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Abstract: Bound hybrid plasmon-polariton modes supported by waveguides, which are formed
by gold coating of ridges etched into a silica substrate, are analyzed using numerical simu-
lations and investigated experimentally using near-field microscopy at telecom wavelengths
(1425-1625 nm). Drastic modifications of the fundamental mode profile along with changes
in the mode confinement and propagation loss are found when varying the ridge height. The
main mode characteristics (effective mode index, propagation length, and mode profile) are de-
termined from the experimental amplitude- and phase-resolved near-field images and compared
with the simulations. The possibility of strongly influencing the mode properties along with
subwavelength confinement found simultaneously with relatively long propagation can further
be exploited in mode shaping and sensing applications.

c© 2017 Optical Society of America

OCIS codes: (230.7370) Waveguides; (180.4243) Near-field microscopy; (240.6680) Surface plasmons; (250.5403)
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1. Introduction

Surface plasmon polaritons (SPPs) are well known for the ability to confine electromagnetic
field to a metal-dielectric interface [1], allowing for nanofocusing with tremendous field en-
hancement [2, 3]. However, a long-lasting dream of replacing slow electronic circuits with fast
and still small plasmonic components appeared to be fundamentally insoluble due to the omni-
present trade-off between mode confinement and propagation losses [4]. Even if propagation
losses are compensated by the incorporation of a gain medium in the waveguide, the noise and
spontaneous emission casts doubt on its practical use [5]. Nevertheless, plasmonics found its
practical application in a variety of sensors [6] and active components [7]. Also recently it was
shown that plasmonic cavities are advantageous for quantum optics due to their high Purcell
factors [8]. Moreover, it appears that plasmonic waveguides have significant advantages over
photonic (dielectric-based) waveguides with respect to the achievable levels of enhancement in
single-photon emission rates [9]. Thus, it is not only the mode confinement and propagation
length which matter, but other factors such as mode shaping possibilities, fabrication complex-
ity and the availability of the mode field to the external quantum emitters need to be considered
upon choosing the best waveguide design for a particular application. Here, we present a novel
hybrid waveguide design formed by metal-deposition onto a dielectric substrate with a ridge. Its
design was inspired by similarly produced metal disc-on-hole plasmonic antennas [10], which
share similar features. The field of the mode is partially emerged from the ridge sides into the
air, making it available for coupling with external quantum emitters. The waveguide design is
comparable in simplicity to the dielectric-loaded SPP waveguides, where a dielectric ridge is
placed on a flat metal film [11, 12]. However, our hybrid waveguide design offers additional
features, such as the possibility of drastically changing the fundamental mode profile and ex-
tending the mode field outside the ridges along with achieving relatively long propagation for
strongly confined modes. These features make this plasmonic waveguide configuration interest-
ing for mode shaping (for example, for nanofocusing [2,3]) and sensing applications as well as
for enhancing single-photon emission rates in quantum plasmonics [9].

In the following, we present the results of detailed numerical and experimental investigations
of the mode properties (effective mode index, propagation length, and mode profile) when it is
guided along a hybrid waveguide with a gold film deposited on a silica substrate with a ridge
at the telecom wavelengths near 1500 nm. First waveguiding properties are studied numerically
with a finite element method (FEM) implemented in COMSOL software. Then waveguides,
fabricated with a metal film thickness of 70 nm, ridge height of 200 nm, and two ridge widths
of 200 and 300 nm, are investigated in amplitude- and phase-resolved scattering-type scanning
near-field optical microscope (SNOM). The recorded complex-valued near-field maps are then
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fitted in MATLAB in order to determine the effective mode index, propagation length, and
mode profile. Finally, we compare the numerical and experimental results and discuss further
developments.

2. Numerical investigation of dispersion properties

The investigated structure consists of a silica ridge of width w and height h, coated on the
top with a gold layer of thickness t [inset in Fig. 1(a)]. The edges of the top gold strip were
rounded with radius r = 10 nm in order to better represent real fabricated structures. The
default parameters were w = 300 nm, t = 70 nm, λ = 1500 nm, and should be assumed
everywhere unless otherwise stated. The value for the permittivity of gold was taken from [13]
and it is εgold = −90+10.1i at λ = 1500 nm, while the refractive index of silica was assumed to
be 1.4446. We studied the fundamental mode in which electric field inside the ridge is mainly
normal to the substrate [Figs. 1(b)-(d)]. The dispersion properties of the mode are presented
in Fig. 1(a) in terms of the propagation length vs. the effective mode index, with the ridge
height being varied. As intuitively expected, the decrease of ridge height, wavelength, or metal
thickness leads to the increase in the effective mode index and the decrease of the propagation
length. The change of the ridge width might either increase or decrease the mode confinement.
However, the corresponding dispersion curves do not differ significantly, which illustrates the
above-mentioned trade-off between confinement and propagation losses.

Fig. 1. (a) Propagation length as a function of effective mode index for default parameters
(t = 70 nm, λ = 1500 nm, w = 300 nm; black) and modified parameters: λ = 1425 nm
(red), w = 300 nm (green), and t = 35 nm (blue), calculated for varied ridge height. Se-
lected values of ridge height are shown with squares (h = ∞), triangles (h = 300 nm),
circles (h = 200 nm), and crosses (h = 120 nm). Inset shows an illustration of the stud-
ied hybrid waveguide design. (b-e) Electric-field amplitude mode profiles for ridge height
of: (b) 120 nm, (c, e) 200 nm, and (d) 300 nm, respectively. Profile (e) shows a second
mode supported by the waveguide with the opposite field symmetry. The magenta arrows
schematically depict the direction of the transverse electric field. Black lines represent the
material boundaries.

As for the mode profiles, at small ridge height, the field is strongly confined between gold
edges along side walls of the ridge [Fig. 1(b)], causing low propagation length. For taller ridges,
the mode field spreads more inside the ridge [Fig. 1(c)]. Finally, at large ridge height, the effec-
tive mode index becomes quite low and close to the refractive index of the substrate, and the
mode is no more confined to the ridge [Fig. 1(d)], but instead approaches the planar bound SPP
mode of the gold film on silica in terms of the mode profile and dispersion [squares in Fig. 1(a)].
Therefore, for experimental investigations, we chose an intermediate ridge height of 200 nm,
which features both strong confinement and relatively long propagation length. It is worth men-
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tioning that such waveguide also supports another mode of opposite field-symmetry when the
electric field inside the ridge is mainly orthogonal and along x-axis [Fig. 1(e)]. Such mode is
quite similar to the usual plasmonic slot mode [14], therefore we decided to not investigate it
further.

3. Experimental investigation

3.1. Fabrication process

In order to fabricate the waveguide prototypes, we etched fused silica substrate through a mask.
Figure 2 shows the fabrication steps. A 500-μm-thick double-side polished fused silica wafer
is diced into 1.5 cm by 1.5 cm pieces. A 100 nm layer of Cr is deposited onto the substrate
as a hard mask, using an electron-beam (E-beam) evaporator. 6% Hydrogen silsesquioxane
(HSQ) solution is spin-coated onto the substrate at 1000 rpm (resist thickness of 190 nm). The
resist is post-baked at 80◦C for 4 minutes. The patterns are exposed using E-beam lithography
with a dose of 1600 μC/cm2 (Vistec VB6 machine). Immediately after exposure, the sample is
developed in 25% Tetramethyl ammonium hydroxide (TMAH) solution for 30 seconds, rinsed
with DI water for 1 minute and blow-dried with a N2 gun. After development, the sample is
post-baked at 105◦C for 3 minutes. The Cr layer is etched using reactive ion etcher (RIE) with
a mixture of Cl2 and O2 (Cl2 flow rate = 26 sccm, O2 flow rate = 4 sccm, RF source bias power
= 400 W, forward bias power = 20 W, pressure = 1 Pa, etch rate = 20 nm/min). Using the
chromium layer as a mask, the SiO2 is now etched with RIE (CHF3 flow rate= 45 sccm, O2

flow rate = 4 sccm, RF source bias power = 500 W, forward bias power = 100 W, pressure =
0.5 Pa, etch rate = 100 nm/min). The CHF3 etch removes part of the developed HSQ resist and
etches the SiO2 substrate. The remaining Cr-masking layer is removed by sonicating it in CR-7
chrome etchant for 10 minutes. A Ti adhesion layer of 10 nm and 60 nm of gold is subsequently
deposited by E-beam evaporation at 2 Å/s. Upon fabrication trials, we found the tendency of
gold to form a meniscus with silica ridge walls, which, according to our simulations, results in
the decreased propagation length. Moreover, if the top and bottom gold layers are connected,
the considered mode is no longer supported by the waveguide. In order to avoid it, one should
use a high ratio of the ridge height to the metal thickness (in our case it was 3:1). Another option
is to slightly undercut the ridge, which we used by optimizing the pressure of the SiO2 etch.

Fig. 2. Fabrication steps.

3.2. Experimental arrangement

The fabricated 35-μm-long waveguides of height ∼200 nm and width 200 and 300 nm were
terminated with a side-rib grating, used for the excitation with normal illumination (Fig. 3). The
grating had a period of ∼1 μm, while its shape and size were not optimized for best perfor-
mance. The structures were experimentally investigated using a scattering-type SNOM, based
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on an atomic force microscope (AFM). The radiation from a tunable telecom laser was incident
normally on the sample from below (transmission mode [3, 14–17]), and a platinum-coated
AFM Si probe, operating in a tapping mode at a frequency of Ω ≈ 250 kHz, was scattering the
near-field of the sample, collected with a top parabolic mirror [Fig. 3(a)]. The lower parabolic
mirror was moving synchronously with the sample in the xz-plane during the scan in order to
maintain the excitation alignment. The signal was detected and demodulated at the third har-
monic (3Ω) to filter the near-field contribution from the background. In order to resolve both
the amplitude and the phase of the near-field, we used a reference beam and interferometric
pseudoheterodyne detection [18].

Fig. 3. (a) Schematic layout of the background-free amplitude- and phase-resolved
scattering-type SNOM. (b) SEM image of the waveguide terminated with the grating, pro-
duced with primary and back-scattered electron detectors at 52◦ tilt. Dark region represents
silica.

3.3. Near-field maps

The near-field maps of the 8-μm-long part of the waveguides are shown in Figure 4. The phase
maps clearly demonstrate mode propagation along the waveguide. The amplitude maps show
decay along the waveguide, which illustrates moderate propagation losses. Also one can notice
pronounced fringes of the length ∼2-3 μm, which is a sign of a multimode behavior. Thus
a direct measurement of the mode propagation constant is not possible from near-field maps.
However, it can be found by Fourier analysis and subsequent fitting of the near-field maps with
a discrete number of co-propagating modes, similarly to our previous works [3, 14, 17].

3.4. Fitting of near-field maps

First, we analyzed the recorded complex-valued near-field maps with one-dimensional Fourier
transformation (FT) along the propagation direction (i.e., the z-axis is transformed into kz axis).
On Fourier amplitude maps, it can be seen that there are 2 co-propagating modes: one with an
effective mode index around neff ≈ 1.5 (which is a fundamental mode we are looking for) and
another with neff ≈ 1 (low left image in Fig. 5). The second mode is most probably leaky SPP
running on top of the gold. Also one can notice a dim sign of the reflected second mode, which
altogether produce a complex interference pattern on near-field maps (Fig. 4).

In order to accurately determine the dispersion properties of the mode, we applied numerical
fitting of the recorded near-field maps with a superposition of two modes, similar to as was
done in [3, 14, 17]. It can be seen that the assumption of two modes describes well the complex
near-field pattern (Fig. 5). A small but non-zero residual field can be explained by the presence
of other waveguiding modes or any radiation, which is not along the waveguide. The amplitude
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Fig. 4. Pseudocolor SNOM images of (a, h) topography y and (b-g, i-n) near-field amplitude
and phase for waveguide width of (a-g) 300 and (h-n) 200 nm, recorded at the illumination
wavelength of: (b, c, i, j) 1425, (d, e, k, l) 1525, and (f, g, m, n) 1625 nm, respectively. The
propagation direction is illustrated with red arrow in (a, h). Scale bar in (a) represents 1
μm.

profile of the first mode shows strong field just outside the ridge, which agrees well with the
simulated mode profile [Fig. 1(c)].

3.5. Experimental results

The effective mode index and propagation length, extracted by fitting all SNOM maps, are pre-
sented in Fig. 6, and compared with numerical simulations. As expected, the effective mode
index decreases and propagation length increases, when the wavelength increases. The influ-
ence of the waveguide width w is not so straightforward: according to simulations, its decrease
from 300 to 200 nm should lower the effective mode index, which will result in weaker mode
confinement and, correspondingly, longer propagation length. The experimental results show
the same trend for the effective mode index, but the propagation length became longer for the
w = 200 nm. This disagreement can be explained by different waveguide geometry in the ex-
periment, compared to the design (for example, it was mentioned above about the tendency of
gold to form a meniscus with silica ridge walls). Also, it does not contradict the fundamental
trade-off between the mode confinement and propagation length since mode confinement is not
straightforwardly related to the effective mode index. For example, such decrease in both ef-
fective mode index and propagation length for the same change of the width was observed in
simulations for any ridge height in the range 130-170 nm. Another reason for shorter propaga-
tion length in the experiment is the higher Ohmic losses in the metal due to the Ti adhesion
layer.

4. Conclusion

We designed, fabricated and investigated a novel hybrid plasmonic waveguide, formed by a di-
electric ridge on a dielectric substrate, coated with a noble metal. Such waveguide supports the
propagation of a bound plasmonic mode with a subwavelength confinement (within the ridge
of 300 nm in width and 200 nm in height) and moderate losses (propagation length ∼10 μm) at
telecommunication wavelength range (1425-1625 nm). The waveguiding was demonstrated ex-
perimentally, and the main mode characteristics (effective mode index, propagation length and
mode profile) were determined both from numerical simulations and from the amplitude- and
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Fig. 5. Results of fitting procedure for λ = 1525 nm and w = 300 nm. The near-filed dis-
tribution was fitted with two modes. The amplitude |E | of reflected modes was 10 times
enhanced for visibility. Bottom row: amplitude after one-dimensional FT along z-axis, cor-
responding to the above raw, residual and fitted near-field maps.

Fig. 6. Dispersion properties of the mode, expressed in terms of the effective mode index
(black squares and lines) and propagation length (blue circles and lines) as a function of the
wavelength. The experimental results are shown with points and compared to the simulation
results for the waveguide width of 300 nm (solid lines and points) and 200 nm (dashed lines
and hollow squares/circles). The error bars were estimated from measurements of different
duplicates and different excitation directions (when the coupling was done at another end
of the same waveguide).
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phase-resolved near-field images. Such waveguides feature a simple design, with the potential
to be fabricated with a template stripping technique [8, 10] or nanoimprint lithography [19, 20],
enabling mass production and large scale integration in quantum plasmonics circuits. The possi-
bility of strongly influencing the mode properties can further be exploited in mode shaping and
sensing applications.
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