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Abstract. When the peak positions of propagating surface plasmon polaritons (SPPs) and localized surface
plasmon resonances (LSPRs) become very close to each other in a single nanoparticle array structure, an
anticrossing behavior of the surface plasmon resonances (SPRs) peak positions usually occurs, which can
considerably enhance the near-field intensity. We first report on the interaction of two types of SPRs in a dimer
nanodisk-SiO, spacer—gold film hybrid sandwich structure. The anticrossing behavior does not appear always
due to various modes of LSPRs in such structures. Moreover, a crossing behavior also appears based on the
interaction of SPPs and a longitudinal bonding mode of LSPRs. When the anticrossing behavior occurs,
a bandgap that changes only with the array period also appears. This bandgap influences the electric field inten-
sity enhancement not only in the anticrossing behavior but also in the crossing behavior. The electric field inten-
sity distribution properties both in the anticrossing behavior and crossing behavior are discussed with reference
to the hybrid properties of the SPPs and LSPRs modes. Furthermore, we report on the occurrence mechanisms

of these different behaviors. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.0E.57.8.087108]
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1 Introduction

Surface plasmon resonances (SPRs) can be classified into
two types:' surface plasmon polaritons (SPPs), a kind of
evanescent wave that propagates along the interface between
a metal and dielectric, and localized surface plasmon reso-
nances (LSPRs), a nonpropagating mode located at the sur-
face of a nanoparticle. Due to the fact that SPPs can be
excited and propagated in nanostructures, various devices
toward wide fields based on SPPs have been designed and
studied, such as optical waveguides,”> optical super lenses,*
plasmonic filters,” sensing,® etc. As in nonpropagating SPRs,
LSPRs are located on the surface of nanoparticles and induce
ultrahigh localized electric field intensities, especially in the
gap regions of dimer nanostructures.”'° Therefore, LSPRs
are widely applied in surface-enhanced Raman scattering
(SERS),”’14 surface-enhanced fluorescence,” etc. Schmidt
et al.'® reported different modes in single nanoparticles,
such as dipole, quadrupole, hexapole, etc. Moreover, for
the dimer structure, different kinds of LSPR modes can
be observed.!”!® Predictably, the interaction between SPPs
and LSPRs may result in some extraordinary optical proper-
ties for realizing innovative applications. Generally, coupling
these two types of SPRs significantly enhances the localized
electric field intensity. An anticrossing behavior of LSPR
and SPP peak positions can usually be observed when
the two types of SPR peaks approach each other. Cesario
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et al."” first reported that the LSPR and SPP coupled hybrid
mode comprises two peaks in a sandwich structure with
nanodisk array. The anticrossing properties were investigated
by Chu and Crozier™ in a similar structure, and their further
studies®! revealed the relevance of coupling characteristics
to electric field intensity enhancement at the anticrossing
positions. Zhou et al.>? simulated the electric field intensity
enhancement in a bowtie and nanodisk hybrid array with
coupling of LSPRs and SPPs, and obtained a value about
an order of magnitude higher than that obtained for a plain
bowtie array. However, in general, the interaction mechanism
between LSPRs and SPPs is still unclear. Furthermore, most
studies focus on single nanoparticle arrays, and the optical
properties of the coupling between SPPs and LSPRs in
a dimer nanoparticle array structure have not yet been sys-
tematically studied.

In this work, we studied the coupling between SPPs and
LSPRs with different modes in dimer nanodisk array—SiO,—
Au sandwich structures. We also observed and reported the
mechanisms of both anticrossing and crossing behaviors. In
addition to the classical anticrossing phenomenon, a crossing
behavior has been observed, where the electric field intensity
achieves a minimum value at the crossing position, which
can be attributed to the mismatch of energy gathering posi-
tions of SPPs and LSPRs. Furthermore, we monitored the
electric field intensities and distribution properties in differ-
ent conditions (with varying array period and thickness of
nanodisks) and analyzed the electric field properties using the
widely used and reliable finite-difference time-domain method.
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Fig. 1 Schematic of the sandwich structure: (a) three-dimensional view and (b) cross-sectional view.

2 Structure Design

The schematic diagram of the dimer nanodisk array—SiO,—
Au sandwich structure is shown in Fig. 1. The sandwich
structure is constructed using Au and SiO, films with
fixed thickness besides dimer nanodisks array with tunable
thickness. The Au film is 150-nm thick, which is sufficient to
avoid direct light transmission, and the thickness of the SiO,
spacer is 30 nm. The diameter (d) of nanodisks is fixed at
100 nm and the gaps in dimer nanodisks are kept at 10 nm.
The long disk pair axis is parallel to the x-axis. The array
periods at the x-axis (D,) and the y-axis (D,) are both set
at 720 nm (D, = D, =720 nm) initially. The incident
light is chosen to be a plane wave with linear polarization
direction parallel to the x-axis and incident direction
perpendicular to the disk array. In our simulations, we
have adopted a SiO, refractive index of 1.46 and a wave-
length-dependent refractive index of Au from Johnson and
Christy’s work.”

3 Results and Discussion

Figure 2 shows the charge distribution of the longitudinal
bonding mode and longitudinal antibonding mode obtained
in the simulation. Four LSPR modes have been observed

(@) I ‘ I |
(b) | | | |
Fig. 2 Eigencharge distributions of the dimer nanodisks in the simu-

lation: (a) longitudinal bonding mode and (b) longitudinal antibonding
mode.
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earlier using electron energy loss spectrum in different
kinds of dimer nanoparticles,'”'®?* and the charge distribu-
tion characteristics of the modes have been described by
simulation. These modes are based on dipole—dipole inter-
actions, compared to the dipole LSPR mode in a single nano-
particle. Considering the distribution of positive and negative
charges,” these modes are classified into longitudinal or
transverse modes. However, in our simulations, only two
longitudinal modes [Figs. 2(a) and 2(b)] and no transverse
modes have been observed. In the simulations, a polarized
incident light was used as an excitation source. When the
longitudinal direction is parallel to the electric field polari-
zation direction of the incident light, only two LSPR modes
could appear in the stimulation results, namely, the longi-
tudinal bonding mode (dipolar bright mode) and longitudinal
antibonding mode (dipolar dark mode).”* The transverse
modes were hidden because of the electric field polarization
property of the exciting light.

In dimer nanodisks, for two mutually interacting dipoles
with a consistent dipole electric field direction, the longi-
tudinal bonding mode usually has the longer resonance peak
wavelength. However, the longitudinal antibonding mode is
usually located in the ultraviolet (UV) region and, therefore,
needs to be redshifted, which we monitored in this study. For
a 40-nm thickness, only one LSPR mode (longitudinal bond-
ing mode) resonance position was observed in our monitored
region. The corresponding LSPR absorption peak position
was found to be at 756 nm. Owing to similar oscillation
characteristics, the longitudinal bonding mode could be
equivalent to the dipolar mode, which means that the dimer
nanoparticles could be equivalent to a single one. It can be
predicted that the anticrossing behavior can also appear
when this mode and SPPs approach each other. However,
the different dipole electric field directions in antibonding
modes may lead to a very different result. To verify these
predictions, the near-field spectral characteristic was stimu-
lated with tuned array period and nanodisk thickness.

Generally, SPPs cannot couple with light directly at the
plane metal surface due to their larger momentum compared
to the optical wave momentum at the same frequency. Thus,
some special structures that can provide additional momen-
tum are necessary. To date, several techniques have been
used to excite SPPs, such as prism coupling excitation,? gra-
ting coupling excitation,”® nanostructure scattering excita-
tion,”’ etc. In the case of nanoparticle array, there is an
additional momentum, G = (2z/D)(p, + ¢,)'/?, where D
is the grating constant, and p and ¢ are the integers."”
The SPPs can be excited when G couples incident light
into SPPs on the Au film. For the array structure with
D, =720 nm, the SPP mode of (p,q) = (1,0) is located
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Fig. 3 For a thickness of 40 nm, (a) the resonance positions with different periods, (b) color map of the
electric field intensity enhancement with different periods and the ravine curve, and (c) the corresponding

electric field intensity enhancement at point p.

at 723 nm, which is the closest one to 756 nm. The electric
field intensity property at p [shown in Fig. 1(b)], where the
gap region of the particle edge is located, was monitored due
to the fact that the strongest electric field intensity enhance-
ment for dimer structure usually occurs at such a position.
The period of D, was tuned from 630 to 760 nm with
a 10-nm gradient. The corresponding resonance peak posi-
tions at different D, values are shown in Fig. 3(a), where two
resonance peaks are observed and redshifted as D, increases.
When the period of D, was tuned from 630 to 760 nm, the
mode of resonance peak 1 [as is shown in Fig. 3(a) legend 1]
changes from LSP to SPP; on the contrary, the mode of res-
onance peak 2 [as is shown in Fig. 3(a) legend 2] changes
from LSP to SPP mode. So that an anticrossing behavior is
clearly observed.

To explain the reasons for the emergence of the anticross-
ing behavior, the local electric field intensity enhancement
factor [(E/Ey)?] versus the period is discussed in detail.
The local electric field intensity (E/E,)? at point p is moni-
tored to elucidate the local electric field intensity (E/E)?
characteristics at the resonance peaks. The color map of
the logarithm of the electric field intensity, log (E/E;)?,
at point p and the resonance peak positions are shown in
Fig. 3(b). The ravine region curve linearly changes with
the period and is free from the influence of LSPR and
SPP positions appearing in the color map, as shown in
Fig. 2(b).

The ravine region is like a bandgap, which results in the
anticrossing behaviors. Further study indicates that this

bandgap, usually near the SPPs, influences the SPPs
peak width and changes with change in period (not
shown in this report). The period-dependent bandgap,
which cannot focus much energy, is called SPPs-induced
bandgap (SPPs-IBG). Even though the SPPs-IBG prevents
the strong coupling of the SPP and LSPR, which results in
an anticrossing behavior, the electric field intensity
enhancement is improved at both positions of the resonance
peaks, compared to the simple LSPR mode. The maximum
electric field intensity enhancement is 2.95 x 10* obtained
at the period of 730 nm, as shown in Fig. 3(c). This value is
about twice that for LSPR without the anticrossing influ-
ence. And also, it can be seen from Fig. 3(a) that when
changing the period, the SPR peak position changes.
This means that the SPR position is tunable in a wide
range. Therefore, it can be adjusted and controlled to obtain
the optimized SERS signal when we use a different wave-
length of light source to detect a different molecule. For
example, when the period is 700 nm, one of the SPR
positions is at 787 nm, which is very close to 785 nm
(a common wavelength for the near-infrared SRES
detection).

To investigate the near-field electric field distributions of
SPPs-IBG and the resonance peak positions, the distributions
corresponding to the period of 700 nm at 716, 787, and
751 nm were monitored and are shown in Figs. 4(a)-4(c),
respectively. Among these, 716 and 787 nm are the reso-
nance peak positions, and 751 nm is in the SPPs-IBG
region. Both LSPR and SPP electric field intensity
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Fig. 4 Electric field intensity distribution [log (E/E,)?] at the incident light wavelength of (a) 716, (b) 787,

and (c) 751 nm.
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distribution properties are presented at 716 and 787 nm,
respectively, which means that the two resonance peaks
represent LSPR and SPP hybrid modes. Although the
electric field intensity distribution property of SPPs-IBG
at 751 nm is largely similar to that of the SPPs mode,
not much energy can be collected to form an absorption
peak, and LSPRs excitation and enhancement are also
restricted.

The coupling properties between longitudinal antibond-
ing mode and SPPs were also studied. Because the resonance
peak of longitudinal antibonding mode is not in our wave-
length monitor range, but in the UV region, it needs to be
redshifted. With the two modes in the nanodisk dimer
(shown in Fig. 2), synergistic oscillations between the top
and bottom of the nanodisks are exhibited, thus indicating
that the thickness of the nanodisks can influence the
LSPRs peak positions. To redshift the longitudinal antibond-
ing mode to a position near the SPP mode, the thickness of
the nanodisks was increased. The period of the dimer nano-
disks was fixed at 720 nm, and other parameters were not
changed, except for the nanodisks thickness. The corre-
sponding SPP absorption peak position was at 723 nm.
The LSPR of longitudinal antibonding mode redshifted as
the nanodisk thickness increased from 90 to 170 nm. The
thickness was independent of the SPP absorption peak posi-
tion at 723 nm. Figure 5(a) shows the LSPR of longitudinal
antibonding mode and SPP peak positions with different
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Fig. 5 (a) Resonance positions with different nanodisk thickness and
(b) the corresponding electric field intensity enhancement at point p.
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thicknesses of nanodisks. In Fig. 5(a), no anticrossing behav-
ior but a crossing behavior is observed. This is obviously
different from the anticrossing behavior in previous
reports.'”! This difference is ascribed to the difference of
electric field oscillation characteristics between antibonding
and bonding modes. Even though the gap is very small
(10 nm), strong coupling would appear both in the bonding
and antibonding modes. However, these two modes also
show some difference in the gap region. The oscillation
energy is higher at the outer nanodisk edges than that at
the gap region for the longitudinal bonding mode, and
vice versa for the longitudinal antibonding mode.** The elec-
tric field intensity (E/E,)> enhancement at point p was
monitored and is shown in Fig. 5(b). The (E/E;)* value
improved with the increase of the nanodisk thickness.
However, an apparent trough at the thickness of 140 nm
was observed. This resulted from the combined effects of
LSPRs and SPPs.

The influences of the period were also studied by fixing
the nanodisk thickness at 130 nm and tuning the period from
630 to 760 nm. The peak position changing curves are shown
in Fig. 6(a), and a similar crossing behavior appears. The
corresponding (E/E,)> versus period plot is shown in
Fig. 6(b). The (E/E;)?* value is improved with the period
increasing below 680 nm and decreasing over 740 nm. A
trough appears between 680 and 740 nm near the crossing
position, and the minimum value was achieved at about
710 nm, which is about 70% of that obtained from the
680-nm period. Figure 6(c) shows the color map of the log-
arithm of electric field intensity enhancement with different
periods at point p. The SPPs-IBG is represented by the
dotted line shown in Fig. 6(c) and resulted in a decrease
in electric field intensity enhancement (E/E;)?* at point p.
However, it did not result in an anticrossing behavior in
this case.

Under the longitudinal antibonding mode, usually a
strong electromagnetic oscillation can be observed in the
gap region, which prevents SPPs-IBG from influencing
the peak position and further results in the disappearance
of the anticrossing behavior. Generally, crossing behavior
indicates strong coupling and can provide higher (E/E)>.
However, in this case, the crossing behavior corresponds
to smaller (E/E,)>. In general, an enhancement of electric
field intensity means that energy is focused together.
However, in our case, conversely, it means a smaller
(E/Ey)?. The distribution of electric field intensity of the
SPP modes is monitored, and Fig. 6(d) shows the distribution
of electric field intensity of the SPP at the period of 760 nm
as an example. The dotted line in Fig. 6(d) shows the strong-
est electric field amplitude intensity position, it means that
the strongest electric field energy region of the SPPs
mode is not located at the nanoparticle but at a position
about one fourth of D, between the center of the dimer nano-
particles, which is similar to the work that Ghoshal and Kik?®
showed. Also, because of the mismatch of the phase between
SPP and LSP [Fig. 6(d) shows], the energy focused region of
SPPs and longitudinal antibonding mode is mismatched,
which decreases energy focusing in the gap region and, even-
tually, leads to a smaller electric field intensity enhancement.
Additionally, the SPPs-IBG hinders the focusing of energy
stated above; this also contributes to a lower enhancement in
the gap region.

August 2018 « Vol. 57(8)



Ma et al.: Interaction properties between different modes of localized and propagating surface. ..

®) oo

(@ E 780 -
— - seps "
S 7sof ===z
.G L] L] L] L] L] o o v/./. : L] o o
O 7201 sn
o "
(] -
S 690} I
© s
c P
Q 660f "
o . . . . .
4 630 660 690 720 750 780

Period (nm)

() -
T 850F I a
= 800 |- — 35
= o3
B 750
k] — 2.5
5 700 2
; 650 1.5

630 660 690 720 750
Period (nm)

Log(E/Eo)? (d)

y (nm)

0ot }_,- \ )

Y
0of
oof :

630 660 690 720 750 780
Period (nm)

-300

l: 1 1l 1 o

| 1 1 |
-300 -200 -100 0 100 200 300
X (nm)

Fig. 6 (a) Resonance positions with different periods, (b) the corresponding electric field intensity
enhancement of LSPR, (c) the color map of the logarithm of electric field intensity enhancement with
different periods at point p, and (d) the normalized electric field intensity distribution of SPP mode at
the period of 760 nm, the excitation wavelength is 765 nm.

4 Conclusions

This report discussed the interaction of LSPRs and SPPs in
a dimer nanodisk—SiO, spacer—gold film hybrid sandwich
structure. Both an anticrossing behavior and a crossing
behavior of the LSPR and SPP resonance positions were
observed. Further investigation demonstrated that the emer-
gence of crossing or anticrossing behavior depends on
different LSPRs modes. The bonding mode can cause an
anticrossing behavior, whereas the antibonding mode can
induce a crossing behavior. An SPPs-IBG similar to the
bandgap of SPRs that changed with period was observed.
This resulted in the anticrossing behavior and decreased
the (E/E,)?* value in the crossing region. Both the SPPs
and longitudinal antibonding mode of the resonance peak
positions were slightly blueshifted at the crossing location
and a sharp decrease of the electric field intensity enhance-
ment also appeared. Hence, this report presents a systematic
study on the optical properties of dimer nanodisk—SiO,
spacer—gold film hybrid sandwich structure. The results
presented here can help to better understand the interaction
characteristics between LSPRs and SPPs, which may play
a guiding role in the study and design of plasmon devices,
such as in SERS and biosensors.
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