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Plasmonic nanostructures concentrate optical fields into nano-
scale volumes1,2, which is useful for plasmonic nanolasers3,4,
surface enhanced Raman spectroscopy5,6 and white-light gen-
eration7. However, the short lifetimes of the emissive plasmons
correspond to a rapid depletion of the plasmon energy, prevent-
ing further enhancement of local optical fields. Dark (subradi-
ant) plasmons8–12 have longer lifetimes, but their resonant
wavelengths cannot be tuned over a broad wavelength range
without changing the overall geometry of the nanostructures.
Also, fabrication of the nanostructures cannot be readily
scaled because their complex shapes have subwavelength
dimensions. Here, we report a new type of subradiant
plasmon with a narrow (∼5 nm) resonant linewidth that can
be easily tuned by changing the height of large (>100 nm)
gold nanoparticles arranged in a two-dimensional array. At
resonance, strong coupling between out-of-plane nanoparticle
dipolar moments suppresses radiative decay, trapping light in
the plane of the array and strongly localizing optical fields on
each nanoparticle. This new mechanism can open up appli-
cations for subradiant plasmons because height-controlled
nanoparticle arrays can be manufactured over wafer-scale
areas on a variety of substrates.

The simplest type of plasmonic structure that can support loca-
lized surface plasmons (LSPs), collective oscillations of conduction-
band electrons confined in metal nanostructures, are discrete metal
nanoparticles. LSP resonance wavelengths of individual nano-
particles can be tuned by changing the type of metal, dielectric environ-
ment, and size and shape13; the linewidths, however, are broad
(.50 nm) because of the short plasmon lifetimes (2–10 fs)14–16. This
rapid depletion of plasmon energy significantly limits the intensity of
localized optical fields that can be achieved in isolated nanoparticles.
Recent work has shown that careful engineering of plasmonic nano-
structures and metamaterials can result in much higher localized
optical fields at subradiant plasmon resonance frequencies8–12. These
structures, disks inside thin rings10, multilayered metal nanowire
arrays9 and closely packed nanoparticle clusters11,12 take advantage
of Fano interference between subradiant and superradiant
plasmon resonances.

Another approach to control the plasmon linewidths of metal
nanoparticles is to pattern them into one- or two-dimensional
arrays. Nanoparticle arrays exhibit optical responses dramatically
different from those of an isolated nanoparticle, especially when
the grating order is transformed from radiative to evanescent17,18,
because the optical energy scattered by one nanoparticle can be col-
lected by neighbouring nanoparticles as plasmons instead of decay-
ing as free-space light. Coupled dipole theory has predicted that
strongly coupled nanoparticles in one-dimensional arrays can
produce extremely narrow lattice plasmon resonances by suppres-
sing radiative loss19. Experiments have reported evidence of lattice
plasmon resonances in two-dimensional arrays of gold and silver

nanoparticles, where the in-plane architecture (lattice spacing,
nanoparticle diameter, nanoparticle shape, and so on) tuned
lattice plasmon resonances mediated by in-plane dipolar inter-
actions between nanoparticles20–26. Because the energy scattered
by the in-plane dipoles was not strongly confined in the plane of
the nanoparticle array, a significant portion of the plasmon oscil-
lation energy radiated into free space without being coupled to
neighbouring nanoparticles.

Here, we report a new type of subradiant plasmon—an out-of-
plane lattice resonance—that has an extremely narrow linewidth
(FWHM ≈ 5 nm) and with an origin from out-of-plane dipolar
coupling between large nanoparticles in a two-dimensional array.
Compared to previous work that uses changes in the in-plane archi-
tecture to tune optical properties, we controlled the out-of-plane
architecture to form dark, subradiant lattice plasmon modes that
could either be statically tuned by changing the nanoparticle
height or continuously tuned by changing the incident excitation
angle. Because of interference between the narrow (subradiant)
out-of-plane lattice plasmon resonance and broad (superradiant)
in-plane plasmon resonance, strongly coupled nanoparticle arrays
showed a Fano-type asymmetric peak-and-dip spectral profile.
Finite-difference time-domain (FDTD) simulations revealed that
hot spots localized on the large nanoparticles within the two-dimen-
sional array were strongest at the subradiant plasmon wavelength
because radiative decay of the plasmon energy was suppressed by
out-of-plane dipolar interactions between nanoparticles.

Figure 1a depicts the fabrication scheme used to generate
strongly coupled two-dimensional arrays of gold nanoparticles
with variable heights over wafer-scale areas. We successfully trans-
ferred gold nanoparticle arrays (diameter, d¼ 160 nm; period,
a0¼ 400 nm) with a range of different heights (h¼ 65, 100, 120
and 170 nm) onto glass substrates (see Methods). Figure 1b shows
top-down and cross-sectional images of a portion of gold nanopar-
ticle arrays embedded in a polyurethane (PU) matrix on a glass sub-
strate. Figure 1c highlights typical sample sizes that can be easily
produced on flexible substrates. Strong diffraction can be observed
from the .18 cm2 area of a two-dimensional square lattice of
gold nanoparticles (h¼ 100 nm, d¼ 160 nm, a0¼ 400 nm) on an
optically transparent polyethylene film.

Under transverse-magnetic (TM) polarized light at incident
angle u¼ 158, nanoparticle arrays exhibited two types of resonances
(Fig. 2a): (i) a broad resonance peak (dip) centred around lin¼
730 nm in the reflectance (transmittance) spectra that was indepen-
dent of nanoparticle height; and (ii) a narrow resonance feature that
shifted from lout¼ 718 nm to 857 nm when the height of the nano-
particles increased from h¼ 65 nm to 170 nm. The height-dependent
optical response suggests that the broad and narrow spectral features
can be associated with the two orthogonal (in-plane E0x and out-of-
plane E0z) electric components of the incident light E0. E0z excites
out-of-plane lattice plasmon modes that depend strongly on
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nanoparticle height, while E0x excites in-plane plasmon modes of
individual nanoparticles that do not depend on nanoparticle
height. Figure 2b supports this assignment of spectral character-
istics, because the broad in-plane resonances are the same under
excitation by transverse-electric (TE) polarized light. Plasmon
modes excited by the in-plane electric field components E0x or
E0y are not sensitive to changes in nanoparticle height.

To understand these trends in detail, we will focus here only on the
two-dimensional nanoparticle array with h¼ 100 nm, as this height
shows the narrowest lattice plasmon resonances (FWHM ≈ 5 nm).
Figure 3a depicts the evolution of the optical responses under
TM-polarized light as u is increased from 108 to 408. As expected,
the resonance wavelength lin of the broad spectral peak (dip)

centred at �730 nm in the reflectance (transmittance) spectra did
not change with increasing u, and only the linewidth broadened
somewhat. In contrast, the resonance wavelength lout, as well as
the lineshape of the narrow spectral feature, strongly depended on
u. At low u (10–208), the asymmetric peak-and-dip spectral profile
is reminiscent of a Fano-type interference between broad super-
radiant and narrow subradiant modes9,27. However, when the
narrow resonance redshifted beyond the envelope of the broad
resonance at high u (30–408), an asymmetric lineshape similar to
Rayleigh anomalies (RAs)28 at diffraction edges in periodic gratings
emerged because of interference between the subradiant lattice
plasmon resonance and the scattered light continuum. Angle-
dependent reflectance and transmittance spectra were calculated
using FDTD (see Methods), and excellent agreement with experi-
ment was achieved (Fig. 3b).

PU

Si 

Deposit Cr;
Lift-off PR

Etch Si;
Deposit Au

a

Etch Cr;
Remove Au film

Cure and detach
polyurethane (PU)

1 cm

c

400 nm

b

100 nm
PU

Au

Figure 1 | Template-stripping nanofabrication technique used to produce two-dimensional arrays of large nanoparticles with variable heights over wafer-

scale areas. a, Scheme for fabricating two-dimensional arrays of large (.100 nm) gold nanoparticles. b, Top-down and cross-sectional (inset) scanning

electron microscopy (SEM) images of a gold nanoparticle array embedded in a PU matrix. c, Optical micrograph of a gold nanoparticle array on a flexible,

polyethylene film (patterned area, .18 cm2; nanoparticle array parameters, h¼ 100 nm, d¼ 160 nm, a0¼ 400 nm). PR, photoresist.
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Figure 2 | Out-of-plane lattice plasmon resonances can be tuned by

controlling the height of nanoparticles. a,b, Measured reflectance and

transmittance spectra of gold two-dimensional nanoparticle arrays with

heights of h¼ 65, 100, 120 and 170 nm under TM-polarized light (a) and

TE-polarized light (b). The incident excitation plane was aligned along the

high-symmetry lattice direction. Incident angle, u¼ 158. The individual

spectra have been displaced by 10% for clarity.
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Figure 3 | Strongly coupled two-dimensional nanoparticle arrays exhibit

a continuously tunable Fano-like profile. a,b, Measured (a) and FDTD

simulations (b) of angle-dependent transmittance and reflectance spectra of

gold two-dimensional nanoparticle arrays (h¼ 100 nm, d¼ 160 nm) under

TM-polarized light.
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A near-field optical picture is required to understand the
physics behind the far-field spectral features associated with the
out-of-plane lattice plasmon modes. Figure 4 presents a side-by-
side comparison of the simulated far-field and near-field optical
properties of nanoparticle arrays and a single nanoparticle.
Figure 4a shows that a single nanoparticle (h¼ 100 nm, d¼
160 nm) exhibits a very broad plasmon resonance (FWHM .

300 nm). When the extinction peak is decomposed into its scatter-
ing and absorption contributions, the scattering dominates the
absorption for large particles, as expected. The calculated electric
field intensity maps (Fig. 4b–d) and phase maps (Supplementary
Fig. S1b,c) reveal that the broad resonance is dominated by a radia-
tive, in-plane dipole moment driven by E0x.

Figure 4e depicts how a two-dimensional array of nanoparticles
exhibits very different optical properties compared to a single nano-
particle of the same size and shape. When the extinction peak
around 750 nm is decomposed into its scattering and absorption
components, the scattering shows a narrow (FWHM ≈ 10 nm)
dip (l¼ 758 nm) within a broad (FWHM ≈ 100 nm) peak. The
Fano-type asymmetric peak-and-dip spectral features are nearly
identical to those in reflection experiments (Fig. 3a, green curve).
A narrow absorption peak also appears at l¼ 758 nm because of
energy conservation. The electric field distributions and phase
maps from FDTD simulations indicate that the broad scattering
peak is mediated by an in-plane dipole oscillation driven by E0x.
In contrast, at the narrow subradiant dip (l ¼ 758 nm), an out-
of-plane dipole oscillation (Fig. 4f, Supplementary Fig. S1e) is
present together with an in-plane dipole oscillation (Fig. 4g,
Supplementary Fig. S1f ). The strongly coupled nanoparticle arrays
can effectively trap the incident light and induce a large field
enhancement both in the plane of the array as well as surrounding
the plane (Fig. 4h). The enhanced field is dominated by its out-of-
plane component Ez with an order of magnitude higher intensity
(|Ez|2) than that of the incident light (|E0|2) because of the strong
interactions between out-of-plane dipole moments (Fig. 4f ).

Phase map calculations show that Ez has a well-defined phase
front perpendicular to the x-direction (Supplementary Fig. S1e),
indicating that the subradiant lattice plasmon mode is an electro-
magnetic wave that propagates in-plane but with a polarization
that is out-of-plane. Poynting vector maps show that the energy
flux of the trapped incident light propagates along x and is concen-
trated above and below the plane of the two-dimensional nanopar-
ticle array (z¼ 0) (Supplementary Fig. S2). Furthermore, at the
subradiant resonance wavelength, the large accumulation of
charge at the diagonal edges of the nanoparticles results in very
large local field intensity ratios (Fig. 4h), where |Eloc|2/|E0|2 .

1,700 can be achieved. Thus, out-of-plane dipolar interactions
between large nanoparticles can significantly increase local fields
compared to isolated nanoparticles of the same shape and size.
This discovery offers a new way to enhance local fields besides
well-known ones, such as sharp tips on a single nanoparticle or
small gaps between adjacent nanoparticles. Out-of-plane dipolar
interactions can also result in a suppression of radiative damping
(smaller scattering and larger absorption), a prolonged plasmon life-
time (narrower resonance linewidth), and height-dependent and
dispersive lattice plasmon modes.

Figure 5 compares the angle-dependent evolution of different
far-field and near-field optical properties associated with the out-
of-plane lattice plasmon mode. The measured wavelength lout of
the subradiant plasmon lattice resonance and corresponding
absorption cross-section sabs as a function of u match extremely
well with the calculated values and trends. As u increases, lout
increases very slowly and then converges with the RA line28. The
dispersive nature of the out-of-plane plasmon lattice mode indicates
that it can be tuned from a stationary (non-propagating) state (for
example, at u¼ 58) to a propagating one (for example, at u¼ 408)
depending only on u. Unlike previously observed in-plane lattice
plasmon modes, where the resonance linewidth broadens as it
becomes more stationary with a flat-bended dispersion23,25, the
out-of-plane plasmon lattice resonance maintains a narrow
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Figure 4 | Local hot spots on strongly coupled nanoparticles are orders of magnitude higher than those on isolated nanoparticles with the same size and

shape. a–h, FDTD-simulated extinction (black line), scattering (red line) and absorption (blue line) cross-sections and electric field intensity distribution

maps for a single nanoparticle at l¼ 850 nm (a–d) and a two-dimensional nanoparticle array at l¼ 758 nm (e–h; h¼ 100 nm, d¼ 160 nm, a0¼ 400 nm).
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linewidth even as it is tuned to a more stationary state (Fig. 3).
Significantly, the suppression of radiative decay and a prolonged res-
onance lifetime in two-dimensional arrays of large nanoparticles
can be accomplished without needing the grating orders to
change from radiative to evanescent.

We calculated and compared spectral responses of the absorption
cross-section sabs, localized field intensity |Eloc|2 and average
field intensity |Eave|2 at different u (Supplementary Fig. S3). |Eave|2
is the average field intensity recorded in the plane of the array
between adjacent nanoparticles. At all u, the peak value of sabs,
|Eloc|2 and |Eave|2 occurred at the same wavelength, which indicates
that the near-field and far-field optical properties (i) are correlated
with each other and (ii) can be tuned by out-of-plane dipolar inter-
actions. Figure 5b shows that the peak value of |Eave|2 first increases
and then plateaus; FDTD simulations reveal that |Eave|2 is domi-
nated by Ez as a consequence of out-of-plane dipolar interactions
(Fig. 4f). Thus, |Eave|2 increases with u because the out-of-plane
component (E0z¼ |E0| sin u) of incident light also increases with
u. In contrast, sabs and |Eloc|2 exhibit a different trend, where the
local electric field intensity first increases and then gradually
decreases. The reason is that as u increases, there is an increased
wavelength mismatch between the out-of-plane subradiant and
in-plane superradiant dipolar lattice plasmon resonances
(Supplementary Fig. S4a); hence, the spatially confined charge at
diagonal edges of the nanoparticles is eliminated (Supplementary
Fig. S4b). Moreover, the strong correlation between sabs and
|Eloc|2 in large nanoparticle arrays reveals that optical hot spots

can be more intense if radiative loss is suppressed and more
energy from the incident light is absorbed by subradiant
plasmon resonances.

In summary, we demonstrate that two-dimensional arrays of
large nanoparticles can support extremely narrow, subradiant out-
of-plane lattice plasmon resonances. Compared to in-plane lattice
modes, out-of-plane lattice plasmon modes can be tuned more
easily and over a larger wavelength range simply by controlling
nanoparticle height. The strong out-of-plane dipolar interactions
between large nanoparticles can overcome the radiative loss and
result in local optical fields orders of magnitude higher than isolated
nanoparticles of the same size and shape. Subradiant out-of-plane
lattice plasmon modes in large nanoparticle arrays offer an attractive
way to achieve nano-localized optical field enhancements with con-
tinuous spectral tunability and well-defined optical hot spots over
large areas on different substrates. Moreover, the combination of
enhanced local fields and extremely narrow linewidths associated
with out-of-plane lattice plasmon modes is ideal for applications
like ultrasensitive LSP resonance sensors, SERS and plasmon-
enhanced nonlinear nano-optics applications.

Methods
Sample fabrication. Diameters of the gold nanoparticles were defined by the
dimensions of the patterned photoresist posts. Posts (diameter, 160 nm; Shipley
1805) were first patterned in a square lattice (a0¼ 400 nm) on a Si(100) wafer using
soft interference lithography (SIL)29. After deposition of a thin layer of chromium
(10 nm) and lift-off of the photoresist, cylindrical pits (depth¼ 150 nm) were
generated in the silicon below the chromium holes by reactive ion etching in a
CF4/O2 gas mixture. Next, gold layers up to h¼ 200 nm were deposited by electron
beam on the substrate to form gold nanoparticles within the cylindrical silicon pits
as well as a gold film on the chromium layer. The chromium was then etched to
remove the gold nanohole array film. Finally, UV-curable polyurethane (PU)
(NOA61, Norland Product Inc.) was used as a transparent bonding layer to transfer
the gold nanoparticle arrays from the pits in the silicon template onto glass
substrates. After an oxygen plasma and silanization treatment of the silicon template,
gold nanoparticle arrays were easily stripped from the silicon after curing the PU
under a UV lamp (100 W) for 10 min.

Optical measurements. Zero-order transmittance and reflectance spectra of the
nanoparticle arrays were measured under TM-polarized and TE-polarized light from
u¼ 10–608 with 0.028 accuracy. The incident excitation plane was aligned along the
high-symmetry lattice direction. To create a uniform dielectric environment around
the nanoparticle array, we index matched the PU substrate (nPU¼ 1.55) with an
immersion oil superstrate (noil ¼ 1.525).

FDTD simulations. We performed three-dimensional FDTD simulations using
commercial software (FDTD solution, Lumerical Inc.). A uniform mesh size of 3 nm
(x, y and z directions) was used. The optical constants of gold were taken from
Johnson and Christy30 in the spectrum range from 400 nm to 1,000 nm.
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