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Abstract
Coupled localized surface plasmon resonances (LSPRs) in periodic arrays of metallic nanowires
are attractive for use in sensing applications due to their light enhancement and their sensitivity
to the surrounding environment. Due to the interwire coupling, they behave as plasmonic
waveguides with high wavevector modes that require bulky methods for efficient excitation.
In this contribution, we demonstrate the excitation of coupled LSPRs in gold nanowires with
photonic modes supported by an optical waveguide made with ion exchange technology.
Currently, although weakly-coupled LSPRs are experimentally demonstrated, strongly-coupled
LSPRs are only demonstrated numerically due to the challenge represented by the fabrication of
a high density nanowire array with current electron beam lithography. Due to their operation
across the visible spectrum and its low-loss coupling to standard optical fibers, integrated
nanowires on glass waveguides open new perspectives for the development of hybrid
photonic-plasmonic integrated optical devices.
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1. Introduction

Generally, the field of plasmonics is associated with two types
of collective free electron oscillations in metals known as sur-
face plasmon polaritons (SPPs) and localized surface plas-
mons (LSPs). While SPPs are usually referred to as surface
waves propagating at a dielectric–metal interface, LSPs are
nonpropagating excitations in metallic nanoparticles (MNPs)
embedded in a dielectric environment [1]. In addition to
these two types of plasmonic oscillations, plasmonic chain
modes can be generated in a linear chain of closely spaced

MNPs [2] and nanowires [3]. Hybrid plasmon polaritons,
composed of LSPs and SPPs also exist in a chain of MNPs
situated on a layered medium [4, 5]. Chain modes can be
described as coupled localized surface plasmon resonances
(LSPRs) [4, 6–8] and therefore, are sensitive to environmental
variations in the same manner as noncoupled LSPRs. The
exploitation of LSPRs in periodic arrays of MNPs had thus
attracted the interest of scientists and engineers for sensing
applications, as well as being used in optical communica-
tions and solar cells, among many other applications [9–14].
An ultimate aim is to implement plasmonic circuits that
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integrate different components into a single device. However,
coupled LSPRs suffer from metallic loss that hinders their
potential for many applications. In this sense, the integra-
tion of plasmonic arrays of metallic nanowires with dielec-
tric optical waveguides becomes an attractive approach. These
hybrid photonic-plasmonic systems provide an efficient excit-
ation of coupled LSPRs in chains of MNPs [15] and metallic
nanowires with different cross sections [16, 17]. For applic-
ations across the visible spectrum, different platforms for
photonic integrated circuits have been proposed such as lith-
ium niobate [18] and silicon nitride [19] waveguides. How-
ever, due to their aspect ratio and high index contrast between
their core and surrounding media, these waveguides suf-
fer from modal birefringence as well as high coupling loss
[20]. An interesting alternative to such platforms is ion-
exchange waveguide technology for the excitation of plas-
monic modes [21]. Ion-exchanged waveguides (IExWGs) can
operate across the visible spectrum, present low propagation
loss, low birefringence, and are fully compatible with com-
mercial optical fibers [22].

In this work, we demonstrate the excitation of coupled
LSPRs in a periodic array of gold nanowires integrated on
top of anIExWG on glass across the visible spectrum. We
describe the operation principle of the integrated device with
emphasis on the eigenmode analysis of the periodic array
of metallic nanowires. Strongly, as well as weakly, coupled
LSPRs are numerically calculated and plotted in proper dis-
persion relation plots and field propagation. Additionally, we
describe the fabrication and characterization of the integrated
periodic array of metallic nanowires on the IExWG. Far- and
near-field regimes were characterized with the use of trans-
mission spectroscopy and near-field scanning optical micro-
scopy (NSOM) techniques. Coupled LSPRs can be achieved
with periods shorter than λ/2neff. Currently, the fabrication
of a periodic array of nanowires with a width of 75 nm and
a period shorter than 120 nm is not attainable systematically
with standard electron beam lithography (EBL) techniques.

2. Methods and materials

2.1. Description and principle of operation of the structure

The structure consists of a subwavelength periodic array of
gold nanowires (AuNW) fabricated on top of an IExWG on
glass (figure 1(a)). The size of each nanowire is w = 75 nm
along the z-axis, h = 30 nm in height, and invariant along the
y-axis. The structure has a discrete translational symmetry in
the z direction with periodΛ (figure 1(b)). To control the mode
coupling and to facilitate fabrication, an intermediate layer of
indium tin oxide (ITO) of thickness tITO = 20 nm is placed
between the plasmonic and photonic waveguides (nITO = 1.9).

The principle of operation of the hybrid plasmonic/-
photonic structure is based on the mode coupling between
the array mode, which results from the coupled LSPRs in
the periodic array, and the photonic mode of the IExWG.
The array mode can then be excited with the photonic mode
of the IExWG with proper phase matching conditions. The

Figure 1. Coupled LSPRs in a periodic array of gold nanowires on
IExWG technology. (a) Schematic representation of the structure
and its excitation. (b) Schematic of a unit cell of the structure with
discrete translational symmetry of period Λ. The nanowires are
invariant along the y-axis while the IExWG is confined along the xy
plane. A ITO layer is placed between the metallic nanowires and the
IExWG.

array mode results from the discrete translational symmetry of
the array and therefore leads to the conservation of the wave
vector. This wave vector should match the wave vector of the
IExWGmode. As the length of the nanowires is in the order of
tens of micrometers, they are considered as invariant along the
y direction. Hence, the LSP resonances only depend on their
nanometric cross section. For the current cross section, only
the TM mode is expected to excite array modes.

The optical modes supported by ion exchange waveguides
are completely index guiding modes. It is straightforward to
obtain the dispersion relation of an IExWG with the use of
mode solvers provided that the index profile distribution is
available. This distribution is assumed to be linearly propor-
tional to the concentration profile of ions C(x, y) involved in
the ion exchange process as:

n(x,y,λ) = nsub(λ)+∆n0(λ)C(x,y) , (1)

where nsub(λ) is the refractive index of the substrate, and
∆n0(λ) is an experimental value related to the maximum
increase of refractive index that can be achieved with a
maximum ion concentration (i.e. C = 1). The index distri-
bution is thus controlled by the concentration profile. The
dynamics of the ion concentration profile is in turn gov-
erned by the diffusion equation (9) in [23]. Using finite dif-
ference methods, we numerically solved this equation with
the following parameters: 20% silver ions (Ag+), exchange
temperature T = 603 K, exchange time t = 4 min, and
∆n0(λ) = 0.08. The diffusion parameters were DAg =
1.3× 10−15 m2 s−1, α = 0.9 [24], and the ion diffu-
sion window was 1.5 µm. We then used MODE solutions
solver by Lumerical to calculate the dispersion relation of
guided modes. To calculate the dispersion relation of the
periodic array of gold nanowires (Λ = 185 nm), we used
the finite-difference time-domain method FDTD solutions by
Lumerical, as described in [25]. Here, a unit cell was used in
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Figure 2. Modal analysis of the isolated waveguides. (a) Calculated dispersion relation of both the isolated IExWG on glass and gold
nanowires on glass (Λ = 185 nm). (b) Zoom of the dispersion relation around the phase matching condition. The gray dashed lines indicate
the crossing point. (c) Distribution of the electric and magnetic fields and nonzero field components at λ = 637.2 nm with k = 0.438(Λ/2π).
(d) Distribution of the index profile and electric field components of the IExWG TM mode at λ = 637.2 nm with neffk0 = 14.874 µm−1.

the z direction with Bloch periodic boundary conditions while
a supercell of seven cells was used in the y direction. PML
boundary conditions were used in the x and y directions. An
override mesh 3 nm along the x, ywas used around the AuNW.
The Au permittivity was fitted from spectroscopy ellipsometry
(see appendix A).

In figure 2, we present the calculated dispersion relation
for the isolated IExWG and periodic array of Au nanowires
on glass. We also plotted the mode profile of the array mode
and the TE and TM modes of the IExWG. The dispersion
for the IExWG is close to the glass substrate light line. The
cutoff frequencies for the fundamental TM and TE modes
are 758 and 803 nm, respectively. The band of the Au NW
mode is also close to the substrate light line but starts to devi-
ate at around 670 nm. It is clearly a band mode that can
propagate along the z-axis in a similar way to a SPP as a res-
ult of the wavevector conservation. The NW mode and the
TMmode match their respective wavevectors and frequencies,
which allows mode field interaction in a coupled waveguide
at k = 0.438(Λ/2π) and λ = 637.2 nm (gray dashed line in
figure 2(b)). The NW and TMmodes (i.e. main component Ex)
are odd modes as they have mirror symmetry through x = 0.
Finally, we calculated the dispersion of the coupled system
(figure 3).

An anti-crossing point at k = 0.438(Λ/2π) is obtained
where energy exchange between the individual waveguide
modes takes place. This anti-crossing point is a signature

of strong coupled modes in highly nonidentical parallel
waveguides [26–30]. In addition to the dispersion relations, we
calculated the excitation of a periodic array of Au nanowires
of top of an IExWGwith the TE and TMmodes of the IExWG
(figures 3(c) and (d)). Clearly, the TE mode does not interact
with the array mode whereas the TM mode efficiently excites
the array mode as observed in the electric field distribution
across the yz-plane at x0 = 35 nm (i.e. at the mid height of
the AuNW). Finally, the influence of the period on the absorp-
tion properties of the NWon glass was investigated.Maximum
absorption is achieved at Λ = 150 nm (see appendix A).

2.2. Fabrication and characterization of the structure

The gold nanowires were fabricated with the use of EBL on
top of ion exchange glass waveguides.

We start with the fabrication of the optical glass waveguides
with a technology developed at Teem Photonics [31]. Follow-
ing the model described above (section 2.1), we thermally dif-
fused silver/sodium ions on a glass substrate (nsub = 1.503)
through diffusion windows of 1.5 µm. The diffusion window
was previously obtained thought photolithography process.
The exchange temperature was thus fixed to 603 K and the
exchange time to 4 min. After the fabrication of the optical
waveguides, we transferred the array pattern on top of the
IExWG chip with the use of EBL. Poly(methyl methacrylate)
was used as EBL resist with a thickness of around 160 nm.
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Figure 3. Modal analysis and propagation for the coupled system. (a) Calculated dispersion relation of the coupled waveguides (Au NW
with period Λ = 185 nm). (b) Calculated transmission spectrum across the IExWG with the periodic array of gold nanowires on top. (c)
Distribution of the electric and magnetic fields and non-zero field components at λ = 637.2 nm with k = 0.438(Λ/2π). Distribution of the
electric field across different planes on the integrated structure under the excitation with (c) TM and (d) TE modes of the IExWG.

To improve the resolution of the EBL, an intermediate layer
of ITO of thickness tITO = 20 ± 4 nm was deposited on the
surface of the glass waveguides. Additionally, we conducted
a resist descum to remove the residual resist scum left on the
developed area. Oxygen plasma was used for a etch time of
5 s. The process ends with the thermal deposition of gold
by Joule effect evaporation process and lift-off in acetone for
24 h. The thickness of the gold nanowires was hx = 30 nm
with average width wz = 75 nm, and length Ly = 50 µm. The
length of the nanowires is much larger than that of the IExWG
diffusion window and therefore, can be considered as invari-
ant along the y direction. Figure 4 presents scanning electron
microscope images of the fabricated structure with nanowire
period ofΛ = 185 ± 15 nm. Although the ITO layer improves
the spatial resolution of the pattern transfer, period below 150
nm were not possible to obtain with our current EBL process.

We characterized the structure in both the far- and the near-
field with transmission spectroscopy and an apertureless near-
field scanning optical microscope (sNSOM) in tapping mode,
respectively.

For the far-field measurements, we used a supercon-
tinuum laser source (Fianium SC-450-4) covering a spectral

range ranging from 500 to 2100 nm. Light from this source
was coupled to a single-mode polarization maintaining fiber
(Thorlabs PM630-HP) connected to a pigtailed three-stages
polarization rotator and then to a single-mode polarization
maintaining micro-lensed fiber to couple light at the input
facet of the waveguide. The transmitted signal was collected
at the output facet of the IExWG with a multimode optical
fiber (Thorlabs FG050LGA) plugged to a spectrometer (Ocean
Optics Maya 2000Pro) operating in the spectral range from
550 to 1100 nm. The sample was mounted in an optical micro-
scope stage assembled to a monochromatic CCD camera to
observe its surface.

For the near-field measurements, we used a scattering
NSOM equipped with an atomic force microscope tip made
of silicon and working in tapping mode [32]. The laser source
was a cw laser operating at wavelength λ = 660 nm. The
sourcewas coupled into the optical chip through a single-mode
polarization maintaining micro-lensed fiber with an interme-
diate fiber polarization controller to excite the IExWG with
its fundamental TM mode. We used a Hamamatsu APD mod-
ule for the visible light detection (Hamamatsu APD module
C12703). The sample here was mounted in a piezo-electric
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Figure 4. Periodic array of gold nanowires on glass waveguides
made by ion exchange technology. (a) Scanning electron
microscope image of an IExWG and a periodic array of Au NW on
IExWG. (b) Zoom at the interface between an IExWG and the
periodic array of Au NW on IExWG. (c) Zoom around the array
with Λ = 185 ± 15 nm and width 75 ± 15 nm.

stage for raster scanning across the yz-plane. The scattered
field was modulated by the oscillation frequency of the AFM
probe and therefore, we obtained the NSOM signal with the
use of a lock-in amplifier that demodulates the scattered signal.

3. Results and discussion

Under TMmode illumination (lightmainly polarized along the
x direction), the periodic array of gold nanowires is excited,
in contrast to the excitation with the TE mode (light mainly
polarized along the y direction) (figure 5).

The transmission spectra for the TE (red dotted curve) and
TM (blue dotted curve) modes, measured at the output facet
of the ion exchange waveguide and normalized to light trans-
mitted through a reference ion exchange waveguide without
nanowires, are plotted in figure 5(c). For the TE mode, it
is observed a minimum depth centered around the cut-off
wavelength of the TMmode (green dashed line atλc,TM0 = 767
nm), because guided light was partially TM polarized. For the
TM mode, a broadband peak appears with a minimum value
around λLSP = 665 nm, which corresponds to the excitation
of LSPRs in the nanowires. We notice that none of the two
peaks correspond to Bragg reflections. Indeed, for a period of
Λ = 185 nm, the effective index of the guided mode of
nwg= 1.57 (the highest possible value that TE or TM modes)
and therefore, the first Bragg order (m = 1) occurs at λBragg =
2neffΛ/m= 580.9 nm. To verify these results, we numerically
computed the transmission spectra. Because of limited com-
putational resources, only 81 nanowires were used and placed
on top of the ion exchange waveguide with fixed width, height
and period. As can be observed, the transmission spectrum for
TE mode (red continuous curve) does not exhibit transmission
losses. For the TM mode, the calculated spectrum exhibits a

Figure 5. Far-field characterization of a periodic array of gold
nanowires on IExWG. Optical microscope image of the surface of
the device for excitation with (a) the TM and (b) TE modes of the
IExWG. The coupled LSPRs of the array are only excited with the
TM mode. (c) Normalized transmission spectra measured at the
output of the IExWG for the TE (red dotted) and TM (blue dotted)
modes. The minimum for the TM mode around λ = 665 nm
corresponds to the excitation of the coupled LSPRs. FDTD
transmission curves for TE (red solid line) and TM (blue solid line)
modes with N = 81 nanowires.

broadband depth around λLSP = 658 nm, close to the experi-
mental result. Mode conversion between TM and TE modes is
less than 0.5% in transmission.

In figure 6, we present the simultaneously measured topo-
graphy and optical near-field signal obtained with the scatter-
ing NSOM technique.

The horizontal white dotted lines in the topography indic-
ates the position of the IExWG underneath the periodic array
of Au nanowires. The near-field map clearly shows the field
propagation along the structure, being observed a pattern of
oblique fringes resulting from the interference between the
field mode propagating through the structure and the field
backscattered by the AFM probe. A spatial fast Fourier trans-
form (FFT) analysis in three different regions of the intens-
ity map (M1, M2 and M3) was performed to reveal the
wavevectors of the optical modes (see appendix A). The M1
zone is along the IExWG, M2 along the transition from the
IExWG to the array, and M3 a zone where no transition is
present (figure 6).

From this FFT analysis was identified a spatial frequency
that remained unchanged in the three regions corresponding
to the TM mode of the waveguide, with an effective index
neff,TM0 = 1.496 ± 0.073. Only in region M2 did we observed
two more frequencies corresponding to a mode radiating into
the air (neff,sup = 1.058 ± 0.073) and to a leakymode radiating
into the substrate (neff,sub = 1.35 ± 0.073).
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Figure 6. Scattering near-field scanning optical microscopy
characterization. (a) Topography and (b) intensity near-field maps of
light propagating through the integrated device with array period of
Λ = 185 ± 15 nm. The interaction zone is clearly seen as light
propagates through the coupling region M2. FDTD simulations of
the structure at λ = 660 nm with (c) the TM mode, (d) the 0.9 TM
+0.1 TE modes, and (e) the TM mode with dispersive ITO.

Discrepancies between numerical and experimental results
could arise from the following situations. Firstly, even though
we used a fiber polarization controller, it was not possible to
fully separate the TM and TE modes. A simulation of this lat-
ter situation is plotted in figure 6(d), where 90% TM mode
+10% TE mode were used. Secondly, our experimental ITO
presents absorption that was not taken into account in simu-
lations. In figure 6(e) we did the simulation with dispersive
ITO (see appendix A). In addition, fabrication imperfections
give rise to scattering loss that potentially could lead to mode
conversion between the two photonic modes [33, 34].

To achieve control of the mode coupling between the
TM mode and array mode, the period can be either reduced
or increased in order to shift the coupled LSPRs [35]. For
instance, considering a shorter period Λ = 100 nm (with the
same width for the nanowires and width wz = 75 nm, the dis-
persion curves show that the antisymmetric coupled mode is
coupled to radiative mode as its band lies above the substrate
light-line. In contrast, the symmetric coupled mode is guided
as its band lies below the IExWG light line at wavevector at
k = 0.212(Λ/2π). The electric and magnetic field components
are also plotted in figure 7.

This coupling results in a mode coupling that leads to an
energy exchange between the photonic and plasmonic modes
(figure 7). The fabrication of a short period array of MNW
on top of a dielectric waveguide, like the one we present, is a
challenging situation due to charge accumulation in the sub-
strate, its experimental demonstration remaining as an open
task. Currently, periods below 150 nm are difficult to achieve
consistently.

Figure 7. Modal analysis and propagation for the coupled system.
(a) Calculated dispersion relation of the coupled waveguides (Au
NW with period Λ = 100 nm). (b) Calculated transmission
spectrum across the IExWG with the periodic array of Au
nanowires on top. Distribution of the electric and magnetic field
components at k = 0.212(Λ/2π) for the coupled guided mode.

4. Conclusion

We experimentally demonstrated the excitation of coupled
LSPRs of a subdiffractive periodic array of gold nanowires
on an optical glass waveguide fabricated with ion exchange
technology. The array was fabricated with the use of EBL
and lift-off processes. Coupled LSPRs, named array mode,
arises from the coupling between the LSPR of the indi-
vidual nanowires. According to the period, the array mode
can be efficiently excited with the TM mode of the ion
exchange waveguide. The resonance frequency of the array
mode can be tuned with the period of the array, how-
ever, the fabrication of an array with a period below 150
nm remains a challenge with current EBL and lift-off pro-
cesses. The integrated optical device on ion exchange tech-
nology operates across the visible spectrum and integ-
rates in a straightforward manner with commercial optical
fibers.
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Appendix A. Materials dispersion

We measured the material dispersion of the ITO (figure 6(e))
and Au with the use of ellipsometry spectroscopy (Horiba
Yobin) in a spectral range of 500 – 850 nm. The results of
the FDTD fit performed with FDTD solutions by Lumerical
are presented in figure A1.

A.1. Influence of the period on the absorption properties of
the metallic nanowires

The absorption properties of the nanowires was investigated
numerically as a function of the period array. A TM polar-
ized plane wave illuminates the array of nanowires from
the substrate at grazing angle θ = 84o. Bragg order are

Figure A2. Influence of the period on the absorption properties on
an array on gold nanowires on glass. (a) Scheme of the geometry
and illumination configuration (TM polarized light at grazing angle
θ = 84o). An ITO layer separates the MNW from the glass
substrate. (b) Absorption is maximum at a period 150 nm. Blue and
red solid lines are Bragg orders.

clearly obtained as well as an optimum absorption value at
Λ = 150 nm.

A.2. FFT analysis

From the interference pattern of the NSOM intensity map
(figure 6(b)), and following [32], the wavevectors of the
optical modes propagating in the structure can be deduced by
means of the FFT.

The images in figure A3 show the spatial FFT across the
regions M1, M2, and M3 of figure 6(b). The spatial frequency
that remains unchanged in the three images (marker P1), cor-
responds to the TM mode of the IExWG. The effective index
of the mode was computed via neff = λ/ν, where λ = 660 nm
is the wavelength of the incident light and ν is the meas-
ured spatial frequency. In all regions the effective index of
the TM mode was neff,TM0 = 1.496 ± 0.073. Two more fre-
quencies were observed in region M2, close to the TM mode
frequency (marker P1). The frequency P2 showed an effective
index neff,sup = 1.058 ± 0.073, close to the free-space index
and thus, a radiated mode (air). The spatial frequency P3
exhibited an effective index neff,rad = 1.35 ± 0.073, which is
lower than the index of the substrate (nsub ≈ 1.49), thus it was
identified as a leakymode radiating into the substrate. Because
the period of the MNW is too short to allow diffraction orders,
both, P2 and P3 resonances are only excited at the input of the
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Figure A3. FFT analysis. Spatial FFT across regions (a) M1, (b) M2, and (c) M3 of figure 6(b). The arrows point the location of the TM
mode (P1) with an effective index neff = 1.496 ± 0.073. In region M2, the FFT map exhibits two resonances corresponding to modes
radiated into the air (P2) and substrate (P3).

Figure A4. Propagation on an integrated structure with MNW array of period Λ = 100 nm. Distribution of the electric field across different
planes on the integrated structure with Λ = 100 nm under the excitation with (a) the TM and (b) the TE modes.

grating and decouple after a few microns in the MNW region,
and they no longer appear in region M3.

A.3. Propagation on a integrated structure with MNW array of
period Λ = 100 nm

In figure A4 we present the distribution of the electric field
across different planes on the integrated structure with array
period of Λ = 100 nm under the excitation with (a) the TM
and (b) the TE modes. The electric field maps are taken at
wavelength λ = 732 nm.

The coupling length is decrease compared to that for a
periodic array ofMNPswith period Λ= 185 nm. Electric field

is also enhanced, however, as mentioned in the manuscript, the
fabrication, specifically the EBL, is a challenging situation for
this periodic array due to charge accumulation in the substrate.

A.4. Integrated structure with MNW array of period Λ = 100
nm

As shown in section A.4, the coupling efficiency can be
reached with the control of the period of the array. At this
period, higher ordermodes of the array are supported at shorter
wavelengths. Figure A5 presents the dispersion relation of
such a mode and the distribution of the electric and magnetic
field components at wavevector k= 0.5(Λ/2π).

8
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Figure A5. Modal analysis and propagation for the coupled system.
(a) Calculated dispersion relation of the coupled waveguides
(Au NW with period Λ = 100 nm). (b) Distribution of the electric
and magnetic field components at k = 0.5(Λ/2π) for the guided
higher-order mode of the array of metallic nanowires.
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