoscale core−shell
hyperbolic structure promises to increase the hot-carrierinduced chemical reactions from the adsorbates or photodegradation of organic pollutants. Interestingly, the nanoscale
core−shell hyperbolic structure is even suitable for nextgeneration drug delivery concept or core-carrying emitters for
quantitative ﬂuorescence microscopy and bioluminescence
imaging system by in vivo and in vitro researches on
specimens, small animals, and human body. Supporting
Information Movie S2 demonstrates the core-carrying emitter
with a dipole source, as well as the corresponding Purcell factor
at the center core (Figure S19). Furthermore, due to the radial
symmetry of the nanoscale core−shell hyperbolic structure, the
broad angular incident light can easily excite the high-k modes
and make PDOS higher, which can overcome the diﬃculty of
light extraction due to its uniqueness of high directivity of the
dispersion relation from the hyperbolic structure. This natural
characteristic is deemed as a signiﬁcant advancement for lightemitting diodes and laser technology. We therefore believe that
our work shown here can lead a promising guideline for future
developments in advanced optoelectronic devices with a wide
variety of application.

core−shell hyperbolic structure without being totally decayed
or leaked out.55,58 A small Veff means that the electromagnetic
wave can be conﬁned inside a small volume, thus reducing the
propagation loss to enhance the emission.55,58 A reduction of
mode volume represents the shortened paths of closed loop,
which provides an excellent platform to trigger random laser
action with a higher possibility.58−60 The energy density of
these closed loop paths are higher, resulting in the stronger
localized ﬁeld. The transition probability for the nearby dye
material is subsequently enhanced, then the emission of the
random laser action is easily achieved. The Q-factor for the
nanoscale core−shell hyperbolic structure (silica@Au NP)
from the experimental result is ∼2000 (5). This high Q-factor
is due to the fact that the random lasing action arises from the
unique characteristics of the nanoscale core−shell hyperbolic
structure. In comparison, the Veff for the nanoscale core−shell
hyperbolic structure and silica@Au NP is calculated to have a
value of 176 159 and 215 980 nm3, respectively. Figure 6b
(S14a) and 6e (S14b) show the corresponding energy
distributions of the top-view (cross-sectional) proﬁles,
respectively. We simulated the ratio of energy for the nanoscale
core−shell hyperbolic structure (Figure 6c) and the silica@Au
NP (Figure 6f) as the quantitative results to realize the
distributions of energy. Within the radius of nanoscale core−
shell hyperbolic structure (16 nm), the ratio of energy that can
be stored is ∼30%, even reaching ∼90% at the cross-sectional
length of 44 nm, showing that the nanoscale core−shell
hyperbolic structure is able to conﬁne the energy well.
Therefore, the propagation loss is reduced, which enables to
provide a strong feedback to achieve the lasing action. On the
contrary, for the silica@Au NP, within the radius of 5 nm, the
ratio of energy that can be stored is ∼1.2%, and reached only
∼19% at the cross-sectional length of 44 nm, which implies
that the plasmonic-based reference sample is not able to store
the energy with higher eﬃciency. The random laser action is a
multiple scattering process from the nanoscale core−shell
hyperbolic structure that produces a low loss and high energy
conﬁnement surroundings to make the “lucky photons” enable
to boost the light−matter interaction to achieve random lasing
action. Considering Au/silica as a multilayer thin ﬁlm
component, the Veff is calculated to be 36 553 200 nm3. The
corresponding time decay of the ﬁeld envelope component and
the energy distributions are shown in Figure S15. Note that the
mode volume is ∼208 times larger than that of the nanoscale
core−shell hyperbolic structure, demonstrating that the energy
is highly dissipated within the pure multilayer thin ﬁlm
structure.
Perspectives. Finally, we stress here that the main purpose
of our current study is to demonstrate the proof-of-concept
that the newly designed composite silica/gold metaparticles
can be used to enhance the light−matter coupling and
eﬀectively reduce the lasing threshold, which is very useful
for the further development of high-performance optoelectronic devices. Certainly, it is anticipated that with the
increasing number of pairs of the nanoscale core−shell
hyperbolic structure, the eﬀect of core−shell hyperbolic
structure NPs can be enhanced. For example, Figure S16
shows the scattering eﬃciency, Figure S17 presents the |E|2
distribution and Figure S18 shows the corresponding Purcell
factor, LDOS, and the spontaneous decay rate. We can clearly
see that the nanoscale core−shell hyperbolic structure
demonstrates enhanced outstanding characteristics. Therefore,
the nanoscale core−shell hyperbolic structure is expected to be
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CONCLUSIONS
We have made a successful demonstration of the nanoscale
core−shell hyperbolic structure composed of nanoscale silica
as the core and Au/silica as multishell components.
Interestingly, with its unique features, the nanoscale core−
shell hyperbolic structure enables to achieve random laser
action of DCJTB dye molecules with a record ultralow
threshold of ∼30 μJ/cm2 in a volume ratio of 2:1. Conﬁrmed
by FDTD simulation results, the nanoscale core−shell
hyperbolic structure plays an important role as a scattering
center and induces pronounced LSPR eﬀect owing to a
signiﬁcant increment of scattering eﬃciency (∼320 times)
compared with the reference Au NP sample. The nanoscale
core−shell hyperbolic structure can conﬁne the energy well,
reduce the propagation loss, and provide the strong feedback
to achieve lasing action. In addition, the simulation shows an
increased Purcell factor, LDOS, and decay rates of about 5
times, demonstrating a higher PDOS nearby the nanoscale
core−shell hyperbolic structure. It is believed that our
demonstration not only enables to enlarge the developments
in metamaterials but also invokes a new path in plasmonicbased applications, such as highly optoelectronic conversion
eﬃciency of solar cells, large power extraction of light-emitting
diodes, and wide spectral absorption of photodetectors.
Materials and Methods. NH 4 OH (25% aqueous
solution), ethanol (99.5%), tetraethyl orthosilicate (TEOS,
95%), trisodium citrate dihydrate (Na-cit, 99%), HAuCl4
(98%), and mercaptopropyl trimethoxy silane (denoted as
MPTMS) were purchased from Sigma-Aldrich.
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Synthesis of Silica NPs. Silica NPs were synthesized using
the well-known Stober’s method with simple hydrolysis and
condensation reaction.61 In the procedure, we have mixed
concentrated ammonia solution (28%) with deionized water
(9.0 mL) and absolute ethanol (27.0 mL) and mixture was
sonicated for 30 min. Then, TEOS (2.4 mL) in absolute
ethanol (50.0 mL) was added in this mixture and sonicated for
a further 2 h to get a white turbid suspension. All the above
experiments were conducted at room temperature. The
mixture was then centrifuged at 10 000 rpm for 15 min after
which the supernatant was removed and the solid pellet
recovered.
Surface Modiﬁcation of Silica NPs. Silica NPs were
functionalized with mercaptopropyl trimethoxy silane (denoted as MPTMS) to introduce thiol groups (−SH) on their
surface (referred to as SH@silica NPs). In the protocol, silica
NPs (10 mg) were suspended in 10 mL of ethanol to which
MPTMS was added (100 μL) and stirred for 24 h at room
temperature. The solution is rinsed using distilled ethanol
followed by centrifugation (10 000 rpm) in ethanol.
Synthesis of Au NPs. We have employed the reduction of
Au salt with Na-cit for Au NPs synthesis.62 In the protocol, to
the freshly prepared 0.94 mL of 0.34 M Na-citrate in H2O was
added 200 mL of 0.24 mM HAuCl4 in H2O at a constant
temperature of 65 °C under vigorous stirring. The presence of
Au NPs was indicated within a few minutes, with the solution
turning wine red.
Au Layer Immobilized on Silica NP (Au@Silica Core−
Shell Structure). Ten milligrams of SH@silica NPs was
mixed with ethanol (10 mL) and then ultrasonicated for 30
min. One hundred of milligrams of Au NPs was added and
sonicated for 30 min. Then, the reaction mixture was stirred
vigorously for 12 h, so that Au NPs could be adsorbed on
SH@silica NPs because Au has a higher aﬃnity than thiol
group. Later, the reaction mixture was precipitated by ethanol
followed by centrifugation (10 000 rpm) in ethanol.
Synthesis of Silica Layer on Au@Silica Core−Shell
Structure (Silica−Au@Silica NPs). The Au@silica core−
shell structures were coated with tetraethyl orthosilicate
(TEOS) to obtain a uniform and thin silica layer. For the
nomenclature in this work, we have cited other published
reports, which also used Au@silica as the same nomenclature
to back up our usage.10,63 Later, 80 μL of ammonium
hydroxide was added into the same solution mixture and
sonicated for next 30 min. In the last step, 15 μL of TEOS was
added and the solution mixture was stirred for 24 h. Finally,
the solution was precipitated by acetone and isolated via
centrifugation. The pellets were washed twice with an ethanol/
water (1:1) mixture to remove impurities.
Coating of Second Au Layer on Silica-Coated Au
Core−Shell Structure (Au@silica−Au@silica). We have
followed the earlier steps to coat the Au layer. Silica−Au@
silica was functionalized with MPTMS to introduce thiol
groups (−SH) on the silica NPs surface (referred to as SH@
silica−Au@silica NPs). In the protocol, silica−Au@silica NPs
structures (10 mg) were suspended in 10 mL of ethanol, to
which MPTMS was added (100 μL) and stirred for 24 h at
room temperature. The solution was rinsed using distilled
ethanol followed by centrifugation (10 000 rpm) in ethanol.
Then, 10 mg of SH@silica−Au@silica core−shell NPs was
mixed with ethanol (10 mL) and ultrasonicated for 30 min.
One hundred milligrams of Au NPs was added and sonicated
for 30 min. Then, the reaction mixture was stirred vigorously

for 12 h. Later, the reaction mixture was precipitated by
ethanol followed by centrifugation (10 000 rpm) in ethanol.
Instrumentation Detail of TEM. Electron microphotographs were recorded on a JEOL JEM-1400 (120 kV) TEM.
Preparation of DCJTB Dye Materials. The DCJTB dye
molecule was dissolved in dichloromethane with a concentration of 5 mg/mL at room temperature. These solutions were
prepared with alcohol to mix with the nanoscale core−shell
hyperbolic structure and Au NP. We stirred these solutions for
1 h at room temperature to obtain homogeneous mixtures.
Afterward, we spin-coated the solutions on the precleaned Si
substrates (∼1.5 × 1.5 cm), which were ultrasonically cleaned
for 20 min in acetone, ethanol, and then deionized water to
remove the contaminants. Finally, these samples were baked at
50°C for 30 min on a hotplate to totally remove the deionized
water or alcohol from these thin ﬁlm.
Mixture of the NPs with DCJTB Dye Materials. The
NPs solutions were mixed with DCJTB dye materials in
volume ratios of 4:1 (48:12 μL), 3:1 (45:15 μL), 2:1 (40:20
μL), 1:1 (30:30 μL), and 1:2 (20:40 μL) to compare the
emission dynamics of the mixture inﬂuenced by the wavelength-dependent DOS.
Measurement of Emission Dynamics. We used a pulsed
diode laser (Picoquant, PDL 800-B, center wavelength of 374
nm, 70 ps, 2.5 MHz) to measure the photoluminescence
spectra and random lasing action, which were collected by a
Horiba Jobin Yvon TRIAX 320 spectrometer. All the
measurements of emission dynamics were performed at
room temperature.
Numerical Simulation. The numerical simulation results
were performed using a commercial electromagnetic software
(Lumerical) of FDTD Solutions. The refractive index of silica
with 1.45 was used and Au was from Pelik. All the simulation
boundary conditions were conﬁned by the perfectly matched
layers to prevent the unavoidable results within the simulation
region. All the mesh size of the computational region was set to
be 0.1 nm.
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1. Transmission electron microscopy (TEM) image of the nanoscale core-shell
hyperbolic structure.
From the TEM image (Figure S1) we can observe a silica NP as core (16 nm diameter
of silica core in the center, represented by the white dotted circle) surrounded by the
shell (consisting of 1st layer of 5 nm Au NP followed by 3 nm of 2nd silica coating
layer, which is represented by the red dotted circle, Note: The 1st layer Au NP covers
the whole silica core and also some Au NPs are embedded in the silica shell). Then, the
second layer of Au NPs (represented by the small yellow dotted circles) forms a thin
layer of Au shell (represented by the blue dotted circles).

Figure S1 | TEM image of the nanoscale core-shell hyperbolic structure.
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2. Zeta potential tells the surface charge of the moieties.
In the reaction, the silica coated NP has been functionalized using mercaptopropyl
triethoxy silane (MPTMS) to form SH@Silica NPs. Since, MPTMS contain thiol group
(SH) which contributes to negative charge (as observed in the zeta measurement, i.e. 19.1 mV) as shown in Fig. S2. Later, Au NP functionalization with MPTMS to form
Au@Silica NPs shifted the zeta value to a more negative value (i.e. -29.2 mV). Again,
after the next MPTMS conjugation for the second layer (i.e. SH@Silica-Au@Silica
NPs), the zeta value shifted back to a less negative value (i.e. -19.8 mV). And, followed
by the second layer of Au NP conjugation (Au@Silica-Au@Silica), the zeta potential
gets back to a more negative value (i.e. -30.0 mV).
(a)

(b)

-19.1 mV

1st layer MPTMS coating on Silica NP
(SH@Silica NPs)

- 29.2 mV
1st layer of Au NP coating
(Au@Silica NPs)

(c)
-19.8 mV

2nd layer of MPTMS coating
(SH@Silica-Au@Silica NPs)

(d)
-30.0 mV

2nd layer of Au NP coating
(Au@Silica-Au@Silica NPs)

Figure S2 | Zeta potential shows the surface charge of the moieties (a) 1st layer
MPTMS coating on Silica NP (SH@Silica NPs). (b) 1st layer of Au NP coating
(Au@Silica NPs). (c) 2nd layer of MPTMS coating (SH@Silica-Au@Silica NPs). (d)
2nd layer of Au NP coating (Au@Silica-Au@Silica NPs).
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3. Schematic diagram of SiO2 (Silica)@gold (Au) nanoparticle (NP) as a reference.
Figure S3a depicts the Silica@Au NP as a standard plasmonic-based reference sample.
The radius of Au NP is 3 nm with covering another 2 nm thick of Silica. The diameter
is 10 nm. Figure S3b is its TEM image. Figure S3c is the distribution of |E|2 around the
Silica@Au NP.

a

b

c

Silica@Au NP

10 nm

Figure S3 | (a) Schematic diagram of Silica@Au NP as a reference sample. (b) The
corresponding TEM image. (c) The distributions of |E|2 around the Silica@Au NP.
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4. The effective permittivity of the nanoscale core-shell hyperbolic structure.
In a very recently publication,1 Wang et al. also used two pairs of SiO2/Au multishell
nanostructures, defined as metaparticles, and then displayed a hyperbolic dispersion.
To prove the used of characteristic of hyperbolic dispersion, they calculated the
effective permittivity of the metal-dielectric multishells. We calculate the effective
permittivity of the metal-dielectric multishells with the thickness of SiO2 (3 nm)/Au (5
nm) as shown in Fig. S4. With the negative component of effective permittivity (𝜀𝜃 )
above the wavelength regions of 450 nm, the metal-dielectric multishells can be deemed
as the hyperbolic dispersion.

Effective Dielectric Tensor

Elliptical
dispersion

8

Hyperbolic
dispersion

(450 nm)

𝜀

4
0
-4

𝜀

-8
-12
400

500

600

700

Wavelength (nm)

Figure S4 | The effective permittivity of the nanoscale core-shell hyperbolic
structure. Light blue and light red regions are the wavelength regions of elliptical and
hyperbolic dispersion, respectively. Black dashed lines are the transition wavelength
from elliptical dispersion to hyperbolic dispersion. The transition wavelength for the
nanoscale core-shell hyperbolic structure is 450 nm.
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5. Lifetime dynamics of the nanoscale core-shell hyperbolic structure.
Figures S5(a), S5(b), S5(c) and S5(d) present the lifetime measurements of the
nanoscale core-shell hyperbolic structure mixed with 4-(dicyanomethylene)-2-tertbutyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran (DCJTB) dye molecules in
a volume ratio of 4:1, 3:1, 1:1 and 1:2, respectively. All the emission spectra were
excited by a 374 nm pulsed diode laser.
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Figure S5 | (a), (b), (c) and (d) The lifetime measurements of the nanoscale core-shell
hyperbolic structure mixed with DCJTB dye molecules in a volume ratio of 4:1, 3:1,
1:1 and 1:2, respectively.
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6. Spontaneous emission-fluorescence emission from DCJTB dye molecules
mixed with Silica@Au NPs.
Figure S6(a) presents the top-view scanning electron microscope (SEM) image of the
Silica@Au NPs mixed with DCJTB dye molecules in a volume ratio of 4:1. Figure
S6(b) is the corresponding emission spectra. Figures S6(c), S6(e), S6(g) and S6(i) are
the SEM images in a volume ratio of 3:1, 2:1, 1:1 and 1:2, respectively. Figures S6(d),
S6(f), S6(h) and S6(j) are the corresponding emission spectra. The emission spectra
were excited by a 374 nm pulsed diode laser. Note that all the Silica@Au NP samples
only demonstrate spontaneous emission without any lasing peaks.
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Figure S6 | Spontaneous emission based on Silica@Au NPs. (a) The top-view SEM
image of Silica@Au NPs mixed with DCJTB dye molecules in a volume ratio of 4:1.
(b) The corresponding emission spectra. All the emission spectra were excited by a 374
nm pulsed diode laser. (c), (e), (g) and (i) The SEM images in a volume ratio of 3:1,
2:1, 1:1 and 1:2, respectively. (d), (f), (h) and (j) The corresponding emission spectra.
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7. Spontaneous emission-fluorescence emission from DCJTB dye molecule.
Figures S7(a), S7(b) and S7(c) show the peak emission intensity, FWHM and lifetime
measurements as a function of pumping energy density.
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Figure S7 | Characterization of spontaneous emission. (a) The peak emission
intensity. (b) The FWHM. (c) The lifetime as a function of pumping energy density.
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8. Spontaneous emission-fluorescence emission from DCJTB dye molecule.
Figure S8a show the top-view SEM image of the DCJTB dye molecule. The
morphology shows relative flat, which is not suitable for the formation of closed-loop
path due to multiple scattering to achieve the random laser action. Figure S8b is the
photoluminescence spectra for the DCJTB dye molecules. Figure S8c is the
corresponding emission intensity and FWHM. The sample only demonstrates
spontaneous emission instead of lasing peaks. Figure S8d is the lifetime measurement.
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Figure S8 | (a) is the top-view SEM image of the DCJTB dye molecule. (b) The
photoluminescence measurements for the DCJTB dye molecule using 374 nm pulsed
diode laser, respectively. (c) is the corresponding emission photoluminescence intensity
and FWHM with error bars within one standard deviation of the mean. (d) The lifetime
measurement.
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9. Distributions of electric field intensity (|E|2).
Figure S9 shows the distributions of |E|2 and the corresponding three-dimensional (3D)
components for the nanoscale core-shell hyperbolic structure and Silica@Au NP. The
central emission wavelength is set at 590 nm.
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Figure S9 | To realize the localized surface plasmon resonance (LSPR) effect, the crosssectional |E|2 distributions of transverse magnetic (TM) and transverse electric (TE)
modes for (a) the nanoscale core-shell hyperbolic structure. (b-d) are the corresponding
3D components of |Ex|2, |Ey|2 and |Ez|2, respectively. (e) The cross-sectional |E|2
distributions of TM and TE modes for Silica@Au NP. (f-h) are the corresponding 3D
components of |Ex|2, |Ey|2 and |Ez|2, respectively. All the simulation results are performed
under a normally incident light at a wavelength of 590 nm.
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10. Radiation pattern.
Figure S10 presents the radiation patterns for the nanoscale core-shell hyperbolic
structure (Fig. S10a) and Silica@Au NP (Fig. S10b) of the scattered electric field along
XY, XZ and YZ planes, demonstrating these two structures with a radial symmetry in 3D
spaces.

a

b

y(H)
x(E)
z(k)

Figure S10 | Radiation patterns. (a) and (b) are the radiation patterns of the scattered
electric field along XY, XZ and YZ planes for the nanoscale core-shell hyperbolic
structure and Silica@Au NP, respectively. Inset image is the normally incident light at
the wavelength of 580 nm.
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11. Simulation method of scattering efficiency.
We further discuss the scattering efficiency based on the Mie theory. It is defined by the
scattering cross-section (  scat ) divided by the scattering cross-sectional area that is a
projected plane perpendicular to the incident light ( Ascat ). Both of the Ascat for
nanoscale core-shell hyperbolic structure and Silica@Au NP is  R 2 , where R is the
radius of 35 nm. The scattering cross-section is determined by:2

 scat 

2
k2



 (2n  1)(| a

n

n 1

|2  | bn |2 ) ,

(S1)

where k is the wave number, an and bn are the scattering coefficients:

m n  mx  n'  x   n  x  n'  mx 
,
m n  mx  n'  x   n  x  n'  mx 

(S2)

 n  mx  n'  x   m n  x  n'  mx 
,
bn 
 n  mx  n'  x   mn  x  n'  mx 

(S3)

an 

where  n and n are determined from Riccati-Bessel functions. x is the size
parameter and m is the relative refractive index:

x  kR 
m

2 NR



k1 N1

,
k N

,

(S4)

(S5)

where N1 and N are the refractive indices of nanoparticles and the surrounding medium,
respectively.
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12. Scattering cross-section at different incident angles.
Figure S11 shows the scattering cross-section at different incident angle (  ) sweeping
from normal (  = 0°) to  = 50° in a wavelength region of 500-700 nm.

a

y(H)

b

x(E)

z(k)

Figure S11 | Scattering cross-section at different incident angles. (a) and (b) are the
scattering cross-section for the nanoscale core-shell hyperbolic structure and
Silica@Au NP, respectively. Inset image is the incident light with a tilt angle (  ). We
simulated from normal (  = 0°) to  = 50° with a wavelength region of 500-700 nm.
All the figures are plotted in a logarithmic scale.
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13. Purcell factor within 50 nm away from the surface of NP.
Figure S12 shows the Purcell factors within 50 nm away from the surface of NP with a
dipole emitter source. To stress the significance of the near-field coupling enhancement,
we plotted the Purcell factors in logarithmic scales.

a

b

c

d

Figure S12 | Theoretical calculation of Purcell factors. (a) and (b) are the Purcell
factors within 50 nm with a dipole emitter perpendicular and parallel to the nanoscale
core-shell hyperbolic structure, respectively. (c) and (d) are the Purcell factors within
50 nm with a dipole emitter perpendicular and parallel to the Silica@Au NP,
respectively. All the figures are plotted in logarithmic scales.
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14. Theoretical analysis with different refractive indices.
We compare the refractive index of Au adapted from Pelik et. al.,3 and Johnson and
Christy et. al.,4 which has been commonly used in previous literatures for bulk materials
as well as the refractive index of Au from Lemarchand5 for the nanoscale materials. The
simulated scattering efficiency, Purcell factor, local density of states (  p ) and
spontaneous decay rate (  ) are shown in Figure S13. The observed trends are similar
with less discrepancy between the actual refractive index for nanoscale materials and
the literature values for bulk materials. Indeed, Wang et al.’s1 simulation results also
used the refractive index of Au from Johnson and Christy et. al.,4 showing the
reasonable and matched resonance peaks and intensities as compared with their
experimentally measured extinction spectra and simulated optical cross section.
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Figure S13 | Theoretical analysis with different refractive indices. The refractive
index of Au was adapted from Pelik et. al.,2 and Johnson and Christy et. al.,3 which has
been commonly used in previous literatures for bulk materials. In this study, we also
used the refractive index of Au from Lemarchand4 for the nanoscale materials. (a) and
(b) are the scattering efficiency and the Purcell factor with dipole sources above the
surface for 10 nm, respectively. (c) and (d) are the local density of states (  p ) and the
spontaneous decay rate (  ), respectively. All the simulation spectra are set at
wavelength region of 500-700 nm.
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15. Optical characterizations of the cross-sectional profiles.
Figure S14a shows the energy distributions of the cross-sectional profiles for the
nanoscale core-shell hyperbolic structure and Fig. S14b is the Silica@Au NP.

a

b

Figure S14 | Optical characterizations of the cross-sectional profiles. (a) The energy
distributions of the cross-sectional profiles for the nanoscale core-shell hyperbolic
structure and (b) Silica@Au NP.
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16. Optical properties for the same thickness of Au/Silica as multilayer thin film
structure.
Here, we simulated the same thickness of 2 pairs Au/Silica multilayer thin film structure
as another comparison to emphasize the importance of the nanoscale core-shell
hyperbolic structure. Figure S15a shows the time decay of field envelope components.
Figures S15b and S15c are the energy distributions to analysis the mode volume
(36553200 nm3) for top-view and cross-sectional profiles, respectively.

a

c

b

Figure S15 | Optical properties of 2 pairs Au/Silica multilayer thin film structure.
(a) the time decay of field envelope components. (b) and (c) are the energy distributions
to analysis the mode volume for top-view and cross-sectional profiles, respectively.
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17. Simulation of scattering efficiency for multi-pairs of nanoscale core-shell
hyperbolic structure.
Certainly, it is anticipated that with increasing the number of multishells (e.g., 2, 3 and
4 pairs), the scattering efficiency can increase dramatically as shown in Fig. S16. In our
work, we further demonstrated the nanoscale core-shell hyperbolic structure not only
can enhance the local field, but also enables to achieve the stimulated emission with an
ultralow lasing threshold (~30 μJ/cm2). Therefore, both of the novel metaparticles as
studied by Wang et al. and the nanoscale core-shell hyperbolic structure designed by us
can lead promising functionalities of plasmonic-based applications.

Scattering Efficiency

1
2 pairs
3 pairs
4 pairs

0.1

0.01

1E-3

1E-4
500

550

600

650

700

Wavelength (nm)
Figure S16 | Scattering efficiency of the nanoscale core-shell hyperbolic structure
with multi-pairs (e.g., 2, 3 and 4 pairs) in a logarithmic scale.
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18. Simulation of |E|2 distributions for multi-pairs of nanoscale core-shell
hyperbolic structure.
Figure S17 shows the simulation results of |E|2 distributions and the transverse magnetic
(TM) mode profiles for multi-pairs of the nanoscale core-shell hyperbolic structure.
The central emission wavelength remains at 590 nm under normal direction of incident
light. With accumulating the pairs of shell component for nanoscale core-shell
hyperbolic structure, each increasing layer for Silica (Au) is fixed at 3 (5) nm. For
example, with considering the 4 (6) pairs of nanoscale core-shell hyperbolic structure,
the radius is 30 (44) nm.
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Figure S17 | (a) and (b) are the distributions of |E|2 around the 4 and 6 pairs of nanoscale
core-shell hyperbolic structure, respectively. (c) and (d) are the corresponding TM
mode profiles. All the results are simulated under normal incident of light at a
wavelength of 590 nm.
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19. Simulation of spontaneous emission dynamics for multi-pairs of nanoscale
core-shell hyperbolic structure.
The simulations of Purcell factors, local density of states (LDOS) and spontaneous
decay rate for multi-pairs (e.g., 4 and 6 pairs) of the nanoscale core-shell hyperbolic
structure are shown in Fig. S18. The dipole source is placed 10 nm above the outermost
surface to determine Purcell factors. We simulated the wavelength region of 500-700
nm.
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Figure S18 | (a) The Purcell factors with a dipole source around the outermost surface
for 10 nm for multi-pairs of nanoscale core-shell hyperbolic structure. (b) The LDOS.
(c) The spontaneous decay rate.
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20. Purcell factor of the core-carrying emitter at the center core.
Figure S19 shows the pronounced Purcell factor at the center of the nanoscale coreshell hyperbolic structure as a platform for core-carrying emitter.
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Figure S19 | The Purcell factor at the center of the nanoscale core-shell hyperbolic
structure.
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