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Abstract: Plasmonic directional couplers based on channel waveguides embedded in random
arrays of metal nanoparticles (NPs) operating in near-infrared are fabricated using electron-
beam lithography and investigated experimentally characterizing their performance with
leakage-radiation microscopy. The power exchange between coupled waveguides, its spatial
period and efficiency, along with the overall power transmission, are determined in the
wavelength range from 700 to 800 nm. We introduce a simple coupled-mode approach based
on three coupled waveguides. The composite system considers a waveguide consisting of NP-
filled stripe with characteristics distinctly different from those of the channel waveguides.
Using this model, we describe the performance of investigated composite plasmonic
configurations and obtain good qualitative agreement with experimental observations.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmon-based photonic, or simply plasmonic devices represent, in general, nano-optical
components that are designed to generate and detect, guide and control surface plasmon-
polariton (SPP) modes. The intrinsic characteristic of SPP modes to be confined in
subwavelength volumes persists to be one of the main motivations for their study [1]. A
substantial amount of plasmonic devices, with many diverse functions and geometries, have
been proposed, designed, and characterized in the past decade. Dielectric-loaded waveguides
[2,3], channel and slot waveguides [4,5], nano-lenses [6,7], antennas [8,9], and plasmonic
metamaterial components [10], are just a few examples of a long list of recently developed
plasmonic devices with different purposes, which include multiplexing [11], beam splitting
[12], filtering [13], nano-focusing [7], and directional coupling [14], among others.

Optical directional couplers (ODCs) consist of two or more closely-located optical
waveguides, whose modes can couple evanescently and thereby exchange their powers,
realizing, under certain conditions, complete power transfer between waveguides [15]. In
general, ODCs with weakly-coupled waveguides can equivalently be viewed as independent
waveguides with mode power exchange due to their coupling or as a single composite
(multimode) waveguide structure, in which the power distribution across the structure varies
with the propagation due to the mode interference [15,16]. Plasmonic directional couplers
(PDCs) have also been explored in several configurations based on different coupling
schemes and functions. Efficient power transfer and switching has been demonstrated in
PDCs based on long-range plasmonic waveguides at telecom wavelengths [17-20], hybrid
waveguide systems [21], slot metal-insulator-metal waveguides [22], and dielectric-loaded
waveguides [23].
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In this work, we consider a completely new alternative for the PDC design, which is based
on two channel waveguides embedded in random arrays of metal nanoparticles (NPs)
separated by a stripe filled also with NPs. The proof of concept for this type of waveguides
was investigated in the previous work with straight waveguides, bends and splitters being
designed and experimentally characterized [24]. The fundamental idea behind such structures
is that the NP-free channels support plasmonic guided modes, while the SPP propagation
through random and strongly interacting NPs is prohibited due to the SPP elastic multiple
scattering resulting in the SPP localization [25-28]. In a recent study, the effect of multiple
scattering of SPPs produced by random arrays of NPs has demonstrated to be able to
maximize the deliverable number of input-to-output plasmonic channels for improved
performance in optoelectronic devices by exploiting the decorrelation of SPP modes [29]. In
the configuration presented here, the occurrence of coupling between two NP-free channels
implies SPP transmission through the stripe of randomly positioned NPs. Surprisingly, the
interpretation of experimental observations led us to assume that the NP stripe acts as a third
waveguide that mediates the coupling between SPP modes supported by NP-free channels.
Using a simple coupled-mode approach based on three coupled waveguides, we describe the
performance of investigated composite plasmonic configurations obtaining good qualitative
agreement with the experimental observations.

2. Materials and methods

The structures were fabricated using standard electron-beam lithography (EBL) and lift-off
patterning. First, a 70-nm-thick gold film was deposited on top of a 0.17-mm-thick silica
substrate. The lithographic mask consisted of a thin film of polymethyl-methacrylate
(PMMA) spin-coated over the gold film, which acted as a positive resist. Then, the sample
was patterned using the EBL process for subsequent development. A second evaporation
process was performed to fabricate the cylindrical gold NPs, to finally remove the mask, and
thus completing the lift-off process.

Silica substrate

Fig. 1. (a) Schematic design of the plasmonic directional coupler and (b) scanning electron
microscopy (SEM) image showing the principal waveguide (1) and the coupling channel, or
adjacent waveguide (2) surrounded by the random array of metallic nanoparticles (NPs). The
interaction length is denoted here as L. The inset in (a) corresponds to an SEM amplification
image that shows the individual NPs which constitute the array. (c) Saturated leakage radiation
microscopy image of a plasmonic directional coupler with L = 18 pm illuminated at a
wavelength 4o = 780 nm. The position of the input and output ports (A and B) are indicated
with white arrows.

The PDCs consisted of a pair of 2-um-wide NP-free channel waveguides enclosed by a
relatively high-density array of gold NPs (~75 per square micron). The design height and
width of the NPs was set to # = 70 nm, and w = 50 nm, respectively. The particles were
randomly distributed over the designed areas on top of the gold film [Figs. 1(a) and 1(b)]. The
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PDCs are composed of two parallel waveguides separated by a 500-nm-wide stripe filled with
NPs. It is important to mention that the ND-filled stripe has also a random distribution and
that it serves as the coupling mechanism for this specific device. The separation distance
between the two plasmonic waveguides was chosen following the experimental
characterization conducted for different widths of the NP-filled stripe [see Appendix A]. The
best coupling occurred for a separation distance of 500 nm. The interaction length L of the
PDCs consists of the longitudinal distance where the two waveguides are in close proximity
to each other, and where the power transfer takes place. The fabricated structures had L varied
from 12 to 18 pm. The excitation of SPPs was performed using single metallic (gold) ridge,
placed at 5 um from the PDC; where a tapered channel was added to reduce the coupling
losses [Fig. 1(b)].

The characterization of the samples was performed using leakage-radiation microscopy
(LRM) and postprocessing image analysis in the wavelength interval from 700 to 800 nm.
The basic setup and principle of operation of the LRM setup can be found in [30]. Our light
source consisted of a tunable continuous-wave Ti:Saphire laser (SpectraPhysics 3900S),
where the laser beam was linearly polarized and focused onto the sample using a 20x
objective. The leakage radiation was collected using a 63x oil-immersion objective, which has
a numerical aperture NA = 1.25; sufficient to collect the leakage radiation of the SPP modes
propagating at a gold-air interface. The power distribution of the SPPs was monitored using a
charge-coupled device (CCD) camera in the image plane of the microscope, and the intensity
profiles were extracted from the captured digital images.

While we observed clear signs of power redistribution along the propagation, and the
coupling region was clearly long enough to sustain power transfer oscillations, the power
transfer was never complete [Fig. 1(c)]. Looking for the simplest approach to model this
(unexpected) feature, we realized that one should either assume one of the two following
possibilities: (1) that the two coupled waveguides (nominally of the same width) have very
different propagation characteristics destroying the phase-matching of coupled SPP modes, or
(2), considering the NP stripe as a third waveguide (with characteristics distinctly different
from those of the channel waveguides) mediating the coupling between SPP modes supported
by NP-free channels. The latter seems better fitting to the expectations and experimental
observations

3. Three-waveguide directional-coupler model

The coupling arrangement investigated in this work was thereby considered using a three-
waveguide coupled-mode approach with the PDC fields being represented by normal modes
of three individual waveguides that are coupled with each other [Fig. 2(a)]. The coupled
differential equations can be expressed in a matrix form as follows:

4 (Z) B Kk, K| 4 (Z)
_Z Az(z) =—i|k, B Ky Az(z) . (D
4, (Z) K, Ky By |4 (Z)

The field distributions of the j-th waveguide are denoted here as 4(z), as well as the
corresponding wavevectors f; (j = 1, 2, 3), where z is the propagation direction. The
interaction between the waveguides is determined by the coupling coefficients g (j #k = 1,
2, 3), which describe strength of the coupling from the j-th to the k-th waveguide. For most
symmetrical systems, xj = xy;, therefore we used such criterion for this model. Waveguides 1
and 3 are treated as the direct and the adjacent channel waveguides, respectively, and their
wavevectors are assumed to be equal (8; = f; = f.), since the geometrical parameters are, at
some extent due to the randomness, the same. Waveguide 2 corresponds to the array of
random NPs between the channels (8, = f,). The degrees of freedom associated to the
coupling coefficients was decreased by assuming that the coupling from the channel modes to
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the random NPs mode is symmetrical and isotropic («;> = k»; = k3 = k3, = k,), and that the
coupling between the channel waveguides is also symmetric (k;3 = x3; = x.). Equation (1) can
be rewritten with the former assumptions and notations to appear as follows:

Acl (Z) ﬂc K" Kc Acl (Z)
A =ik Bk | 4,(2) |, )
ACZ(Z) KC Kr ﬂc ACZ(Z)

The system of differential equations [Eq. (2)] can be solved by using a method based on
finding the eigenvalues of the 3 x 3 matrix, where the three eigenvalues correspond to the
propagation constants of the normal modes, and where A4.,(0), 4,(0), and 4.,(0) are the initial
conditions. A very detailed guide for solving this type of differential equations can be found
in [15]. For simplicity, the mode effective indices n. = B./ky and n, = f,/k; will be used here,
where ky = 27/4 is the free-space wave vector, and 4 is the excitation wavelength.

We tested the model using known parameters obtained from this and previous works
[Figs. 2(b)-2(g)]. The effective index of the plasmonic channel mode #. = (1.03 — 0.007/) was
obtained from [24], whereas the indices of the array of gold metal NPs was varied from n, =
1.09 to 1.12, based on the experimental results presented here and from [31], for the
wavelength interval from 800 to 700 nm. The coupling coefficients x, = 0.06, and x, = 0.03,
as well as the initial conditions 4.; = 0.9, 4, = 0.3, and 4., = 0, were adjusted to match our
experimental observations.
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Fig. 2. (a) Schematic of the three-waveguide composite optical system. (b)—(d) Power
distribution of the three waveguides along propagation (without losses) within the interaction
region for different combinations of the effective indices of the random NPs waveguide and
wavelengths: (b) n, = 1.09, 4o = 800 nm; (¢) n, = 1.10, 4o = 760 nm, and (d) n, = 1.12, 4o = 700
nm. (e)—(f) Power distributions in the three waveguides considering the propagation losses
(Im[n,] = 0.0077).

The main feature that was observed in the calculated values was the oscillating power
distribution [Figs. 2(b)-2(d)]. The varying periodicity in the direct and random waveguides
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(clearly observable in the lossless cases), is a consequence of the change of the effective-
index difference An = (n, — n.). The period shortens for larger n,, meaning that the period
decreases for shorter wavelengths. It is important to consider the three-waveguide model
presented here for this composite optical system, because the coupling and waveguiding
supported NP-filled stripe constitutes the principal coupling mechanism between the two
main waveguides. A simpler approach, consisting of a two-waveguide model, fails to
represent the system. Alternatively, a model consisting of more waveguides (or normal
modes) could be, in principle, more accurate, but the high number of degrees of freedom
complicates the interpretation.

4. Results and discussion
4.1 Analysis and processing of LRM images

The characterization of the PDCs starts with the visual inspection of the LRM images. First,
we discuss the results obtained with the structures with L = 18 um for the wavelength interval
from 700 to 800 nm [Fig. 3]. For the shorter wavelengths, the coupled mode stays very close
to the NP-filled stripe, and gradually disperses (couples) into the adjacent waveguide. At
longer wavelengths, a similar trend was observed, but the mode is initially more extended into
the adjacent waveguide and disperses faster. These features are explained by the fact that
there is a higher confinement (larger effective index), in the stripe region, for the modes
excited at shorter wavelengths and vice versa. The contrast of the images was enhanced by
applying the cubic root to the intensity values obtained experimentally. The contrast-
enhancement process allowed to visually observe the mode beating, which is an indication
that directional coupling is taking place; although, complete power transfer was not observed.
From simple inspection, it was observed that the period IT of the beating increases at longer
wavelengths. In Section 4.3, a detailed analysis of the beating period is presented. Another
important feature is the appearance of two maxima along the transverse coordinate x in the
adjacent waveguide, which is an indication of the overlap of the normal modes of the NP-
filled stripe and the channel.
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Fig. 3. Contrast-enhanced LRM images of the intensity distribution of the plasmonic modes
that propagate along the direct (1) and adjacent (2) channel waveguides for the excitation
wavelengths of (a) 700, (b) 720, (c) 740, (d) 760, (e) 780, and (f) 800 nm. The gray semi-
transparent rectangle indicates the position of the NP-filled stripe. All images correspond to the
waveguide with L = 18 pum. The contrast was enhanced by applying the cubic root to the
experimental data. The color bar is not linear.

The structures with different L sizes were also explored, as all further data analysis was
performed merely from the LRM images [Fig. 4]. The variation of L does not impose changes
to the mode coupling in the PDC system, and the LRM images showed very similar intensity
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distributions. Nevertheless, it was important to experimentally discard possible back
reflections that could have been produced at the end of the direct waveguide. These results are
used in Sections 4.2 and 4.3 to explore the transmission from point A to point B, and to
provide additional images for a statistical analysis of the periodicity of the mode beating.

Fig. 4. Contrast-enhanced LRM images of the intensity distribution of the plasmonic modes
that propagate along the direct (1) and adjacent (2) channel waveguides for the excitation
wavelengths of (a)-(d) 720 nm, and (e)-(h) 800 nm. The gray semi-transparent rectangle
indicates the position of the NP-filled stripe. The interaction lengths of the PDCs are 18, 16,
14, and 12 pum, from top to bottom in both columns. The contrast was enhanced by applying
the cubic root to the experimental data. The color bar is not linear.
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Fig. 5. (a) Contrast-enhanced LRM images of the intensity distribution in the PDC structure
with L = 18 pm, excited at a wavelength 4y = 790 nm. The gray semi-transparent rectangle
indicates the position of the NP-filled stripe. (b) Power ratio of the mode in the direct (1) and
adjacent (2) waveguide to the total power, as a function of z. The arrows indicate the positions
of the local maximums and minimums. (c) Normalized total power along the propagation
distance, and exponential-decay fit (logarithmic scale). (d) Residuals of the measured values of
the total power with respect to the exponential fit. The dashed gray line corresponds to a
sinusoidal fitted curve.
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As most plasmonic devices, the propagation losses play a significant role in the analysis
of the experimental results. The propagation length Lgp = 8.2 um of the PDC super-mode was
estimated by integrating the intensity distribution in the transverse direction —2.25 <x <2.25
um of the whole structure along the propagation coordinate z [Fig. 5(a)], and fitting to an
exponential-decay function [Fig. 5(b)]. This result also gives the total power Py.(z), as a
function of z, which was used to estimate the power ratios R,(z) = P(z)/Py.(z) for each of the
waveguides (i = 1, 2), where P, corresponds to the power confined within the limits of the
direct waveguide (0.25 < x < 2.25 um), and P, corresponds to the power concentrated in the
adjacent waveguide (—2.25 < x < —0.25 um). Plotting the power ratios of the direct and
adjacent waveguide suppresses the exponential-decay envelope, which masks the details that
correspond to the coupling processes, thus easing visualization and data analysis [Fig. 5(b)].
The latter was used to get an estimation of the power transfer from the direct waveguide to
the adjacent waveguide, by finding the minimum and maximum values of R{(z) [Section 4.3].

It was found that the total power Pu.(z) of the super-mode followed indeed an
exponential-decay evolution (as expected), but oscillations deviating from the fit were
observed [Fig. 5(c)]. Residual analysis showed that the period of the oscillations matches the
period of the mode beating [Fig. 5(d)], which can be explained using the three-waveguide
model explained before. The leakage-radiation microscope cannot collect the inelastic (out of
plane) scattering produced by the NP-filled stripe between the channel waveguides, thus some
energy will be lost as the modes propagate and couple to the stripe.

4.2 Transmission and power transfer

The transmission was measured as the ratio of the power at the output port B to the power at
the input port A [Fig. 1(c)]. The power at the points A and B was determined by integrating
the intensity values over an area of 2 x 2 um?” It was found that the transmission values
increase for larger wavelengths, which, as described already, corresponds to a higher energy
transfer from the direct to the adjacent waveguide. The higher transmissions (~9%) occur for
the structures with shorter L (less propagation losses), and larger wavelengths (better
coupling) [Fig. 6(a)]. The power transfer from the direct to the adjacent waveguide was
characterized by considering the minimum value of the normalized power distribution R,(z) in
the direct waveguide, and the maximum value of the Ry(z) [Fig. 6(b)]. The results
complement our previous observations, where it was noticed that for longer wavelengths
there was a more efficient power exchange between the waveguides, with R((z) decreasing
down to 70%, and R(z) rising up to 30%.
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Fig. 6. (a) Power ratio of the output from the adjacent waveguide (point B) to the input of the
direct waveguide (point A) as a function of wavelength, for different values of L. (b) Minimum
and maximum values of R;(z) and Ry(z), respectively, as a function of the wavelength for the
structure with L = 18 um. The dashed lines are a guide for the eye.
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4.3 Beating period and effective index

The beating period I1 of the power ratio distribution R,(z) was estimated by measuring and
averaging the distance from peak to peak and from trough to trough [Figs. 7(a)-7(c)]. Ri(z)
was generally irregular, due to the randomness, so all the different possibilities to measure IT
were averaged. The standard deviation was considered as the experimental uncertainty, which
gave an average value of ¢ ~1.5 pm. As noted previously, the period increases slowly with the
wavelength [Fig. 7(d)]. The three-waveguide model showed that IT is mainly determined by
the mode effective index n,, associated to the random array of metal NPs. The randomness of
the array produces variable values for #,, therefore, variations of IT were expected. To get an
estimate of the possible values of n, in our system, we calculated I1 as a function of #n, by
using the model [Fig. 7(e)]. Using the calculated values, it was possible to get a rough
estimation of the dispersion of #7,, which ranged from 1.11 to 1.09, for the wavelength interval
from 700 to 800 nm.

It is worth mentioning that the estimated values of 7, obtained here, are in the same range
as the ones obtained experimentally in [31], where waveguides and refractive elements
composed of ordered gold NPs (~100 um %) were characterized.
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Fig. 7. (a)—(c) Power ratio of the mode in the direct waveguide with respect to the total power.
The beating period II is shown here measured from trough to trough. (d) Experimental
measurements of the beating period and fit to the mean values. (e) Calculated values of IT as a
function of the effective refractive index n, of the NP-filled stripe. (f) Estimated values of #,.
The confidence bounds are associated to the experimental uncertainty of I1.

5. Conclusions

In summary, it was demonstrated that plasmonic waveguides based on NP-free channels
embedded in random arrays of metallic nanoparticles can be used to realize elaborated



Research Article

Optics EXPRESS

composite plasmonic nano-optical devices, such as directional couplers. The beating period,
power transfer, and transmission were characterized experimentally using LRM and
postprocessing image analysis. The results are in good agreement with the three-waveguide
directional-coupler model that considered the NP-filled stripe as a third waveguide with
characteristics distinctly different from those of the channel waveguides. This waveguide
mediates the coupling between channels prohibiting at the same time a complete power
transfer due to the introduced phase mismatch. The best power transfer occurred at longer
wavelengths, where also the beating period and penetration increased considerably. In
principle, the performance of this plasmonic device could be explored for longer excitation
wavelengths, but one should bear in mind that the localization and confinement of light is
strongly wavelength dependent, a circumstance that would eventually impose an upper limit
on the wavelength that can still be used [25]. The three-waveguide model introduced in this
work along with the estimated values of the SPP mode effective index #, in the NP-filled
stripes could be used in future to improve the performance of similar PDCs or other
optoelectronic devices based on the coupling between modes guided by NP-free channels and
NP-filled stripes.

Appendix A: Effect of channel separation

The width of the NP-filled stripe of metal NPs plays an important role in the process of
coupling of the SPP mode from the direct waveguide to the adjacent waveguide. The width of
the stripe determines also the separation between the two waveguides. An extra set of
structures with different widths were fabricated to determine the effect of this parameter,
where the separation distances were varied from 0.5-2.0 um [Figs. 8(a)-8(d)]. It was found,
from the LRM experimental results, that the best coupling occurred for the shortest case,
which in this case corresponded to a separation distance of 500 nm.

()

(b)

(©)

(d)

Fig. 8. (a)~(d) SEM images of the PDCs with different widths of the NP-filled stripe. The
width variations were (a) 0.5, (b) 1.0, (¢) 1.5 and (d) 2.0 pm. (e)—(h) Contrast-enhanced LRM
images of the SPP mode in the PDCs at an excitation wavelength of 800 nm, for the different
structures shown in (a)—(d).
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