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investigate light–matter interaction and 
nonlinearities at subwavelength scales 
that were inaccessible before.[2] However, 
the field enhancement of localized surface 
plasmon resonances (LSPRs) becomes 
negligible when the distance to the 
metallic nanoparticles is larger than a few 
tens of nanometers. In parallel to studies 
of localized resonances, several works 
have focused on spatially delocalized reso-
nances of plasmonic nanoparticles that 
emerge in periodic arrays under specific 
conditions.[3,4] Laor and Schatz considered 
the dipolar coupling of metallic hemisphe-
roids in periodic clusters.[5] This work 
was extended by Meier et al. and Carron 
et al. to describe narrow resonances in the 
surface-enhanced Raman spectra of lat-
tices of metallic nanoparticles.[6,7] Markel 
investigated 1D chains of nanoparticles 
using the coupled dipole approximation 
to describe narrow resonances emerging 
from diffraction coupling.[8] This work 
was further expanded by Zou, Schatz, and 
coworkers with the physical description 
of ultranarrow linewidths that could be 

achieved in arrays of silver nanospheres.[9,10]

The experimental demonstration of narrow resonances 
in arrays of metallic nanoparticles was more elusive due to 
limitations in the quality of samples and the use of focused 
beams.[4] Kravets et al. reported ultranarrow plasmonic reso-
nances in asymmetric (different refractive indexes in the upper 
and lower media) arrays of Au nanoparticles.[11] Shortly after, 
Auguié and Barnes[12] and Chu et al.[13] reported narrow reso-
nances in symmetric arrays. The potential of narrow plasmonic 
resonances in arrays of nanoparticles for modifying the emis-
sion of fluorophores was also demonstrated.[14,15] The origin 
of the narrow resonances, which are known as surface lattice 
resonances (SLRs), is the diffractive coupling of LSPRs through 
in-plane diffraction orders in symmetric media or evanescent 
diffraction orders—the so-called Rayleigh anomalies (RAs)—in 
asymmetric media. SLRs can be described as a driven damped 
coupled oscillator system in which one oscillator has the nat-
ural frequency of the LSPR while the other has the frequency of 
the diffraction order.[16]

Nanoparticle arrays are open cavities that are easy to fabri-
cate and offer the possibility of integration with thin films or 
planar structures. The remarkable properties of SLRs have 

Key in the application of plasmonics is the realization of low loss or 
high quality (Q) factor resonances. Nanoparticle arrays are systems 
capable of sustaining remarkably high Q-factor resonances through the 
hybridization of plasmonic and photonic modes, known as surface lattice 
resonances (SLRs). SLRs result from the coupling of localized surface 
plasmon resonances (LSPRs) to in-plane orders of diffraction known 
as Rayleigh anomalies (RAs). To date, the highest Q-factors have been 
achieved with the (±1, 0) diffraction orders. However, these Q-factors are 
highly sensitive to the angle of excitation. Here, a strategy is presented to 
generate high Q-factor SLRs with low dispersion by coupling LSPRs to the 
(0, ±1) diffraction orders. 2D arrays of silver nanoparticles are investigated 
experimentally and numerically, and it is shown that the Q-factor of SLRs 
critically depends on the quality of the metal film, the detuning between RAs 
and LSPRs, and the absorption of adhesive layer used between the substrate 
and the metallic nanoparticles. These silver nanoparticle arrays can achieve 
Q-factors higher than 330 in the visible range. These extraordinarily high 
Q-factors could be increased to values above 1500 if no adhesive layer is 
used, which could significantly improve sensors and enhance nonlinearities 
in plasmonic systems.
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Plasmonics

The revolution of modern plasmonics in the latest years of the 
20th century was sparked by the technology advances in pro-
ducing nanoscale structures.[1] Patterned surfaces with metallic 
nanostructures have gained significant interest due to the large 
enhancement of local electromagnetic fields, which is useful to 
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led to improved surface-enhanced Raman scattering,[6,7,17] 
sensitive bio/chemical sensing,[18–20] plasmonic band-edge 
lasing,[21–23] strong light–matter coupling,[24–27] Bose–Einstein 
condensation,[28,29] and optoelectronic devices.[30] The multi-
disciplinary impact of SLRs has stimulated the quest toward 
modes with the highest possible quality (Q) factor.[8–11,29–33] One 
strategy to obtain narrow linewidths with SLRs is by coupling 
multipolar resonances with different diffraction orders.[16,34,35] 
However, Q-factors by these approaches vary significantly over 
momentum space.

In this communication, we focus on the impact of fabrication 
processes and material aspects on the quality factor of SLRs. 
We investigate degenerate SLRs emerging through the cou-
pling of dipolar LSPRs with the (0, ±1) RAs, leading to a quad-
ratic dispersion with little momentum dependence. We show 
how the coupling strength defines the linewidth and frequency 
of the SLRs. Additionally, the role of the metal quality and the 
absorption of the metal adhesive layer are studied to complete 
a set of rules for obtaining high Q-factor resonances. Using Ag 
nanoparticles, we demonstrate experimentally Q-factors higher 
than 300 and nearly independent of the angle of incidence or 
in-plane momentum. These remarkably high Q-factors could 
be further increased to values above 1500 by suppressing the 
parasitic absorption of the metal adhesion layer that is used 
between the substrate and the metal nanoparticles.

The spectrum of SLRs can be calculated from the dis-
sipated power of a driven coupled oscillator system in which 
one oscillator represents the LSPRs with a natural frequency 
independent of the wave vector and the other is the disper-
sive RA. SLRs follow the dispersion of the RAs with a small 
shift emerging from the coupling. The dispersion of the RAs 
is given by the grating equation: ± = +

� � �
k k G||d ||i , where 

�
k||d, 
�
k ,||i  

and 
�
G correspond to the wave vectors of the Rayleigh anomaly, 

the in-plane wave vector component of the incident wave, and 
the reciprocal lattice vector, respectively. Here, π λ=

�
k n u(2 / ) ˆ||d eff d 

and π λ θ=
�
k u(2 / )sin ˆ||i i i, with λ, neff, and θi the wavelength, 

effective refractive index, and incident angle with respect to 
the surface normal, respectively, and ûd and ûi the unitary vec-
tors along the diffracted and incident directions, respectively. 

π π= +
�
G m p u n p ux x y y(2 / ) ˆ (2 / ) ˆ , with px and py the lattice constants 
along the x- and y-directions, respectively, and (m, n) are inte-
gers defining the diffraction order.

We restrict our investigation to the first diffraction order of 
the array. The dispersion of the (0, ±1) RAs is
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To generate high-Q SLRs, we have chosen Ag as the 
plasmonic material due to its low intrinsic (ohmic) losses in the 
visible range.[36,37] The quality of deposited silver films has been 
studied in the past with various techniques.[38–40] The aim of 
those studies was to enhance the propagation length of surface 
plasmon polaritons. However, how the different qualities of 
metal films modify the optical properties of SLRs has not been 
reported so far. To address this point, we first present a simple 
technique to modify the quality of the Ag film by tuning the 
evaporation rate. We then measure the extinction of different 
samples with different silver qualities to quantify its impact 
on the SLRs. Figure 1a compares the figure of merit (FoM) of 
a 80 nm thick silver film, defined as the ratio of the real and 
imaginary components of the permittivity, prepared at evapora-
tion rates of 10 and 30 Å s−1, and the two most commonly used 
datasets found in the literature.[41,42] This figure shows that it 
is possible to improve the FoM of the silver film by a factor of 
2 over a large range of wavelengths (450–700 nm) by lowering 
the evaporation rate. The reduction of the metal losses can be 
associated with the decrease in surface roughness shown in 
the atomic force microscopy (AFM) images of Figure 1b,c. Par-
ticularly, the root mean squared (RMS) surface roughness of a 
silver film evaporated at 10 Å s−1 is 5.67 Å, which is three times 
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Figure 1. a) Figure of merit of silver films, defined as the ratio of the real and imaginary components of the permittivity. b) AFM map of the surface of 
silver films deposited at 10 Å s−1; the surface roughness, defined in terms of the root mean square of the surface profile, is 0.567 nm. c) AFM map of 
a silver film deposited at 30 Å s−1 with RMS = 3.817 nm.
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smaller than the RMS roughness of a similar film evaporated 
at 30 Å s−1. The measurement techniques and optical constants 
of the films are described in more detail in the Experimental 
Section and Figure S1a,b in the Supporting Information. It 
should be noted that our best metal films are of lower quality 
than those of ref. [41], even when evaporated at almost the 
same rate and under improved vacuum conditions. This result 
stresses the relevance of characterizing the quality of deposited 
metals, instead of using the literature values. Another notice-
able feature of the fabrication of the Ag films is that annealing 
does not improve the FoM, as is commonly assumed (see 
Figure S1c–e in the Supporting Information). In fact, the film 
quality decreases due to an increased surface roughness and 
dewetting of the Ag film on quartz substrate during annealing.

We have fabricated two arrays of silver nanorods deposited 
at 10 and 30 Å s−1 to investigate the influence of the material 
quality on the linewidth of SLRs. The area of each array is 
2.5 mm × 2.5 mm. These arrays were fabricated on a 1 mm 
thick quartz substrate and were subsequently embedded in a 
200 nm thick polystyrene film. The pitch of the arrays along 
the short axis of the nanorods is px = 340 nm and along the 
long axis is py = 420 nm. The nanorod dimensions are 30 nm 
(width) × 100 nm (length) × 40 nm (height). Figure 2a displays 
the extinction spectra of the two arrays measured with an inci-
dent beam polarized along the short axis of the nanorods. The 
extinction is defined as 1 − T/T0, where T is zero-order transmis-
sion of the sample and T0 is the transmission of the reference. 
As reference we use the substrate with the 200 nm film of poly-
styrene. The transmissions were measured with a fiber-coupled 
spectrometer with a multimode optical fiber. Mode coupling 
in the fiber led to the noise in the spectra, which was reduced 
by shaking the fiber during the measurements. We can see in 
Figure 2a that the wavelength of the SLR peaks does not change 
by changing the material quality. However, there is a 25% 
reduction of the linewidth by improving the material quality. 
Figure 2b shows the simulated extinction spectra of the arrays 
using finite differences in time domain (FDTD) and calculated 
with the permittivities of Figure 1a. The FDTD simulations  

show a good agreement with the measurements. The wave-
length of LSPRs in the two samples is similar regardless of 
the different permittivities. Only the LSPR resonance posi-
tion is slightly blueshifted (around 40 nm) by using the values  
from ref. [41]. This discrepancy can be explained by the abrupt 
film quality changes of ref. [41] around 450 nm. Another feature 
appearing in Figure 2b is the weak Fano resonance at 500 nm, 
which corresponds to the diffraction along the short axis of the 
unit cell.

An important parameter influencing the Q-factor and wave-
length of SLRs is the detuning between RAs and LSPRs. For 
these experiments, we fabricated a sample consisting of the 
three arrays of nanoparticles shown in the scanning electron 
microscopy (SEM) images of Figure 3a–c (left column). The 
pitches (px = 340 nm and py = 420 nm) are fixed in these arrays, 
but the width (w) of the nanorods is varied (w = 30, 42, and 
56 nm, respectively). The nominal length of the nanorods was 
kept constant during fabrication. However, there are small vari-
ations in this length due to the accuracy of the e-beam lithog-
raphy procedure. We have measured a 27% shorter length for 
the nanorods with w = 30 nm than the nominal value of 100 nm, 
a 20% shorter length for the nanorods with w = 42 nm, and a 
2% shorter length for the nanorods with w = 56 nm. Neverthe-
less, these variations do not alter the main results since these 
lengths of the nanorods are short enough to prevent the exci-
tation of higher-order localized resonances. Figure 4a,b shows 
the measured and simulated extinction spectra of the arrays 
measured at normal incidence. The RAs can be seen in those 
spectra as a small dip at 615 nm for the three arrays. These 
figures show that the linewidth of the SLRs becomes narrower 
and it shifts toward the RAs as the LSPRs move outward of the 
RA frequency. Figure 4c illustrates this behavior quantitatively.  
Specifically, the Q-factors of the SLRs decrease from 325 to 98 
and the resonant wavelength shifts from 648 to 638 nm, when 
the wavelength difference between the RA and the LSPRs 
decreases from 150 to 110 nm. These changes in Q-factor and 
resonance wavelength can be attributed to the change in cou-
pling strength between the RA and LSPRs that can be altered by 
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Figure 2. a) Extinction spectra of Ag nanoparticle arrays measured at normal incidence (no incident wave vector parallel to the surface) with a beam 
polarized parallel to the short axis of the nanorods. The yellow and violet curves correspond to nanoparticle arrays with the same dimensions but with 
the Ag deposited at a rate of 10 and 30 Å s−1, respectively. b) FDTD simulations of the extinction for the same polarization and silver nanoparticle array 
as in part (a), but with different permittivities for Ag: blue,[41] red,[42] yellow, and violet correspond to the simulations using the permittivities obtained 
from ellipsometry measurements.
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controlling their detuning.[43] The behavior of the SLRs is less 
plasmonic as the detuning becomes larger, reaching a higher 
Q-factor. This response also translates in a weaker field confine-
ment to the nanoparticles, which is illustrated by the SLR elec-
tric field distributions calculated at mid-height of the nanorod 
and illustrated in the right column of Figure 3a–c. It should be 
noted that the linewidth in the experiment (Figure 4a) is nar-
rower compared to the simulation (Figure 4b). This narrower 
linewidth can be explained by a smaller effective size of the 
silver nanorods, very likely due to oxidation during a prolonged 

exposure to the atmosphere between the SEM measurements 
and the coating of the sample with a protective polymer (see 
the Experimental Section). We should also note that the narrow 

Adv. Optical Mater. 2019, 7, 1801451

Figure 4. a) Measured extinction spectra at normal incidence and for a 
polarization parallel to the short axis of the Ag nanorods of three arrays 
with the same periodicity (px = 340 nm, py = 420 nm), but different widths 
of nanorods, namely, w = 30 nm (blue), w = 42 nm (red), and w = 56 nm 
(purple). b) Simulated extinction spectra of the same structures as in 
part (a). c) Quality factor and wavelength of the SLRs as a function of the 
detuning between the LSPRs and the RA at normal incidence.

Figure 3. a–c) SEM images (left column) of the nanorod array (scale bars 
correspond to 100 nm), and FDTD simulation of the normalized electric 
field of the SLR in a unit cell calculated in the middle plane of the nanopar-
ticles (right column). All nanorod arrays have the same length, l = 98 nm, 
and height, h = 40 nm. The widths of the nanorods are a) w = 56 nm,  
b) w = 42 nm, and c) w = 30 nm.
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linewidths that we have measured are in agreement with the 
exponentially narrow resonances theoretically described by 
Markel,[44] and that result from the divergence of the effective 
extinction cross section per particle due to the retarded dipole 
sum of the array.[9,12,45]

Figure 5 investigates the influence of the adhesive promoter 
on the linewidth of the resonance. Although several studies 
have reported on the effect of damping on the LSPRs,[46,47] 
none has reported so far whether these adhesion layers would 
modify the Q-factor of SLRs. Figure 5a shows the extinction of 
a nanorod array (20 × 100 × 42 nm3 with a 2 nm thick Ti adhe-
sive layer) and the simulation using the geometric parameters 
of the experiments, measured permittivity of Ag and bulk per-
mittivity of Ti.[41] The simulations include the coupling intro-
duced by this conducting sublayer. The Q-factor drops signif-
icantly (a factor of 3) when we use a very thin layer of Ti as 
adhesive. The discrepancy between the experimental results 
and the simulations can be attributed to the inhomogeneous 
size distribution of Ag nanoparticles, imperfections on the sur-
face of the nanoparticles, and uncertainties in the permittivity 
of the adhesion layer. We have also simulated the extinction of a 
similar sample in which the adhesion layer is suppressed. The 
result of this simulation is also shown in Figure 5, where an 
extraordinary large value of the Q-factor, above 1500, is reached. 
These numerical results illustrate the significant role of the 
adhesive layer in limiting the Q-factor in plasmonic systems 
and motivate a quest for new materials to replace the traditional 
adhesive materials.

We have also investigated the in-plane momentum depend-
ence of the SLRs by measuring the extinction at different angles 
of incidence with respect to the sample normal. The extinction 
measurements were performed with a motorized rotational 
stage schematically represented in Figure 6. The samples were  
placed vertically on the stage and rotated around the vertical 
axis in steps of 0.25° in a range from −30° to 30°. The rota-
tion axis was parallel to the length of the nanorods to measure 
the (0, ±1) SLRs and parallel to the width of the nanorods to 
measure the (±1, 0) SLRs. A polarizer was placed in front of 
the sample (not shown in Figure 6) to fix the polarization of 
the incident beam parallel to the width of the nanorods. The 

source was a collimated beam of white light (Energix LDLS 
EQ-99). The transmitted intensity in the forward direction was 
collected by a lens (NA = 0.04) and sent to the fiber-coupled  
spectrometer.

The extinction measurements are shown in Figure 7, where 
angle scans of the extinction of SLRs arising from the (0, ±1) 
RAs (Figure 7a) and of SLRs arising from the (±1, 0) RAs 
(Figure 7b) are displayed. These measurements show the dis-
persion of the SLRs as a function of the in-plane wave vector. 
The SLRs in Figure 7a show a quadratic dispersion and a high 
Q-factor. Because of the weak dispersion of these SLRs, their 
Q-factor is nearly independent of the angle of incidence. This 
response can be appreciated in the extinction spectra measured 
at different angles and displayed in Figure 7c. The SLRs of 
Figure 7b present a different behavior. Their dispersion is nearly 
linear, and the Q-factor depends on the angle of incidence, as 
can be appreciated in Figure 7d. This Q-factor decreases by a 
factor of 3 as we move 15° away from the normal. These dif-
ferences in Q-factor are attributed to the different dispersion 
of the SLRs, which changes the coupling strength between the 
LSPRs and the RAs for different angles of incidence or in-plane 
momenta. As discussed above, the coupling strength between 
LSPRs and RAs defines the plasmonic content and the losses 
of SLRs. The losses in the metal due to interband transitions 
also limit the Q-factor of SLRs. Hence, it is very challenging to 
achieve high-Q SLRs at short wavelengths. This is illustrated in 
Figure S2 in the Supporting Information, which shows SLRs of 
the same sample but at shorter wavelengths (around 500 nm). 
These SLRs, with a lower Q-factor, arise from the coupling of 
LSPRs to the RAs that result from diffraction with the short 
pitch of the array (px = 340 nm).

We have demonstrated high quality factor plasmonic reso-
nances in arrays of Ag nanoparticles (Q > 300). These reso-
nances, known as surface lattice resonances, emerge from the 
coupling of localized surface plasmon polaritons to diffrac-
tion orders in the plane of the array. The quadratic dispersion 
of SLRs leads to a nearly constant Q-factor over a wide range 
of wave vectors or angles of incidence. We have investigated 
the role of the intrinsic quality of the metal in the Q-factor of 
SLRs. We have also discussed the effect of the adhesion layer 
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Figure 5. a) Influence of the adhesive layer on the linewidth of the SLRs. The FDTD simulation is performed for an array of Ag nanoparticles (w = 20 nm, 
l = 100 nm, h = 40 nm) in a lattice with px = 340 nm and py = 420 nm. The blue and purple curves correspond to the measured extinction with and 
without 2 nm Ti adhesive layer. This simulation was done with the experimentally determined permittivity and compared with measurement (orange). 
b) Magnified spectra at the SLR wavelength. The measurements and simulations are done at normal incidence and for a polarization parallel to the 
short axis of the nanorods.
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used between the substrate and the metal on the SLRs. The 
suppression of this layer can lead to SLRs with Q-factors larger 
than 1500. These extremely high Q-factors render arrays of 

metallic nanoparticles very interesting systems for plasmonic 
applications such in sensors, for enhanced light–matter interac-
tion and nonlinear phenomena.

Adv. Optical Mater. 2019, 7, 1801451

Figure 7. a) Extinction spectra as a function of the wave vector parallel to the surface, showing the dispersion of the degenerate SLRs resulting from the 
coupling of LSPRs in Ag nanoparticles to (0, ±1) RAs. The LSPR at λ = 475 nm is independent of the wave vector, whereas the white curve corresponds to 
the (0, ±1) RAs. b) Extinction spectra showing the dispersion of the diagonal SLRs arising from the coupling of the LSPRs to the (±1, 0) RAs (indicated 
by the white lines). c) Extinction spectra from part (a), measured at different angles. d) Extinction spectra from part (b), measured at different angles. 
The insets in parts (a) and (b) show a schematic representation of the angle-dependent extinction measurements, where the rectangles represent the 
nanorods, the orange double arrow indicates the polarization of the incident light, and the white curve illustrates the rotation direction of the sample.

Figure 6. Schematic representation of the setup used for the measurements of the dispersion of the extinction. Note that the coordinate frame used to  
characterize the (0, ±1) and (±1, 0) RAs is defined on the array, with uxˆ  and uyˆ  along the short and long axes of the nanorods, respectively. Therefore, the sample 
is rotated along the short nanoparticle axis to measure the dispersion of the (±1, 0) RAs (vertical axis as in the figure). For the (0, ±1) RAs, the sample is 
rotated along the long nanoparticle axis, which corresponds to changing the orientation of the sample by 90° in the setup and rotating it along the vertical axis.
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Experimental Section
Sample Preparation: The silver nanoparticle arrays were fabricated by 

conventional electron beam lithography (Raith EBPG 5250), followed by 
metal deposition and a lift-off process. A piece of 2.5 × 2.5 cm2 quartz 
substrate (Plan Optik) was coated with a 120 nm thick layer of electron 
beam resist ZEP520A. A pair of three different patterns (area of each 
pattern was 2.5 × 2.5 mm2) were defined on a single sample, on which 
silver (Alfa Aesar GmbH, 99.999%) was selectively deposited at rates of 
10 and 30 Å s−1 under the initial vacuum (≈3 × 10−8 Torr). An adhesion 
layer (Ti 2 nm) was used to attach silver particles to the substrate. A 
4 wt% polystyrene in toluene was used to coat a thin layer of polystyrene 
at low spinning speed and baked at 135 °C to prevent degradation of 
the arrays. The layer thickness was kept to only 200 nm to avoid quasi-
guided modes that complicate the analysis. The layer also helps in 
achieving a more homogeneous dielectric surrounding of the nanorods, 
which increases the coupling to SLRs .[13]

Metal Characterization: The morphology of 80 nm thick silver films 
(evaporated at rates of 10 and 30 Å s−1) on a quartz substrate was 
examined with atomic force microscopy (Nanoscope Dimension 3100) 
at a scanning frequency of 0.5 Hz. The optical constants of the films 
were determined with a spectroscopic ellipsometer. The ellipsometer 
used in this study was a Woollam M2000 FI with a spectral range of 
250–1700 nm and it was used at 60° angle of incidence with respect 
to the surface normal. The measured ellipsometer parameters have 
been converted directly into permittivity with the help of the pseudo-
optical constant transformation integrated into the used CompleteEase 
software. These calculations are described in detail by Oates et al.[48]

FDTD Simulations: The optical extinction of the nanoparticle 
arrays was simulated using a commercial finite-difference time-
domain simulation package (Lumerical FDTD) with periodic boundary 
conditions in the lateral direction and perfectly matched layers in the 
vertical direction. A fine mesh (2 × 2 × 2 nm3) was applied to the Ag 
nanoparticles. For the different simulations, the permittivity values from 
refs. [41,42] or measured using ellipsometry were used.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
Q.L.-V acknowledges fruitful discussions with Dr. Andrea Baldi 
and Dr. Shaojun Wang. This work was funded by The Innovational 
Research Incentives Scheme of the Nederlandse Organisatie voor 
Wetenschappelijk Onderzoek (NWO) (Vici grant no. 680-47-628) 
and through the NWO-Philips Industrial Partnership Program 
“Nanophotonics for Solid State Lighting.”

Conflict of Interest
The authors declare no conflict of interest.

Keywords
gratings, plasmonics, quality factor, silver nanoparticles, surface lattice 
resonance

Received: October 24, 2018
Revised: December 14, 2018

Published online: January 8, 2019

[1] T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, P. A. Wolff, 
Nature 1998, 391, 667.

[2] N. Meinzer, W. L. Barnes, I. R. Hooper, Nat. Photonics 2014, 8, 889.
[3] W. Wang, M. Ramezani, A. I. Väkeväinen, P. Törmä, J. G. Rivas, 

T. W. Odom, Mater. Today 2018, 21, 303.
[4] V. G. Kravets, A. V. Kabashin, W. L. Barnes, A. N. Grigorenko, Chem. 

Rev. 2018, 118, 5912.
[5] U. Laor, G. C. Schatz, Chem. Phys. Lett. 1981, 82, 566.
[6] M. Meier, A. Wokaun, P. F. Liao, J. Opt. Soc. Am. B 1985, 2, 931.
[7] K. T. Carron, W. Fluhr, M. Meier, A. Wokaun, H. W. Lehmann, J. Opt. 

Soc. Am. B 1986, 3, 430.
[8] V. A. Markel, J. Mod. Opt. 1993, 40, 2281.
[9] S. Zou, N. Janel, G. C. Schatz, J. Chem. Phys. 2004, 120, 10871.

[10] S. Zou, G. C. Schatz, J. Chem. Phys. 2004, 121, 12606.
[11] V. G. Kravets, F. Schedin, A. N. Grigorenko, Phys. Rev. Lett. 2008, 

101, 087403.
[12] B. Auguié, W. L. Barnes, Phys. Rev. Lett. 2008, 101, 143902.
[13] Y. Chu, E. Schonbrun, T. Yang, K. B. Crozier, Appl. Phys. Lett. 2008, 

93, 181108.
[14] G. Vecchi, V. Giannini, J. Gómez Rivas, Phys. Rev. Lett. 2009, 102, 

146807.
[15] V. Giannini, G. Vecchi, J. Gómez Rivas, Phys. Rev. Lett. 2010, 105, 

266801.
[16] S. R. K. Rodriguez, A. Abass, B. Maes, O. T. A. Janssen, G. Vecchi, 

J. Gómez Rivas, Phys. Rev. X 2011, 1, 021019.
[17] S. H. Shams Mousavi, A. A. Eftekhar, A. H. Atabaki, A. Adibi, ACS 

Photonics 2015, 2, 1546.
[18] X. Yu, L. Shi, D. Han, J. Zi, P. V. Braun, Adv. Funct. Mater. 2010, 20, 

1910.
[19] B. Liu, S. Chen, J. Zhang, X. Yao, J. Zhong, H. Lin, T. Huang, 

Z. Yang, J. Zhu, S. Liu, C. Lienau, L. Wang, B. Ren, Adv. Mater. 30,  
2018, 1706031.

[20] C. Valsecchi, A. G. Brolo, Langmuir 2013, 29, 5638.
[21] A. Yang, T. B. Hoang, M. Dridi, C. Deeb, M. H. Mikkelsen, 

G. C. Schatz, T. W. Odom, Nat. Commun. 2015, 6, 6939.
[22] A. H. Schokker, A. F. Koenderink, Phys. Rev. B 2014, 90, 155452.
[23] T. B. Hoang, G. M. Akselrod, A. Yang, T. W. Odom, M. H. Mikkelsen, 

Nano Lett. 2017, 17, 6690.
[24] S. R. K. Rodriguez, J. Gómez Rivas, Opt. Express 2013, 21, 27411.
[25] A. I. Väkeväinen, R. J. Moerland, H. T. Rekola, A. P. Eskelinen, 

J. P. Martikainen, D. H. Kim, P. Törmä, Nano Lett. 2014, 14, 1721.
[26] Y. Zakharko, A. Graf, J. Zaumseil, Nano Lett. 2016, 16, 6504.
[27] F. Todisco, S. D’Agostino, M. Esposito, A. I. Fernández-Domínguez, 

M. De Giorgi, D. Ballarini, L. Dominici, I. Tarantini, M. Cuscuná, 
F. Della Sala, G. Gigli, D. Sanvitto, ACS Nano 2015, 9, 9691.

[28] M. Ramezani, A. Halpin, A. I. Fernández-Domínguez, J. Feist, 
S. R.-K. Rodriguez, F. J. Garcia-Vidal, J. Gómez Rivas, Optica 2017, 
4, 31.

[29] T. K. Hakala, A. J. Moilanen, A. I. Väkeväinen, R. Guo, 
J.-P. Martikainen, K. S. Daskalakis, H. T. Rekola, A. Julku, P. Törmä, 
Nat. Phys. 2018, 14, 739.

[30] Y. Zakharko, M. Held, A. Graf, T. Rödlmeier, R. Eckstein, 
G. Hernandez-Sosa, B. Hähnlein, J. Pezoldt, J. Zaumseil, ACS 
Photonics 2016, 3, 2225.

[31] A. D. Humphrey, W. L. Barnes, Phys. Rev. B 2014, 90, 075404.
[32] R. Guo, T. K. Hakala, P. Törmä, Phys. Rev. B 2017, 95, 155423.
[33] D. Khlopin, F. Laux, W. P. Wardley, J. Martin, G. A. Wurtz, J. Plain, 

N. Bonod, A. V. Zayats, W. Dickson, D. Gérard, J. Opt. Soc. Am. B 
2017, 34, 691.

[34] A. Yang, A. J. Hryn, M. R. Bourgeois, W.-K. Lee, J. Hu, G. C. Schatz, 
T. W. Odom, Proc. Natl. Acad. Sci. USA 2016, 113, 14201.

[35] M. Ramezani, A. Halpin, J. Feist, N. Van Hoof, A. I. Fernández-
Domínguez, F. J. Garcia-Vidal, J. Gómez Rivas, ACS Photonics 2018, 
5, 233.

[36] T. V. Teperik, A. Degiron, Phys. Rev. B 2012, 86, 245425.

Adv. Optical Mater. 2019, 7, 1801451



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1801451 (8 of 8)

www.advopticalmat.de

[37] C. Sönnichsen, T. Franzl, T. Wilk, G. von Plessen, J. Feldmann, 
O. Wilson, P. Mulvaney, Phys. Rev. Lett. 2002, 88, 077402.

[38] Y. Wu, C. Zhang, N. M. Estakhri, Y. Zhao, J. Kim, M. Zhang, 
X.-X. Liu, G. K. Pribil, A. Alù, C.-K. Shih, X. Li, Adv. Mater. 2014, 26, 
6106.

[39] A. A. High, R. C. Devlin, A. Dibos, M. Polking, D. S. Wild, J. Perczel, 
N. P. de Leon, M. D. Lukin, H. Park, Nature 2015, 522, 192.

[40] K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, 
A. Rossinelli, D. J. Norris, ACS Photonics 2015, 2, 326.

[41] E. Palik, Handbook of Optical Constants of Solids, Academic Press, 
San Diego, CA 1998.

[42] P. B. Johnson, R. W. Christy, Phys. Rev. B 1972, 6, 4370.
[43] P. Offermans, M. C. Schaafsma, S. R. K. Rodriguez, Y. Zhang, 

M. Crego-Calama, S. H. Brongersma, J. Gómez Rivas, ACS Nano 
2011, 5, 5151.

[44] V. A. Markel, J. Phys. B: At. Mol. Opt. Phys. 2005, 38, L115.
[45] F. J. García de Abajo, Rev. Mod. Phys. 2007, 79, 1267.
[46] H. Aouani, J. Wenger, D. Gérard, H. Rigneault, E. Devaux, 

T. W. Ebbesen, F. Mahdavi, T. Xu, S. Blair, ACS Nano 2009, 3, 2043.
[47] T. G. Habteyes, S. Dhuey, E. Wood, D. Gargas, S. Cabrini, 

P. J. Schuck, A. P. Alivisatos, S. R. Leone, ACS Nano 2012, 6, 5702.
[48] T. W. H. Oates, H. Wormeester, H. Arwin, Prog. Surf. Sci. 2011, 86, 328.

Adv. Optical Mater. 2019, 7, 1801451


