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We report that using asymmetric lattice periods can enhance the quality factor of plasmonic surface lattice resonances
(SLRs) in two-dimensional array of metal-insulator-metal nanopillars in asymmetric dielectric environment. Simulation
results show that by adopting appropriate asymmetric lattice periods, the SLR quality factor can be enhanced by 24%
compared with the scenario of symmetric periods. We find that the SLR quality factor is optimized when the resonance
wavelength is closest to the Rayleigh cutoff wavelength. We also find that the SLRs effect is polarization sensitive in
the proposed structure. We expect this work will advance the engineering of SLRs especially in asymmetric dielectric

environments, and will promote their applications in sensing.
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1. Introduction

Plasmonic surface lattice resonances (SLRs) supported
by metal nanoparticle arrays have been subject to extensive
research because of their attractive characteristics such as
suppressed radiative loss, narrow linewidth, enhanced fields
over large volumes and high quality factors.!!3! In a diverse
range of applications such as ultra-sensitive sensing, ! tun-
able and directional nano-lasing,>®! and high-performance

(78] the high quality factors are vital for the per-

modulating,
formance.
To date, most literature on SLRs has focused on the sym-
metric dielectric environment because in this scenario SLRs
have high quality factors, which can reach Q ~ 150 in the vis-
ible regime, an order of magnitude larger than those of local-
ized surface plasmon resonances (LSPRs; Q ~ 20).[?! In many
applications especially in biochemical sensing, for which the
substrate and the superstrate usually have different refractive
indices, an asymmetric dielectric environment is desirable. In
an asymmetric environment such as air/glass dielectric envi-
ronment, however, the quality factors of SLRs supported by
metal nanorod arrays have been shown to be relatively low,
which were shown to be Q <29 in the visible regime irrespec-
tive of under normal incidence or under oblique incidence, as
summarized in our previous work.[’! In order to tackle this
challenge, Yang et al.!°! proposed a novel type of SLRs sup-
ported by a two-dimensional (2D) array of metal-insulator-
metal (MIM) nanopillars, the thickness of each layer of MIM,
material, scattering unit width, and unit interval were simu-
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lated, and found that this SLR prefers the asymmetric dielec-
tric environment: the more asymmetric the dielectric environ-
ment, the larger the quality factor. More specifically, in an
asymmetric air/glass dielectric environment, the quality fac-
tor of SLR can reach Q = 62 under normal incidence, which
is more than twice of those of conventional SLRs supported
by metal nanorods under the same condition. However, there
remains much room for improving the quality factor of this
novel SLR, which is relatively low compared with SLRs in
symmetric dielectric environment.

In order to improve the quality factor of SLRs, diverse
approaches have been proposed or demonstrated. Over the
years, various illumination conditions, spatial arrangements
of nanoparticles, nanoparticle sizes, shapes, materials, di-
electric environments, and operation wavelengths have been

[1-3.101 Eor example, Huttunen et al.!'') compared in-

explored.
plane and out-of-plane SLRs in hexagonal and in square lat-
tices, and found that out-of-plane SLRs in hexagonal lattice
have larger quality factors than the others because of stronger
inter-nanoparticle coupling. Zhou et al.!'?! proposed a reso-
nant cavity array grating and achieved a quality factor of 580
at the wavelength of 750 nm. Quite recently, Yang et al.['’]
and Deng et al.!'¥) respectively proposed SLRs supported by
arrays of nanohemispheres, and showed that by annealing the
metal nanorods into nanohemispheres, the SLR quality factor
can be greatly enhanced. However, most of these approaches
focused on symmetric lattice periods. Asymmetric lattice pe-
riods in x and y directions, that is A, # A,, have also shown to
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be important for the quality factor of SLRs supported by 2D
arrays of metal nanostructures. In 2014, Nikitin!"! fixed the
lattice period in y direction and found that the quality factor of
SLRs supported by 2D gold nanoparticle arrays can be greatly
improved by varying the lattice period in x direction. However,
the lattice period in y direction was believed to have negligi-
ble effects and thus was excluded from discussion.[!>! Chen et
al.l"® also investigated SLR using the asymmetric lattice pe-
riods. However, the effects of the asymmetric lattice periods
on the SLR quality factor were not investigated.

In this work, we propose to adopt the asymmetric lattice
periods in order to enhance the quality factor of SLRs sup-
ported by 2D MIM nanopillar arrays, which prefer asymmetric
dielectric environments. Results will show that in asymmet-
ric air/polymer dielectric environment with a refractive index
contrast of 1.0/1.52, the SLR quality factor can be improved
from Q = 62 to Q = 77 by changing the symmetric periods
(as adopted in Ref. [9]) into asymmetric periods under nor-
mal incidence, corresponding to an enhancement of 24%. The
effects of the lattice periods in x and y directions will be sys-
tematically investigated.

2. Simulation setup

Figure 1 illustrates the 2D MIM nanopillar array standing
on the substrate of refractive index ng,, and surrounded by air
(ng = 1). The side length of the square-shaped MIM nanopil-
lar is w, the heights of the top and the bottom gold ridges are
hy, and hyy, respectively, and that of the central insulator layer
is h¢. The lattice periods in x and y directions are A, and A,
respectively. Plane wave light with unitary electric field inten-
sity (Eo|?> = 1) impinges onto the structure from air at normal
incidence (6 = 0).
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Fig. 1. Schematic of a 2D array of MIM nanopillars with asymmetric lattice
periods of A, and Ay in asymmetric air/glass dielectric environment. Plane
wave light impinges onto the structure under normal incidence with polariza-
tion angle ¥'.

The reflectance and transmittance spectra, as well as the
near field distributions, are calculated with a home-developed

package for fully vectorial rigorous coupled-wave analysis
(RCWA). With the calculated reflectance and transmittance
spectra R and T, we evaluate the extinction, scattering, and
absorption cross section spectra of individual nanoparticles in
an array using the following equations:

Oext = (1=T) - (AcAycos6), ey
Oscat = R+ (AcAycos 0), (2)
Ows = (1 —R—T) - (AcAycos ), 3)

where 0 is the plane wave light incidence angle (6 = 0).

In all the simulations, we take ng,, = 1.52 (polymer PU),
use silica with ny = 1.45 for the central “I” layer, and adopt
gold with wavelength-dependent refractive indices tabulated
in Ref. [17]. Unless specified, we consider x polarization
(i.e., ¥ = 0°) and set Ay = Ay, = 140 nm, A = 160 nm, and
w = 180 nm, which are taken from our previous work using
the symmetric periods.!

3. Results and discussion

Figure 2 shows the calculated extinction, scattering and
absorption cross section spectra of a 2D array of MIM nanopil-
lars with the symmetric lattice periods of A, = Ay = 450 nm
and a 2D array of MIM nanopillars with the asymmetric lattice
periods of Ay =270 nm and A, = 450 nm. Results show that
for the 2D array of MIM nanopillars with the symmetric lattice
periods, there exists a narrow dip locating at 700 nm within
the broadband peak in the scattering or the absorption cross
section spectrum. Correspondingly, at 700 nm the extinction
cross section spectra shows a narrow peak. The 2D array of
MIM nanopillars with the asymmetric lattice periods has sim-
ilar scattering, absorption and extinct cross section spectra as
the structure with the symmetric periods. The major difference
is that the former has much narrower and slightly blue-shifted
scattering and absorption dips (or extinct peak). At the wave-
lengths of these dips/peaks, as we will show later, SLRs are
excited. In terms of the quality factor, which can be calculated
by the ratio of the resonance wavelength to the linewidth of the
scattering cross section spectra, the 2D array with the symmet-
ric lattice periods has much larger quality factor of O = 62, and
the array with the asymmetric periods has the largest quality
factor of Q = 77. In other words, by changing the symmet-
ric periods into the asymmetric ones, the quality factor can be
enhanced by 24%.

In Fig. 3, we plot the simulated near-field electric field
distributions at wavelengths of the dips in the scattering cross
section spectra for both the symmetric and the asymmetric pe-
riods. Figure 3(a) shows that for the 2D array of MIM nanopil-
lars with the symmetric periods, the electric fields are greatly
enhanced over a large volume and the enhancement factor
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reaches |E|?/|Eo|* = 300, featuring the SLR. For the 2D array
of MIM nanopillars with the asymmetric periods, figure 3(b)
shows that the electric fields outside the MIM nanopillar are
also greatly enhanced and the enhancement factor reaches
2/ |Eo [ = 160.
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Fig. 2. Extinction (black), scattering (red) and absorption (blue) cross sec-
tion spectra of 2D array of MIM nanopillars with (a) symmetric lattice peri-
ods of A, = Ay =450 nm, and (b) asymmetric periods of A, =270 nm and
Ay =450 nm.
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Fig. 3. Simulated electric field distributions of 2D array of MIM nanopillars
with (a) symmetric and (b) asymmetric lattice periods at the scattering cross
section dips in Fig. 2. The MIM nanopillars are outlined by rectangles, and
the air/substrate interface is indicated by the horizontal line.

We now systematically investigate the effects of the pe-
riods’asymmetry on the SLR quality factor by varying one
lattice period while keeping the other fixed. The reflectance
spectra and the corresponding quality factors as functions of
the lattice period A, are shown in Fig. 4. The Rayleigh cut-
off wavelengths of (0,£1) and (£1,0) orders are also plotted

by the white lines. Here the Rayleigh cutoff wavelength of
(my,my) order is determined by

kono = |£kono sin 6 -+ £m 27 /A + $m, 271/ Ay |, 4)

where 6 = 0 since we restrict ourselves to normal incidence.

We find that as A, increases from 230 nm to 530 nm while
A, is fixed to be 450 nm, the reflection dip firstly approaches
and then deviates from the horizontal Rayleigh cutoff wave-
length line of (0,£1) order, and finally intersects with the
Rayleigh cutoff wavelength line of (-1, 0) order. Correspond-
ingly, the SLR quality factor exhibits two peaks of Q = 77 and
0 = 69 when A, = 270 nm and A, = 470 nm, which are in-
dicated by the leftmost and the central vertical dashed lines,
and for which the reflection dips are closest to the Rayleigh
cutoff wavelengths of (0,+1) order and (£1,0) order, respec-
tively. As A, further increases above 490 nm, indicated by
the rightmost vertical dashed line, the quality factor decreases
dramatically below 19.
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Fig. 4. (a) Reflectance spectra and (b) the corresponding quality factors of
the MIM nanopillar array as functions of A, for fixed Ay =450 nm. The
white solid and dashed lines indicate the Rayleigh cutoff wavelengths of
(£1,0) and (0,%1) orders, respectively. The vertical red dashed lines are
for Ay =270 nm, 470 nm, and 490 nm.

On the other hand, if we fix Ay = 450 nm and A, varies
between 230 nm and 550 nm, figure 5(a) shows that the wave-
lengths for the reflection dips firstly keep almost constant
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for A, <450 nm, or have almost constant distance from the
Rayleigh cutoff wavelength of the (£1,0) order, and then in-
tersect with the Rayleigh cutoff wavelength of the (0,+1) or-
der at Ay = 470 nm, as indicated by the vertical dashed line.
Correspondingly, figure 5(b) shows that the SLR quality factor
firstly keeps almost constant, and then decreases dramatically

as Ay increases above 470 nm.
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Fig. 5. (a) Reflectance spectra and (b) the corresponding quality factors of
the MIM nanopillar array as functions of A, for fixed Ay = 450 nm. The
white solid and dashed lines indicate the Rayleigh cutoff wavelengths of
(£1,0) and (0,41) orders, respectively. The vertical red dashed lines are
for Ay, = 470 nm.

The distinct responses of reflectance spectra as function
of A and A, in Figs. 4 and 5 are due to the linear polar-
ization of the incidence. This suggests that the SLR in the
proposed structure with the asymmetric periods is polariza-
tion sensitive. We now verify this statement by comparing
the scattering cross section spectra of three different polariza-
tions with ¥ = 0° (the electric field is polarized along the x
direction), 90° (the electric field is polarized along the y direc-
tion), and 45°. Figure 6(a) shows that for the structure with
the symmetric periods of A, = A, = 450 nm, the scattering
cross section spectra are exactly the same for the three po-
larizations. In contrast, for the structure with the asymmetric
periods of Ay = 270 nm and A, = 450 nm, Oy, is polariza-

tion sensitive. For ¥ = 90°, the dip in the scattering cross
section spectra shifts to A = 698 nm, consistent with the SLR
wavelength for ¥ = 0° with Ay = 450 nm and A, = 270 nm
in Fig. 5(a). For ¥ = 45°, there are two dips locating exactly
at those for ¥ = 0° and ¥ = 90°, since the polarization of
W = 45° can be treated as the combination of those of ¥ = 0°
and ¥ =90°. Therefore, we expect the scattering cross section
spectra for the circular polarizations could also have two dips
locating at exactly the same wavelengths for the linear polar-
ization of ¥ = 45°, because a circular polarization can also be
treated as the combination of those of ¥ = 0° and ¥ = 90°
except with a 90° phase difference.

We should note that asymmetric periods do not always
come with higher SLR quality factors than symmetric peri-
ods. Figure 7 shows that for iy = hy = 160 nm, the SLR
supported by the structure with the symmetric periods of A, =
Ay = 450 nm has higher quality factor of Q = 50 than that
with the asymmetric periods of Ay =270 nm and A, = 450 nm
(Q = 42), and that for Ay, = hy = 120 nm, the structure with
the symmetric periods supports SLR with Q = 49 whereas that
with the asymmetric periods does not support SLR within the
wavelength range of interest.

2.0

(a)
v =90°
1.5 /_\
/’______E:E‘
é 1.0}
b ¥=0°
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0 1 1 1 1 1
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(b)
E 1of
S
0.5 /\
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Fig. 6. Scattering cross section spectra of the structure under study with
(a) symmetric periods of Ay = Ay =450 nm and (b) asymmetric periods
of A, =270 nm and Ay = 450 nm for polarization angles of ¥ = 0°, 45°,
and 90°.
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Fig. 7. Scattering cross section spectra of the structure under study with
(a) symmetric periods of Ay = Ay, = 450 nm and (b) asymmetric peri-
ods of Ay =270 nm and Ay, = 450 nm for different gold thicknesses of
hyp = hy = 160 nm, 140 nm, and 120 nm. (c) The corresponding quality
factor Q.

4. Conclusion

In conclusion, we have shown that changing the symmet-
ric lattice periods into the asymmetric periods can enhance
the quality factor of SLRs supported by MIM nanopillars in
asymmetric dielectric environment by 24%, from 62 to 77.

Near-field pictures have shown that the SLR quality factor im-
provement originates from stronger inter-nanopillar coupling.
Investigating the effects of asymmetric lattice periods system-
atically, we have showed that by varying A, while fixing A,,
the SLR quality factor exhibits two peaks when the resonance
wavelengths are closest to the Rayleigh cutoff wavelengths of
the (0,=£1) order and the (£1,0) order, respectively. When
Ay is fixed, the SLR quality factor almost keeps constant over
a large range of A,, from which the resonance wavelength is
almost independent. When one of the lattice periods is too
large, the SLR quality factor decreases dramatically. We ex-
pect Q improvement will advance the engineering of the SLRs
supported by the MIM nanopillar array in an asymmetric di-
electric environment, and will promote the SLRs’ applications
especially in sensing.
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