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ABSTRACT— Compared to the long history of
plasmonic gratings, there are only a few studies
regarding the bandgap in the propagation of
plasmonic surface waves. Considering the
previous studies on interpretation of plasmonic
bandgap  formation, we  discuss this
phenomenon using the effect of both surface
plasmon polariton (SPP) and localized surface
plasmon (LSP) for our fabricated one-
dimensional metallic-polymeric grating. This
structure is composed of metallic grating on the
surface of PDMS with different concentration of
embedded gold nanoparticles. By sweeping the
incident angles, we have seen that the SPP, LSP
and their coupling cause two gaps in reflection
regime which are originated from SPP
supported by thin film gold film and LSP
supported by gold nanoparticles. The first gap
is attributed to the patterned metallic film
because it vanishes by increasing the
nanoparticles which may destroy the pattern
while the second gap can be formed by
embedded nanoparticles because it becomes
more considerable by raising the incubation
time. Therefore, the drowning time of patterned
samples (e.g. 24h, 48h, and 72h) in HAuCIl4
plays the key role in adjustability of plasmonic
bandgap. Notably, the interaction between SPP
and LSP can be the origin of the shift in gap
center from 300 to 550. To best of over
knowledge, this study is the first study on the
plasmonic band gap as a function of both SPP
and LSP.

KEYWORDS: One-dimensional grating,
localized surface plasmon, propagative surface
palsmon, gold nanoparticles.
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|.INTRODUCTION

Although the history of the interaction
between the light and metallic nanostructures
dates back to more than a century [1- 2], the
concept of plasmonic band gap called the
attention  recently. The first  physical
interpretation of the existence of plasmonic
band gap is stated by Barnes et al. [3] in 1996.
In their paper, they stated that plasmonic
bandgap is observed in a periodically
modulated metal/dielectric interface when the
Bragg vector (equal to 2r/period) is twice the
wave vector of SPP (kSPP) andthe forward
and backward surface waves (i.e. surface
plasmon polariton) form standing waves with
field extrema located in the grating peaks and
troughs [3, 4]. These standing waves have two
solutions with different energies creating a
bandgap in the propagation of these surface
modes.These plasmonic band gaps are located
at the center and at the boundaries of the first

Brillouin zone (k, =0 and k, :J_rg) [5]. As

mentioned by Ref. [6], this is the higher
harmonic components that plays the key factor
for the formation of the plasmonic band gap.
This necessity for higher harmonics can be
understood if we consider a surface profile like

A(x)zaisin(kgx+¢1)+alsin(2kgx+¢z)+
1
a, sin(NK,X+4, ) ()
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where a, is the amplitudes of corresponding

harmonic components, ¢, is the relative

phases and Bragg wave  vectors
k, =27/Period. Due to fabrication

limitations, the emergence of these higher
order harmonics are common. In fact the first
two sentences play a key role: the Kk,

component provides photon-plasmon coupling
while 2k, component yields the gap.

Javaid and Igbal [7] in their paper have
interpreted the plasmonic bandgap by dividing
the energy region in dispersion relation curve.
They mentioned that at lower energies, SPP
has dominantly the surface polaritonic nature
but at higher energies, closer to Zwsp, it
separates from light line and electromagnetic
incident field is going to couple to coherent
charge oscillations at the surface. At the
energy of wsp, SPP is no longer propagating
wave and it has almost the behavior of pure
charge oscillation (i.e. surface plasmonic
nature). This is above this energy that
plasmonic band gap is observed where there
are only imaginary solutions to the Maxwell’s
equations and we have radiation into the metal
at Brewster’s angle due to the positive sign of
Re(e) in this region.

Another interpretation for the emergence of
plasmonic band gap is proposed by Ceglia et
al. [8] in 2011.They stated that in an array of
nanoslits there are three dominant modes: 1)
Fabry-Perot cavity modes where most of the
field localization is inside the slits 2) leaky
surface waves at the surface of the grating and
3) hybrid modes created by the coupling of the
first two modes (i.e. Fabry-Perot cavity
resonances and surface waves). This
hybridization is  originated from the
interference of the Fabry-Perot resonances
with the Wood’s anomaly (first-order
diffracted wave propagating along the surface)
that happens by choosing the pitch size equal
to the Fabry-Perot resonance wavelength that
provides. This mode hybridization can be the
origin of observing two contradicted
phenomena: extraordinary transmission and
plasmonic bandgap. In its plasmonic band gap
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regime, light is impeded from entering into the
slits and it is simultaneously coupled and
back-reflected at the surface plasmon band
gap. In other words, coupling to the cavity
modes is reinforced due to the strong field
localization at high energy plasmonic band
edge while transmission is suppressed at low
energy band edge due to weak coupling [8]. In
addition to investigation of this mode analysis,
Ceglia et al. [8] investigated the transmission
of the grating with respect to the incident
angle, aperture size of the slits and the grating
thickness.

After the idea of investigating the coupling of
cavity modes and surface plasmon resonances,
Karademir et al. investigated the plasmonic
band gap engineering of plasmon-exciton
coupling[9]. Using the concept of plasmonic
bandgap, they studied the resonant coupling
between the molecular resonance of a J-
aggregate dye and the plasmonic resonance of
a textured metal film. They concluded that
one-dimensional grating does not show a band
gap except for the grating direction (I
direction). Also, the coupling occurs when the
molecular resonance energy level is outside of
the bandgap along I direction while inside it,
this coupling is vanished. In brief, considering
this fact that the propagation of surface modes
is forbidden in plasmonic band gap and
propagation is allowed with low group
velocities and strong field localization at the
band edge [8], different applications enter the
sensing application. For instance, Grande et al.
[10], investigated a novel biosensor based on
the shift of the leaky surface plasmon mode at
the edge of the plasmonic band gap raised
from the analyte deposition on the metallic
grating.

In this paper, we discuss on the combinatory
effect of one-dimensional metallic pattern and
localized  surface plasmon of gold
nanoparticles on the emergence of plasmonic
bandgap. To best of over knowledge, this
study is the first study on plasmonic band gap
as a function of both SPP and LSP.
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Il. FABRICATION METHOD

In order to investigate the combinatory effect
of SPP and LSP on plasmonic band gap, we
used inexpensive and large-scale method of
soft lithography to pattern one-dimensional
plasmonic crystal [11]. Using this method, 0.6
gr poly (dimethylsiloxane) (PDMS) and 0.06
gr curing agent (Sylgard® 184 silicone
elastomer Kit) were weighted (10:1 ratio) and
mixed. Then, the mixed PDMS/curing agent
was added to our home-made template. For
making this template, a one dimensional
polycarbonate grating is extracted from a
DVD-R (PRINCO, 4.7GB) with pitch of 741
nm and amplitude of 126 nm imaged by ARA-
AFM (010VA) (not given here)[10]. This
grating is used as the substrate and well-mixed
PDMS/curing agent is added on top of it. Then
we put the template in vacuum to remove the
bubbles. Next step is heating at 50 0C -75 0C
for about one hour. After 2 days, the cured
PDMS with the area of 2x2cm? 2 X 2 em?is

removed from the grating carefully by
loosening the boundaries using blade. The
AFM image of this patterned PDMS is seen in
Fig. 1.
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Fig. 1. The AFM image of 1D patterned PDMS
fabricated using polycarbonate mold.

For synthesizing gold nanoparticles embedded
in PDMS, we use in-situ synthesis proposed by
Zhang et al. [13]. We divide this PDMS
grating into 4 equal pieces using blade and
then incubatedall pieces except one in the
HAuUCI4  aqueous solution at room
temperature. We pull out these samples in 24h,
48h and 72h. We have seen that the color of
incubated PDMS samples turned to pale red
and by increasing the incubation time, they
become violet red. The chemical interpretation
of this change is that the crosslinking of
PDMS originates from reaction between the
silicon hydride (Si—H) groups in the curing
agent and vinyl groups (Si—-CHLCH2) in the
monomer[13] and these are the residual curing
agent in the PDMS matrix (Si-H group) that
reduces HAuUCI4. The reaction is as follows:

3(Si—H)+ 3 H,0+2AuCl, —>
()
3/ ~Si-0-Si—2Au+8Cl +6H"

The color change in PDMS means that the
nanoparticles are synthesized in PDMS and
PDMS allows AuCl4- anions to diffuse in it
and reacted with the mentioned residuals.
Darker Red color means that by raising
incubation time, the number of nanoparticles
enhances. However, if this time is very long,
the possibility of aggregated nanoparticles
increases.

The AFM images of the sample with
incubation time of 48h is given in Fig. 2. As it
is clear, the formation of gold nanoparticles in
upper regions of PDMS can destroy the pattern
to some extent. After providing one-
dimensional Au NP@PDMS  grating
composite, 30nm gold is deposited on it using
sputtering. Our fabrication method benefits
from this fact that it does not need any
additional reducing/stabilizing agents and
moreover, all four samples (i.e. 24, 48, 72
AUNP@PDMS samples and patterned PDMS
without NPs) are prepared from one PDMS
film. In other words, these four samples are
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prepared by dividing one PDMS film into four
parts.
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Fig. 2. The AFM image of 1D patterned PDMS

with gold nanoparticles on its surface and inner
part. The incubation time is 48h.

111.RESULTS AND DISCUSSION

In order to investigate the plasmonic bandgap,
we use reflection spectrum with angular sweep
between 200 and 700 under p-polarized,
broadband incident wavelength. By selecting
the wavelength interval of 550-650, the four
samples have responses seen in Fig. 3. The
suppression of reflection is clear in patterned
PDMS  without Au NPs and 72h
AUNP@PDMS samples at about 300 and 550,
respectively. The below pattern of gold film
helps to the coupling of incident light to the
surface plasmons. The observed dip in Fig. 4
(@) can be interpreted as the emergence of
forbidden region in reflection (plasmonic band
gap) originated from thin patterned gold film.
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When we consider 24 and 48 AUNP@PDMS
samples where gold nanoparticles are located
inside or at the upper surface of the pattern, we
do not observe significant bandgap. However,
72h AUNP@PDMS sample with larger number
of nanoparticles provides a sharp reflection dip
at 550 which cannot be explained by the dip
previously observed at 300 for patterned
PDMS without Au NPs. We may say that the
presence of nanoparticles helps to have
palsmonic bandgap at the range of 450-
600when we go from 24h to 72h. Roughly, we
can say that we do not have plasmonic
bandgap in the mentioned range (450-600) for
24h where the concentration of Au NPs is low.

It is clear that in pure patterned sample with 30
nm Au film without the presence of Au NPs,
we do not have well-defined plasmonic
bandgap in the range of 450-600 which is
similar to the sample of 24h with low
concentration of NPs (in contrast to samples of
48h and 72 h). However, we have sharp dip in
300 in pure patterned sample with 30 nm Au
coat which is seen in 24h sample but it is not
as remarkable as this sample. The fact is that
this sharp dip is occurred to the presence of
thin Au film which is destroyed to some extent
in samples with NPs due to the aggregation of
NPS on some parts of the pattern. The SPP
excitation is occurred due to the pattern of Au
film. Therefore, the destruction of pattern does
interfere the SPP excitation and makes the
sharp dip less significant. Notably, LSP-SPP
coupling can be the origin of the shift in gap
center from 300 to 550.
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Fig. 3. Normalized reflection with respect to the
incident angle for four samples: patterned PDMS
without Au NPs (a) 24h AuNP@PDMS (b) 48h
AUNP@PDMS (c) 72h AuNP@PDMS (d). The
hour refers to the incubation time.
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1\V.CONCLUSION

In this study, the plasmonic bandgap is
investigated for our fabricated 1D metallic-
polymeric grating with embedded gold
nanoparticles supporting both SPP and LSP.
By angular sweep of reflection spectrum with
broadband light source, two considerable gaps
are observed with the gap center at 300 and
550. The origin of one of these gaps is
attributed to the SPP of metallic gold film and
the origin of the second gap can be the LSP
supported by gold nanoparticles embedded in
patterned PDMS and LSP-SPP coupling. The
gap origins can be interpreted by adjusting the
incubation time of PDMS samples in HAuCl4
solution (i.e. 24h, 48h and 72h). The increase
of incubation time means the augmentation in
the amount of nanoparticles formed in the
PDMS which can subsequently destroy the
pattern. Pattern destruction can affect the SPP
because it is excited using this pattern and
there is no prism coupling. For purely
patterned sample without nanoparticles, the
gap is centered at 300 while for 72h with large
number of isolated and aggregated
nanoparticles, it is located at 550. LSP-SPP
coupling may be the origin of the shift in gap
center from 300 to 550. In this paper, we try to
show the combinatory effect of SPP and LSP
on emergence of plasmonic bandgap in an
innovative fashion.
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