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Abstract

This paper reports on a systematic study of the plasmonic properties of periodic arrays of gold cylindrical nanoparticles in contact
with a gold thin film. Depending on the gold film thickness, it observes several plasmon bands. Using a simple analytical model,
it is able to assign all these modes and determine that they are due to the coupling of the grating diffraction orders with the
propagating surface plasmons travelling along the film. With finite difference time domain (FDTD) simulations, it demonstrates
that large field enhancement occurs at the surface of the nanocylinders due to the resonant excitation of these modes. By tilting the
sample, it also observes the evolution of the spectral position of these modes and their tuning through nearly the whole visible
range is possible. Such plasmonic substrates combining both advantages of the propagative and localised surface plasmons could

have large applications in enhanced spectroscopies.
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Introduction

Plasmonic substrates composed of metallic nanostructures in
intimate contact with metallic film of nanometric thickness
exhibit some specific plasmonics properties owing to both
localised surface plasmon (LSP) as well as propagative sur-
face plasmons (PSP) [1].

Several studies have been provided in the literature
concerning the coupling between metallic nanostructures
and metallic film. They essentially focus on the use of a
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spacing layer to separate the nanostructures from the film.
When the nanostructures are randomly distributed on the
spacing layer surface, the coupling with the metallic film has
only an influence on the position of the LSP resonance of the
nanoparticles with a strong redshift when the nanostructure/
film gap decreases [2, 3]. Such redshift, which can be higher
than 100 nm for gap lower than 1 nm, is related with the gap
distance and could be used to probe the nanostructures/film
distance with high precision [3]. Some waveguide modes in
the spacing layer have also been observed [4]. It has also been
demonstrated that such configuration induces the formation of
a highly enhanced field in the spacing layer depending on the
gap distance [5, 6].

To obtain a coupling between LSP and PSP, it is necessary
that the nanostructures form a grating on the metallic film or
spacing layer surface. Indeed, if the nanostructures are pre-
pared in a regular manner in form of periodic arrays, there
are introduced new wave vectors directly related to the grating
parameters and to the appearance of diffraction orders of the
grating. These wave vectors can be used to excite the plasmon
modes supported by the film and the grating structure depend-
ing notably on its orientation with respect to the direction of
excitation optical wave.

In the case of the use of a spacing layer, some simulations
have shown that, in addition to the LSP resonance, it is pos-
sible to observe the (1;1) and (1;0) PSP modes of the metallic
film inducing an improvement of the surface plasmon
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resonance (SPR) sensitivity [7, 8]. Strong coupling has also
been observed with the formation of hybrid modes and anti-
crossing behaviour on the LSP and PSP resonances [9, 10].

When the nanostructure grating is in direct contact with the
gold film, the substrate acts as a single plasmonic system
exhibiting specific properties through the excitation of Bragg
modes corresponding to the resonant coupling of the plasmon
modes travelling along the plane of the array periodicity [1,
11-14].

Detailed experimental studies of such plasmonic substrates
have already been done by Hohenau et al. [15, 16] on gold
nanosquare grating at the surface of gold film. They were then
able to highlight the observation of the (1,0) and (1,1) modes
propagating at the air/gold interface. Two photon lumines-
cence (TPL) and FDTD simulations were also used to map
and calculate the field enhancement induced at the surface of
such substrates. It shows a strong localisation of the near field
on the edges of the nanostructures. Moreover, such configu-
ration exhibits some advantages and confers to the substrate
some specific plasmonic properties as demonstrated previous-
ly [17-26]. Firstly, it has been demonstrated that such sub-
strate improves the spatial resolution in surface plasmon res-
onance imaging (SPRI) or the SPR sensitivity [17-19].
Furthermore, these modes were investigated for surface
plasmon-enhanced spectroscopy applications [20]. They pro-
vide a higher Raman intensity in surface enhanced Raman
scattering (SERS) compared to the one recorded for identical
metallic nanostructures on dielectric substrates (glass or ITO,
indium tin oxide) [21-24]. A gain of one order of magnitude
has been reported [21]. The surface-enhanced Raman scatter-
ing (SERS) signal exhibits also a directivity depending on the
grating period and corresponding to the coupling of both in-
cident and Raman scattering wave vectors with the grating
[25]. Finally, the field enhancement distribution and
localisation at the vicinity of the substrate surface are
completely different from the one observed for similar nano-
structures on dielectric surface [26]. In the case of the thin
film, the field distribution is more homogeneous on the whole
surface of the film and of the nanostructures whereas for the
nanostructures on dielectric, the field is more localised at the
top and the edge of the metallic nanostructures [26].

In view of all these specificities, it is then of utmost impor-
tance to gain a deep understanding of the properties of these
substrates in order to be able to tailor them for real applications
such as enhanced optical spectroscopies [27-32] or sensing
[33-35] as the plasmon modes are directly involved in the
performance characteristics of such methods.

However, in the previous studies, the influence of the me-
tallic film thickness was never studied. Only the thickness of
the spacing layer, the size and shape of the nanostructures or
the grating period were modified [2, 4, 5, 8, 15, 16].
Moreover, the thickness used by Hohenau et al. [16] is too
large to allow the excitation of the plasmon modes at the
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interface between the gold and the substrate. As shown in this
paper, for thickness lower than 50 nm, we have been able to
probe and study such plasmon modes. As well, no modifica-
tion of the k vector was performed through angular study or
specific illumination configuration that gives access to differ-
ent plasmon energy and can be used to probe the plasmon
modes along the dispersion curve.

In this paper, we present a detailed study of such Bragg
modes depending on (i) the thickness of the gold thin film in
order to determine the influence of the dispersion curve of
plasmon modes travelling along the film and (ii) the incidence
angle in order to study the shift of the Bragg modes with the
wave vector value (Fig. 1). Based on an analytical model
reproducing the grating-plasmon coupling, we are then able
to identify precisely each Bragg mode. We also determine the
field distribution at the vicinity of the surface and inside the
film using finite difference time domain (FDTD) simulations
and its evolution with the film thickness.

Results and Discussion

Our plasmonic substrate is composed of square arrays (peri-
odicity, A, 0f400 nm) of gold nanocylinders on a flat gold thin
film (Fig. 1). The nanocylinder diameters (D) were varied
from 80 to 250 nm whereas the nanocylinder height, 4, is fixed
at 50 nm. Four different film thicknesses, d,,,, were used: 20,
30, 40, and 50 nm. The measured extinction spectra of the
samples are shown in Fig. 2 for several nanocylinder diame-
ters and for different gold film thicknesses.

One can notice that for one specific thickness, the spectral
position of the plasmon bands (peaks observed on the extinction
spectrum) is constant for varying diameters. The only observable
change is the band intensity depending on the diameter D, which
could be attributed to the increase in the quantity of gold matter
as the diameter increases. On contrary, the number and the spec-
tral position of the bands are strongly affected by the gold film
thickness d,, as shown in the Fig. 3. The band at the longest
wavelength (between 650 and 700 nm) is slightly blue-shifted
when the thickness d,, increases. Similar behaviour is also ob-
served for the band located at wavelength of around 600 nm but
with a larger slope (Fig. 3b). This latter one seems to merge with
the band that appears around 530 nm for a thickness of 30 nm.

These modes can be easily assigned using an analytical
model describing diffraction coupling to the PSP travelling
along a gold thin film. The nanocylinder grating is assumed
to be a perturbation and the spectrum of PSP modes is solved
for a thin gold film (refractive index n,,) with a thickness d,,
sandwiched between air (refractive index n,) and glass (refrac-
tive index ngy). The propagation constant of transverse mag-
netically (TM) polarised PSP modes [ was determined by
numerically solving the dispersion relation:
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Fig. 1 a Scheme of the plasmonic substrate including gold nanocylinders
deposited on a gold thin film (D: nanocylinder diameter, /4: nanocylinder
height, A: grating period, d,,: film thickness) and of the illumination
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that was derived from Maxwell equations with respective
boundary conditions. ky = 27/ is the wavenumber of light
in vacuum for a wavelength ), and transverse propagation
constants were set to k= (ko nm>)"?, Vo = (ﬁz-koznaz)l/z,
Vg = (ﬁz-kozngz)” 2. In general, gold thin film supports one
guided TM, mode that in the limit of large thickness d, cor-
responds to the PSP mode at the glass substrate/gold interface.
In addition, a TM; PSP mode travels at the opposite interface
(air/gold interface). It is leaky to the glass medium, and in the
limit of large thickness d,,,, it corresponds to the PSP mode at
the air/gold interface. The simulated dispersion relation of
TM, PSP mode is presented in Fig. 4 as a function of its
effective refractive index Re{(}/ky on the wavelength . It

Fig. 2 Extinction spectra for a) 4D

different gold film thicknesses, -

d,,: 20 nm (a), 30 nm (b), 40 nm 3 354 B
(¢), and 50 nm (d), and different %‘ 30
nanocylinder diameters, D (black s

spectra: 250 nm, red spectra: E 49

230 nm, blue spectra: 210 nm, 5 20

green spectra: 190 nm and pink g 415

spectra: 170 nm). The A, B and C 5

e

configuration (0: incidence polar angle and ¢: azimuthal angle; 6 = 0°
and ¢ =0° in normal incidence). b SEM image of nanocylinders with a
diameter of 250 nm on a gold film (scale bar =2 pm)

shows that it reaches its maximum at a wavelength of about
520 nm; it sharply drops when decreasing the wavelength to
500 nm and slowly decreases with increasing wavelength to
near infrared part of spectrum. The real part of the TM,, prop-
agation constant Re{(} increases when decreasing the thick-
ness of the film d,, and it is much higher than that for the
second PSP mode TM;.

Diffraction coupling of a light beam propagating in the far
field to PSP modes occurs when the following phase matching
condition is fulfilled:

ko\/<nasin[9]5in[¢} + m%)z + <nasin[9]c08[¢} + n%)z
= Re{p}

—~
\]
~

where 6 is the polar angle, ¢ is the azimuthal angle of inci-
dence and integers (m,n) are the diffraction orders. For the
normal angle of incidence # = 0° and period A =400 nm, the
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Fig. 3 a Extinction spectra for nanocylinders with a diameter of 250 nm
and for different gold film thicknesses (black spectrum: 20 nm, red
spectrum: 30 nm, blue spectrum: 40 nm, green spectrum: 50 nm). b
Evolution of the experimental (plain symbols) and theoretical (void
symbols) position of the plasmon bands with the gold film thickness,
d,,, and their assignment based on the analytical model (equation 1).
The A, B and C plasmon bands correspond to the resonance identified
on the Fig. 4

first diffraction orders (0,£1) and (£ 1,0) are presented as a
dashed line in Fig. 4. In addition, the second diffraction orders
(£1,£1) are showed as dotted line. These orders intersect the
dispersion relation of TM, modes in three spectral regions,
which correspond to three distinct resonances marked as A,
B and C. The resonance A originates from the first diffraction
order coupling. Resonances B and C are due to the second
order coupling, which is predicted to cut the dispersion rela-
tion twice due to the peak occurring in PSP dispersion rela-
tion. For the selected period /A, no resonance due to the exci-
tation of PSP mode TM; occurs. The evolutions of these three
modes with the thickness reproduce perfectly the ones ob-
served experimentally: (i) a blue-shift for the two modes at
longer wavelengths with a higher shift for the lowest one and
(i1) a merging of the two modes at the lowest wavelengths for
the higher thicknesses (Fig. 3b).

We can then assign the longest wavelength mode (res-
onance A) to the (0,+1) and (+1,0) modes, whereas the
two shorter wavelength ones (resonances B and C) are
assigned to the (= 1,£1) modes (Fig. 3).
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Fig. 4 Dispersion curves calculated with the analytical model (equation
1) for different gold film thicknesses, dy,, for the TM, mode (black curve:
20 nm, red curve: 30 nm and green curve: 40 nm) and TM; mode (pink
curve simulated for d,,, — o0). The dashed line corresponds to the (£ 1,0)
or (0,+ 1) diffraction order whereas the dotted line corresponds to the (+
1,£1) diffraction order (equation 2). The colour dots indicate the phase
matching between the diffraction orders and the dispersion curves for the
resonances A, B and C

In order to gain a better understanding of the characteristics
of these modes, we perform FDTD calculations of the field
distribution in the proximity to the structures composed of the
gold film with nanocylinders on its top (Figs. 5 and 6). The
extinction spectra calculated by FDTD (supplementary infor-
mation, Figures SI1-3) are in a very good agreement with the
experimental spectra as they reproduce the same spectrum
plasmon bands at close spectral positions and with similar
evolution due to the changes of the film thickness d,,. The
electric field distributions obtained at the resonance position
can be seen in the Fig. 5 (resonances A and B) and Fig. 6
(resonance A). Let us focus on nanocylinder with a diameter
of 200 nm (Fig. 5). First, except for the 520 nm mode for gold
film thickness of d,, = 30 and 40 nm, the field profile shows its
concentration at the interface between glass and gold film that
confirms our assignment to propagating plasmon modes that
travel in the limit of large thickness d,,, at the glass/gold sur-
face. The electric field amplitude enhancement decreases with
the thickness in all the cases (the field is even no more observ-
able for the 520 nm mode). In the second place, remarkably,
we observe some field enhancement (with a factor between 5
and 8) at the corner and at the edges of the nanocylinders for
all the excited modes and for varied gold film thickness. This
can be assigned to the LSP character and to the possible dif-
fraction scattering of counter-propagating PSP modes. This
means that in all the cases, a strong field enhancement occurs
at the surface of the nanostructures even if the mode is excited
at the opposite interface. This is of first importance as such
substrate could be efficiently used for enhanced spectroscopy
applications as SERS. These behaviours are observed for all
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Fig. 5 Electric field distribution around the plasmonic substrate
(nanocylinder with a diameter of 200 nm) for three thicknesses, d,, (20,
30, and 40 nm) calculated by FDTD simulations for the resonances A
(right column) and B (left column). The spectral position of the plasmon
resonance is indicated on the top of each image. On the right of each
image, the electric field amplitude enhancement is indicated (the
incident field is equal to 1)

diameters as shown on Fig. 6. We can also observe that the
field enhancements at the glass/gold interface or at the
nanocylinder surface increase with the diameter D, which
can be ascribed to the increasing diffraction coupling strength
to then fundamental surface plasmon mode TM,. A field over-
lap also occurs for the largest diameter (250 nm) indicating a
coupling between adjacent nanocylinders.

We then perform some angular-dependent transmission
measurements by tilting the sample in order to control the
excitation wave vector and as a consequence to modify the
phase matching condition (equation 2). The evolution of the
surface plasmon bands with the angle of incidence 6 can then
be deduced from the acquired spectra. As shown in the Fig. 7,
the spectral position of surface plasmon bands is strongly
shifted and several band splitting occur. One can also notice
the appearance of new bands. In fact, as the incident wave

vector is no more perpendicular to the interface, the angular
component of the wave vector, n,.sin[f].sin[¢], in the
equation 2 is no more zero. This induces the splitting of the
2 diffraction orders (0, 1) or (+£1,0) and (+ 1,+£ 1) in five new
diffraction orders: (0,+ 1) or (+ 1,0), (0,— 1) or (= 1,0), (+ 1,+
1), (—1,—1)and (+1,—1) or (—1,+1). Such orders intersect
the dispersion relation of the TM,, and TM; mode at shifted
wavelengths compared to the normal incident angle and for
large angles 6, some phase matching can also occur with both
these modes (Figure SI4). For instance, the (0,+ 1) or (+ 1,0)
and the (— 1,— 1) modes are blue-shifted whereas the (0,— 1) or
(-=1,0), (+1,+1) and (+1,—-1) or (—1,+1) mode are red-
shifted (Figure SI5).

The theoretical positions of these modes are
reproduced in the Fig. 7 ¢ and d and are compared to
the experimental positions. One can observe a good
agreement for the d,,=30 nm thickness (same curve
slopes with the angle and similar mode positions).
Larger deviations are observed for the d,,=20 nm thick-
ness that can be due to some stronger effects of the
nanocylinders on the PSP of the film that cannot be
treated as a perturbation anymore. In addition, possible
deviation between the simulated film thickness d,, and
the experimentally prepared one that has a large effect
on the spectral position of PSP resonance. Using such
model, nearly all the modes can be assigned to one
diffraction coupling via a specific diffraction order.
However, some bands (black and grey stars in the Fig.
7 ¢ and d) do not correspond to any diffraction orders.
We assume that they can be assigned to hybrid modes
formed by the coupling between LSP and PSP as it has
been demonstrated previously [1].

With such plasmonic substrate, we are able to tune the
plasmon resonance across a wide range of wavelengths in
the visible and near infrared part of spectrum from 500 nm
up to 900 nm only by tilting the substrate. Such behaviour is
not achievable with an array of nanocylinders on dielectric
substrate that support non-dispersive pure LSP modes.
Moreover, if we irradiate the surface with the investigated
structure by the use of a large numerical aperture lens (i.e.
0.9 for a x 100 microscope objective), a wide range of incident
angles are included inside the illumination cone (from 0° to
nearly 65° for a numerical aperture of 0.9 and a beam propa-
gating in air). Thus, a phase matching should always occur
between a fraction of incident optical beam and one of the PSP
modes. As a consequence, the excitation of one of the PSP
modes should always occur inducing a large field enhance-
ment at the substrate surface. Such property is very important
for enhanced optical spectroscopies and it suggests that one
single substrate could be optimised in order to provide an
enhancement of the spectroscopic signal at multiple excitation
wavelengths and thus provide a wavelength independent
enhancement.
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Fig. 6 Electric field distribution
around the plasmonic substrate
for four nanocylinder diameters
(100, 150, 200 and 250 nm) and
three thicknesses, d,,, (20, 30 and
40 nm) calculated by FDTD
simulations for the resonance A
(the spectral position of the
plasmon resonance is indicated on
the top of each distribution). On
the right of each image, the
electric field amplitude
enhancement is indicated (the
incident field is equal to 1)
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Fig.7 Evolution of the extinction spectra with the tilting angle from 0° to
51° (step of 3°) for a nanocylinder diameter of 250 nm and a gold film
thickness of 20 nm (a) and 30 nm (b). Evolution of the experimental
(plain symbols) position of the plasmon bands with the tilting angle
(blue squares: (—1,0) or (0,— 1)/TM,y mode, dark blue diamonds: (1,0)
or (0,1)/TM, mode, red triangles: (— 1,— 1)/TM, mode, pink triangles: (—
1,1)/TM, mode on figure ¢) and (1,1)/TM, mode on figure d), green
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Conclusion

In this paper, we study systematically the optical properties of
plasmonic substrates composed of gold nanocylinder grating
deposited on a gold thin film depending on the film thickness.
We are able to observe and assign several plasmon modes due
to the coupling of the diffraction orders defined by the grating
with the PSP inside the film. Using the adequate incidence
conditions (incident angle, excitation wavelength), several
plasmons can be excited simultaneously and tuned on a wide
wavelength range taking advantage of the propagative plas-
mon properties. Moreover, such modes produce large field
enhancement at the glass/gold interface but most importantly
at the surface of the nanostructures, contrary to PSP modes.
This enhancement is similar to the one accessible with local-
ised surface plasmon with nanostructures on dielectric sub-
strates. Thus, these plasmonic substrates combine both advan-
tages of the propagative and localised surface plasmons and
could have large applications in enhanced optical spectros-
copies. By exploiting their specific plasmonic properties and
by optimising their geometrical parameters (grating period,
film thickness), we could design a single plasmonic substrate
providing plasmon resonances on the whole visible range and
as a consequence a nearly constant enhancement for a wide
range of excitation wavelengths. Thus, we assume that nano-
structure grating on gold film could be used as a multispectral
SERS substrate providing a large SERS efficiency on a wide
spectral range and that could be used at several wavelengths
without losing its enhancement efficiency. Finally, the use of
nanoparticle grating can be used to probe the PSP in the gold
film. From the mode assignments, we could be able to recon-
struct the dispersion relation of the plasmon modes supported
by the gold thin film and determine the precise influence of the
nanostructures on the propagative plasmon of the film.

Experimental Section
Gold Nanostructures

To produce our plasmonic substrate, a gold thin film is initial-
ly deposited on a glass substrate (commercial 0.7-mm-thick
glass slide from Lumtec technology, Taiwan) by evaporation
process (Plassys, France) with a specific thickness (20, 30, 40
or 50 nm+3 nm). In a second step, the gold nanocylinder
arrays were fabricated using electron beam lithography using
a Scanning Electron Microscope (Pioneer, Raith). Before e-
beam exposure, a 140-nm-thick poly(methyl methacrylate)
(PMMA) layer was deposited by spin coating and then pat-
terned using the same e-beam parameters for all substrates and
thicknesses. A standard 1:3 ratio of methyl isobutyl ketone
(MIBK) and isopropanol (IPA) solution for 60 s is used as a
resist development. Finally, 50 + 3 nm of gold was deposited
by thermal evaporation to produce the nanocylinders. By the

use of a lift-off process upon the immersion in acetone follow-
ed by rinsing the PMMA layer is removed resulting in the
final structure with gold nanocylinders.

Several arrays were designed with varying the
nanocylinder diameters (D) from 80 to 250 nm. The
nanocylinder height is fixed at 50 nm. For all diameters D, a
constant array periodicity (distance between the centres of the
nanocylinders) of 400 nm is maintained in both in plane or-
thogonal directions to form a square grating. Each array forms
a square of 80 x 80 um?. Scanning electron microscopy
(Pioneer, Raith) was performed to ensure the quality of our
plasmonic arrays (Fig. 1).

Extinction Spectroscopy

Extinction spectra were recorded with an XploRA confocal
Raman microspectrometer (Horiba Scientific) after removing
the edge filters. We illuminated the sample in transmission
configuration using a non-polarised white lamp. The transmit-
ted light was collected with a low magnification objective
(10x, numerical aperture of 0.25) in order to preferably collect
only the transmitted zero order light beam and no scattered
and diffracted light beams. A reference spectrum was also
recorded on the area of the sample with the gold thin film
without the gold nanocylinders. The extinction spectrum is
calculated as the ratio between the transmitted and the refer-
ence spectra.

FDTD Simulations

A three-dimensional FDTD method that was implemented in
a commercial software from Lumerical Inc. (Canada) was
used to calculate the extinction spectra and electric field dis-
tributions in the vicinity of the gold nanocylinders on gold
film. The geometry of nanocylinder arrays was described by
using Cartesian coordinates with the x- and y-axis in the plane
and with z-axis perpendicular to the plane of the arrays. The
mesh size was 2 nm x2 nm X 2 nm in all the simulations.
Convergence checks lead to the conclusion that this mesh size
was sufficient for accurate results. Perfectly matched layers
(PML) were used as absorbing boundary condition for z-axis
to prevent counterfeit reflections [36] and periodic Bloch
boundary conditions were applied in the x- and y-direction.
The background refractive index was set to 1.00 for air and
1.50 for the glass substrate. Electromagnetic field in the prox-
imity of the nanocylinders was calculated assuming plane
wave illumination and normal incidence geometry, with
wavelengths varying between 500 and 900 nm. Optical con-
stants of gold were taken from literature [37].
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