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ABSTRACT: Coherent nanoscale photon sources are of
paramount importance to achieving all-optical communication.
Several nanolasers smaller than the diffraction limit have been
theoretically proposed and experimentally demonstrated using
plasmonic cavities to confine optical fields. Such compact
cavities exhibit a strong Purcell effect, thereby enhancing
spontaneous emission, which feeds into the lasing modes.
However, most plasmonic nanolasers reported so far have
employed relatively narrowband resonant nanostructures and
therefore had the lasing restricted to the proximity of the
resonance wavelength. Here, we report on an approach based
on gold nanorod hyperbolic metamaterials for lasing. Hyperbolic metamaterials provide broadband Purcell enhancement due to
the large photonic density of optical states, while also supporting surface plasmon modes to deliver optical feedback for lasing
due to nonlocal effects in nanorod media. We experimentally demonstrate the advantage of hyperbolic metamaterials in achieving
lasing action by its comparison with that obtained in a metamaterial with elliptic dispersion. The conclusions from the
experimental results are supported with numerical simulations comparing the Purcell factors, surface plasmon modes, and
spontaneous emission factors for the metamaterials with different dispersions. We show that although the metamaterials of both
types support lasing, emission with hyperbolic samples is about twice as strong with 35% lower threshold versus the elliptic ones.
Hence, hyperbolic metamaterials can serve as a convenient platform of choice for nanoscale coherent photon sources in a broad
wavelength range.
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Since its invention in 1960,1 the laser has seen tremendous
developments and has quickly revolutionized fundamental

and applied fields such as metrology, medicine, data storage,
fabrication, and telecommunications, among others.2 With the
ever-growing need for data transfer speeds and compact
devices, considerable efforts have been made toward miniatur-
izing the laser for on-chip integration.3−7 While photonic
cavities have proven to exhibit high-Q factors enabling strong
lasing, their miniaturization to the nanoscale is not viable since
the diffraction limit requires the cavity length to be at least half
the lasing wavelength.8−10 In contrast, plasmonic cavities, which
can be employed to achieve optical amplification and lasing
action with charge oscillations, have successfully led to the
design of coherent photon sources no longer limited by the
diffraction limit.10 Coupling of emitters with the strongly
confined electromagnetic fields associated with plasmonic
oscillations can significantly enhance spontaneous emission, a
process known as the Purcell effect.11 This effect yields a
redistribution of spontaneous emission over wavevector space
(k-space), resulting in light being preferentially coupled to the
lasing modes.12

Several plasmonic lasers have already been demonstrated
using various geometries, such as semiconductor−dielectric−
metal hybrid cavities,7 metal−insulator−metal waveguides,13

whispering gallery cavities,14 core−shell particles,15,16 and
nanohole/particle arrays.17−19 These methods generally used
geometries with strong cavity resonances to gain Purcell
enhancement and hence lasing as described above. The Purcell
enhancement arising from the resonance of metallic structures
usually exhibits a relatively narrow bandwidth, thus restraining
the achievable lasing frequency. An alternative approach to
realize Purcell enhancement is based on structures with
broadband responses, which can be achieved by engineering
the dispersion of metamaterials.20−22 In this work, we report on
the use of nanorod-based metamaterials with hyperbolic and
elliptic dispersion, namely, a hyperbolic metamaterial (HMM)
and an elliptic metamaterial (EMM), to achieve lasing. Our
nanorod-based metamaterials are composed of vertically
aligned gold nanorods coated with a poly(vinyl alcohol)
(PVA) film embedded with rhodamine 101 (R101) dye
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molecules. The dispersion of a given metamaterial can be
controlled by changing the fill ratio of the metal.23 Our
experimental results show that an HMM exhibits a larger
enhancement of lasing over an EMM, which could be related to
both Purcell enhancement and field coupling to surface
plasmon modes due to nonlocal effects in the nanorod
structure. Our simulations show that an HMM gives a larger
magnitude of Purcell enhancement than an EMM, which could
feed a higher portion of spontaneous emission into the lasing
mode. Concurrently, simulations indicate that nonlocal effects
give rise to a more profound resonance in an HMM, which
should favor the formation of optical feedback for lasing. Due
to both of these effects, nanorod-based HMMs could serve as a
competitive platform for lasing at the nanoscale. Furthermore,
the nanorod-based metamaterials by virtue of their broadband
response could be integrated with a wide range of optical gain
media to achieve lasing at a desired frequency.
HMMs are a special class of highly anisotropic metamaterials

with effective dielectric permittivities of opposite signs for
orthogonal tensor components,24−28 as shown in eq 1.
Longitudinal and transverse effective permittivities, ε⊥ and ε∥,
can be calculated using the Maxwell−Garnett effective medium
theory,29 as shown in eqs 2 and 3,
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where εm and εd are permittivities of metal and dielectric
materials, respectively, comprising the metamaterial, and f is the
metal fill ratio.
So far two types of HMMs have been classified. Type-I

HMMs are typically based on aligned nanowire/nanorod arrays
having ε⊥ < 0 and ε∥ > 0,23,30−37 whereas type-II HMMs are
based on metal−dielectric stacks with ε⊥ > 0 and ε∥ < 0.27,38−40

By adjusting the chemical composition of the metamaterial or

the metal fill ratio, the dispersion of the metamaterial can be
tuned from elliptic to hyperbolic. It has been shown that
metamaterials exhibiting hyperbolic properties can support
unique optical waves with very small or large mode indices,
allowing for stronger light−matter interaction.32,33 Further-
more, the fields in the nanorod metamaterial can exhibit strong
spatial variation, yielding a nonlocal response.32,41

Several physical phenomena have already been demonstrated
either theoretically42−44 or experimentally21,22,45−52 with
HMMs, such as focusing,42 subdiffraction imaging,45 thermal
emission enhancement,43,46 and spontaneous emission en-
hancement.21,22,44,47−52 HMMs exhibit large Purcell enhance-
ment due to the singularity in their local density of optical
states (LDOS), a property that results from hyperbolic
dispersion.20,48 Radiative decay rate enhancement of emitters
such as dyes and nitrogen-vacancy centers using HMMs has
been studied extensively,22,23,47−53 with as high as 76-fold
enhancement of the spontaneous emission rate being
reported.22 On the other hand, it has been shown that the
Purcell effect could contribute to efficient optical amplification
and lasing action, provided that a portion of the enhanced
spontaneous emission feeds into the lasing mode.12 To our
knowledge, so far there was only one report that addressed the
possibility to achieve stimulated emission from an HMM
composed of Ag and MgF2 layer stacks.

53 Although a reduced
threshold was observed in an HMM when compared to a
reference device based on a bare Ag film, the emission
efficiency from the HMM was notably lower than the latter.
Thus, the full potential of an HMM to achieve lasing with low
threshold and high efficiency needs to be explored further.
In this work, two gold nanorod arrays embedded in anodic

alumina templates have been fabricated, exhibiting hyperbolic
(labeled HMM) and elliptic dispersion (labeled EMM) at the
emission wavelength of R101 (λ = 606 nm), according to local
effective medium theory (EMT; see eqs 1−3). The different
dispersion characteristics were achieved by altering the metal fill
ratio using different nanorod diameters (Supporting Informa-
tion S1).
Arrays of gold nanorods were fabricated by electrodeposition

within nanoporous aluminum oxide membranes that were
prepared by the anodization of Al films deposited on tantalum
pentoxide and Au-coated glass substrates in 0.3 M H2SO4

Figure 1. (a) Scheme of lasing action from nanorod-based metamaterials. (b, c) Top-view SEM images of HMM and EMM, with metal fill ratios of
35% and 14%, respectively. (d, e) Transmission spectra of HMM and EMM illuminated with TM-polarized light at 0°, 20°, and 40° incidence.
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(Supporting Information S1). Anodization was performed at 30
V for the HMM and at 25 V for the EMM, to yield approximate
pore diameters of 40 ± 2 and 25 ± 2.5 nm, respectively, surface
densities of 35% and 14%, respectively, and nanopore heights of
250 nm. Gold nanorods were electrodeposited according to the
previously described procedure under galvanostatic condi-
tions54,55 using a current density of 0.5 mA/cm2, with constant
electrodeposition up to the maximum height allowed by the
nanoporous alumina templates, at which point a distinct drop
in voltage (>20%) was observed. SEM images of the nanorod-
based HMM and EMM indicate that the nanorods have
uniform diameters and are well dispersed within the Al2O3
matrix, which has an approximate pore-to-pore distance of 60
nm for each sample (Figure 1b,c).
Transmission spectra using TM-polarized light at different

angles of incidence show that the HMM sample exhibits
complete extinction up to 550 nm, whereas the EMM sample
exhibits transmission minima at 530 and 710 nm (Figure 1d,e).
These minima can be assigned to the epsilon-near-pole (ENP,
ε∥ → ∞) and epsilon-near-zero (ENZ, ε⊥ = 0) resonances,
where the ENZ response (and subsequent cutoff wavelength
for hyperbolic dispersion) can be tuned easily by adjusting the

fill ratio.56 In the case of an HMM, only one resonance band is
observed since the ENP and ENZ responses overlap starting at
λ = 530 nm, whereas the EMM has distinct ENP (λ = 530 nm)
and ENZ (λ = 710 nm) responses, as seen in Figure 2a,b.
Simulations of the optical responses of the HMM and EMM
structures also match the experimental extinction data
(Supporting Information S2); effective Maxwell−Garnett
permittivities were calculated based on the fill ratios for each
sample and the permittivity values of bulk Au and amorphous
Al2O3 (Figure 2c,d). Both the extinction and permittivity plots
show that the HMM exhibits hyperbolic dispersion and the
EMM exhibits elliptic dispersion at the central emission
wavelength of R101 (606 nm). In addition, we have calculated
the isofrequency curves for both HMMs and EMMs based on
the effective medium permittivities (Supporting Information
S3), which confirms the hyperbolic and elliptic dispersion at
606 nm, respectively.
The Purcell factor, FP, is defined as the ratio of the total

decay rate from a dipole source situated in an enhancing
medium, such as a cavity, to that in the bulk dielectric (PVA in
this case). HMMs, due to their singularity in LDOS, offer a
nonresonant method of achieving large Purcell factors for

Figure 2. (a, b) Experimental extinction spectra for an HMM (a) and an EMM (b). (c, d) Effective anisotropic permittivities of an HMM (c) and an
EMM (d) estimated using Maxwell−Garnett theory. Shaded regions indicate wavelength range where the metamaterial exhibits hyperbolic type-I
dispersion. Dashed red line indicates the central emission wavelength of the R101 dye (606 nm).

Figure 3. Theoretical estimations of the Purcell factor versus emission wavelength for a dipole located 20 nm above an HMM (a) and an EMM (b),
as well as dependence of the Purcell factor on the distance of the dipole from the metamaterial surface (c) at the central emission wavelength of
R101 (606 nm, indicated with a red dashed line in (a) and (b)). Yellow, green, and pink curves in (a) and (b) refer to dipoles oriented perpendicular
and parallel to the metamaterial surface and averaged, respectively. The Purcell factor in (c) is plotted for the averaged dipole orientation.
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emitters.48 We estimated the Purcell factors for our HMM and
EMM structures by simulating the coupling of dipole emitters
with our metamaterials, defined by local EMT. Using the
standard Green’s function formalism,57 we calculated the
Purcell factors for a dipole embedded in PVA (refractive
index n = 1.5) placed 20 nm above an HMM and an EMM
supported on glass substrates (n = 1.5), as shown in Figure 3a
and b. In the calculation, the polarization of the dipole is
addressed as well. The calculation results show that the HMM
provides a Purcell factor of 5.75 for a dipole parallel to the
HMM surface and 12.21 for a dipole perpendicular to the
surface at the central emission wavelength of R101 (λ = 606
nm). On the other hand, the EMM provides a Purcell factor of
1.5 and 2.15 for parallel and perpendicular orientations,
respectively. On average the HMM provides an enhancement
of 4.6 times over the EMM. The calculation also shows that the
Purcell factor strongly depends on the distance of the dipole
from the metamaterial surface (Figure 3c). For dipoles very
close to the metamaterial surface (∼5 nm), the Purcell factor
for the HMM is extremely large, reaching up to 400, while the
EMM provides an enhancement of only 46. As the dipole is
moved away from the surface, the Purcell factor for the EMM
decays much faster than that for the HMM, reaching ∼1 within
a 40 nm distance, while it is still slightly larger than 1 for the
HMM at a distance of 100 nm. The k-space dissipated power
density is further calculated in Supporting Information S4 to

better explain the Purcell enhancement in the HMM and EMM
structures.
The nanorod arrays were coated with a ∼2 μm thick film of

PVA embedded with R101 dye (10 mM). A frequency-doubled
Nd:YAG picosecond laser (λ = 532 nm, pulse width = 400 ps,
repetition rate = 1 Hz) was used to pump the samples. The
emission from the samples was collected with a fiber, which was
fed to a spectrometer equipped with a charge-coupled device
(Supporting Information S5). Figure 4a,b shows the evolution
of the emission spectra with the pump energy for both the
HMM and EMM. Obvious spectral narrowing was observed for
both the HMM and EMM when the pump energy was
increased up to ∼3.2 and 4.0 μJ, respectively. The full widths at
half-maximum (fwhm) of the emission spectra from HMM and
EMM samples were reduced to ∼6 nm when the samples were
pumped above respective thresholds (Supporting Information
S6). The emission line width for both the HMM and EMM was
found to be similar to those demonstrated in many other
reports using laser dyes as gain media.15,58 At a pump energy of
∼9.8 μJ, the emission intensity from the HMM was twice as
strong as that from the EMM. From the log−log scale plot of
pump-dependent peak emission intensity (Figure 4c,d), we can
see a clear threshold behavior for the two systems, as the slopes
change from spontaneous emission to lasing. We have
examined the threshold behavior at 5 points on each sample
and found that the HMM achieved an average of 35% reduction

Figure 4. (a, b) Emission spectra recorded under various pump energies for an HMM (a) and EMM (b). (c, d) Log−log scale plots of peak emission
intensity as a function of pump energy for the HMM (c) and EMM (d), where the slopes change from spontaneous emission to lasing.
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in threshold energy compared to the EMM (Supporting
Information S7).
As control samples, we have studied the emissions from a

bare glass substrate and a 250 nm thick gold film, both coated
with R101 in PVA (Supporting Information S8). Both samples
show only spontaneous emission, without any noticeable
spectral narrowing. We have also fabricated a lamellar HMM
with 10 alternating layers of Au (8.9 nm) and Al2O3 (16.1 nm),
which has the same metal fill ratio as the nanorod-based HMM.
We applied the gain medium and conducted lasing measure-
ments in the same way as described above; however, no lasing
was observed before the sample was damaged by the pump
pulse (Supporting Information S9). Therefore, the nanorod-
based HMM provides a significant enhancement over its
lamellar counterpart, exhibiting low-threshold lasing action.
As described above, the HMM exhibits a higher Purcell factor

at the lasing wavelength compared to the EMM, which could
partially account for low-threshold behavior observed in the
HMM due to spontaneous emission being fed into the lasing
mode. To further understand the lasing mechanism, we have
computed optical responses and field distributions of the
nanorod metamaterials (Supporting Information S10). In
comparison to the EMM, the HMM exhibits a more
distinguishable resonance arising from nonlocal effects,32 as
seen in the optical absorption spectrum (Figure S10c,d), and a
higher magnitude of averaged local fields (Figure S10e,f) at
∼606 nm. Along with a higher Purcell factor, the stronger
resonance and local fields exhibited in the HMM could provide
stronger feedback for lasing and thus lead to a lower threshold.
The lasing behavior is further confirmed by simulations based
on the finite-difference time-domain (FDTD) method
(Supporting Information S11). Both spectral narrowing and
the S-shaped dependence of the emission intensity on the
pump energy were observed for our HMM and EMM laser
devices. The simulation results are then fitted with the rate
equations, leading to a β factor of 0.23 for the HMM and 0.08
for the EMM. The larger magnitude of the β factor in the
HMM indicates that a larger portion of spontaneous emission is
coupled to the lasing mode and results in a lower lasing
threshold. Even though the experimental S-shaped plots in
Figure 4c,d are imperfect due to the degradation of organic
dyes at very high pump energies,59−61 we believe that lasing
occurred in our systems based on the agreement between
experimental observations and numerical simulations. In
contrast to the nanorod HMM, bare metal film and lamellar
HMMs provide Purcell enhancement to some extent, but lack
the resonant behavior needed to serve as feedback for lasing
action.
It is noteworthy that the lasing herein is distinct from that

reported in a previous work based on tilted silver nanorods in
terms of sample configuration and lasing mode dispersion.62 In
ref 62, the tilted nanorods, acting as random scatterers, have
relatively large distributions in both length and diameter. The
dyes are infiltrated into the random nanorod arrays where
significant scattering is naturally anticipated. In contrast, in this
work the dyes are accumulated atop a relatively smooth
metamaterial surface, so light scattering can be neglected. In
addition, the features of lasing spectra in ref 62 are consistent
with the behavior exhibited in random lasers with coherent
feedback63 and thus are distinct from the observations in this
work.
In conclusion, we have demonstrated lasing action in

metamaterials based on gold nanorod arrays coated with thin

films of PVA embedded with R101, which can be tuned to
exhibit hyperbolic or elliptic dispersion based on their metal fill
ratio. Both metamaterials support lasing action, with emission
from the HMM sample being twice as strong as that from the
EMM sample while also exhibiting a 35% lower threshold. One
interesting direction for future study is to infuse dyes directly
into the matrix of the nanorod-based HMM, which would
greatly enhance the emitter−field coupling and consequently
give much lower thresholds for lasing. The HMM achieves
broadband Purcell enhancement, suggesting its application as a
source for coherent photon emission and Forster energy
transfer64 in a broad wavelength range.
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