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Abstract
Nanoparticle chainwaveguide based on negative-epsilonmaterial is investigated through a generic 3D
finite-element Bloch-mode solver which derives complex propagation constant (k). Our study starts
fromwaveguidesmade of non-dispersivematerial, which not only singles out ‘waveguide dispersion’
but alsomotivates search of newmaterials to achieve guidance at unconventional wavelengths.
Performances of gold or silver chainwaveguides are then evaluated; a concise comparison of these two
types of chainwaveguides has been previouslymissing. Beyond these singly-plasmonic chain
waveguides, we examine a hetero-plasmonic chain systemwith interlacing gold and silver particles,
inspired by a recent proposal; the claimed enhanced energy transfer between gold particles appears to
be a one-sided view of its hybridizedwaveguiding behavior—energy transfer between silver particles
worsens. Enabled by the versatile numericalmethod, we also discuss effects of inter-particle spacing,
backgroundmedium, and presence of a substrate. Our extensive analyses show that the general route
for reducing propagation loss of e.g. a gold chainwaveguide is to lower chain-mode frequencywith a
proper geometry (e.g. smaller particle spacing) and backgroundmaterial setting (e.g. high-permittivity
background or even foreign nanoparticles). In addition, the possibility of buildingmid-infrared chain
waveguides using doped silicon is commented based on numerical simulation.

1. Introduction

Optical waveguide formed by a chain ofmetal nanoparticles (chainwaveguide in short)was proposed in [1] as an
alternative to axially invariant plasmonic waveguides for shrinking footprint of photonic integrated circuits.
Figure 1(a) illustrates a schematic picture of suchwaveguide. Plasmonic chainwaveguide relies on coupled
electromagnetic (EM) resonances in negative-epsilon particles to relay optical wave. The particles are usually in
deep-subwavelength scale such that they can be treated as dipoles. That a chain of coupled dipoles can channel
EMpowerwithout any radiation leakage contrary to stand-alone dipoles is in a sense an extreme casewhere
radiation of a dipole is heavily affected by its environment. Fromwaveguiding point of view, it can be argued that
such propagation of EMwave in a periodicmaterial system is fundamentally indifferent from those all-dielectric
periodic waveguides presented in [2–5], some ofwhichwere referred to as coupled-resonator optical waveguides
(CROWs) or sub-wavelength gratingwaveguides.Whatmake thewaveguides under current investigation
distinct are the ‘plasmonic’nature of themodes aswell as the strongmaterial dispersion, and thereby loss,
usually associatedwith negative-epsilonmaterials.

Plasmonic chainwaveguide in its simple setting has been studiedmostly through theoreticalmodeling [1,
6–13] and, in fewer occasions, through experiments [14–21]. There are several ways to prepare chain
waveguides. The standard approach is to use electron-beam lithography (EBL) combinedwith lift-off process to
patternmetal nanoparticles [14, 15, 18]; themethod produces nanoparticles with residual surface roughness and
has difficulty in controlling feature size below 10 nm.Alternatively, chemists can routinely synthesize noble
metal nanoparticles of preferred geometry and then let them self-organize on a pre-patterned (chemically or
topographically) substrate [17, 19, 21, 22]. Especially, self-assembly of colloidal particles onwrinkled
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elastomeric template [21, 22]has produced chains with 20 and evenmore gold nanoparticles with fairly
homogeneous particle spacings (<2 nm). Very recently, based on theDNAorigamimethod [23], there have
been several work demonstratingwell-structured plasmonic chains with gap size precisely controlled at sub-
10 nm level [20, 24–26]. Nanotechnology is seemingly on its way tomake perfect chain structures. However, a
thorough knowledge of their ultimate waveguiding performance, despite previous theoretical work, can hardly
be readily looked up.

Existing understanding of dipole-based fundamental chainmodes based on previous work [1, 6–13] is
summarized as follows. Unlike uniformwaveguides like opticalfibers, the resonant nature of chainwaveguides
determines that light propagation in suchwaveguides is relatively narrow-band, with transmission frequencies
decided roughly by the resonant frequencies of individual nanoparticles. Depending onmajor polarization,
there exist two types of low-order chainmodes: transversemode (Tmode)with electric fieldmajorly directed
normal towaveguide axis (x in this work,figure 1) and longitudinalmode (Lmode)with electric fieldmajorly
directed alongwaveguide axis. Tmode appears in a degenerate pair since thewaveguide is rotationally
symmetric with respect to thewaveguide axis. The Lmode is unique for chainwaveguides based on negative-
epsilonmaterials; its polarization is seemingly incompatible with the transverse-EM (TEM)nature of light. Both
T and Lmodes can be deep-subwavelength (yet it was not pointed outwhen such tight guidance can be
obtained). Due to almost inevitable lossy nature of all negative-epsilonmaterials, guidedmodes in chain
waveguides tend to have a large propagation loss. Precise calculation or demonstration of propagation loss,
especially its wavelength dependence, was very scarce. In [1], it was found after geometrical optimization that
propagation length for a silver chainwaveguide with a period of 75 nm in vacuum is as short as∼0.9 μmat near-
ultraviolet (UV)wavelength. In the latest experimental endeavor [20], a gold chainwaveguide was shown to have
a propagation loss (Lmode) of 0.8dBper 50 nm (which is about one period size), apparently toomuch for
information-transfer applications. Another recent work [25] demonstrated that adding a silver nanoparticle in
between two gold nanoparticles can increase energy transfer between the two gold particles. The latter naturally
opens up a questionwhether a hetero-plasmonic chainwaveguide, or one chainwith interlacing gold and silver
particles (figure 1(b)), can potentially have a propagation length fulfilling practical application needs.

To rigorously analyze a plasmonic chainwaveguide is certainly not a trivial numerical task. Previously
dominant analysismethods include quasi-static dipole approximationwith damping correction at optical
frequency [8], and eigen-decompositionmethod in [9, 12, 13]. The dipole approximationmethod derives
complex frequencies as eigenvalues. For a certainmode, the imaginary part of frequency denotes its lifetime.
Wave number or propagation constant k of amode is read from computedmode pattern. Suchmode analysis
corresponds to a situationwhere a chain is uniformly excited by a plane-wave EM field, whereas inwaveguiding
problemone ismore interested infinding a complexwave number kwith a given real frequency (as laser sources
usually have). The imaginary part of k denotes spatial decay of amode along thewaveguide. The eigen-
decompositionmethods solves for scattering spectra against frequency andwave number, both in real values.
Thewidth of a band in frequency is interpreted asmode quality. The iterative calculations of scattering spectra
can however be a lengthy process. To the best of our knowledge, there has been very few reports on direct
solution of complex-kmodes in chainwaveguideswith real frequency as input. The onlywork doing such direct
calculation is found in [10, 11], where a semi-analyticalmethodwas formulated usingMie theorywith lowest-
order approximation. All the approachesmentioned above by default only handlewaveguidemade of identical
nanoparticles, usually spherical. Furthermore, themethods usually have difficulty in including a substrate. The
current work aims to use an empiricalmode solver based onfinite-elementmethod (FEM) to study guidance
properties of chainwaveguides in a broader context. The numericalmode solver is built upon [27]with
incorporation of perfectlymatched layers (PMLs) [28] for solving complexwave number in a restricted direction

Figure 1. Schematic diagrams of three types of chainwaveguides. (a) Ideal chainwaveguides based on negative-epsilon nanoparticles.
Backgroundmedium (light blue region) can be a dielectricmaterial or vacuum/air. (b)Achainwaveguide consisting two types of
particles (silver- and gold-colored). (c)A chainwaveguide with dome-shaped particles sitting on some substrate.
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from a real frequency input. As themethod is fully numerical, it can handle any particle geometry ormaterial
composition in a unit cell, includingmultiple dissimilar particles and inclusion of substrate.

It shall be pointed out thatmost experimental and some theoretical work focused on chainsmade of a few
particles (e.g. [16, 20, 21, 29]). Such short chains, owing to reflections at two ends, support Fabry-Pérot
resonances; consequently, a single propagatingmode in an originally infinitely periodic waveguide becomes
severalmodes appearing at distinct resonant frequencies. In otherwords, a single Blochmode becomes
quantized into severalmodes. This phenomenon happens particularly for the Lmode in short gold chains
[16, 20, 21, 29], where quantized Lmodes are referred to as L1, L2, L3, etc, depending on howmany nodes in their
field profiles. Furthermore, the quantizedmodes are labeled as super-radiant, sub-radiant or darkmodes,
depending on their overall dipolemoments. It was hinted that sub-radiantmodes facilitate longer plasmon
propagation in chainwaveguides because suchmodes do not suffer fromhigh radiation losses [29]. Our focus in
this work is on chainwaveguides with infinite lengths. An infinitely extending chain sustains one Lmode and
one pair of degenerate Tmodes originated from coupling of particle dipole resonances. If their dispersion curves
(relationship between frequency andwave vector) stay below light line of backgroundmedium, themodes do
not suffer from radiation loss at all. By knowing the dispersion curves, we can then design termination of a
waveguide properly so as to enhance resonance of a particular quantized Lmode, either for enhanced or reduced
radiation loss. As amatter of fact, for signal-transfer applications, reflection shall beminimized through proper
design of in- and out-coupling elements to a chainwaveguide; hence towards that purpose, focus on a short
chain and discussion on quantized Lmodesmight bemisleading.

Through this workwe aim to give an accurate description of how chainwaveguides perform through
rigorous Bloch-mode analysis. Several geometries andmaterial settings that are possibly producible by current
nanofabrication technologies are studied. The simulation results are cross-linkedwith published experimental
findings if possible. The paper is organized as follows. In section 2we recapitulate general design rule for
geometry selection in the context of plasmonic nanoparticles involved, as well as other considerations including
convention formaterial permittivity and details for the numericalmethod, etc. In section 3, the investigation
starts withwaveguidesmade ofmaterial with a real, wavelength-independent negative-epsilon value. Such
analysis with non-dispersivematerial was exercised quite often in dielectric photonic-crystal studies for
capturing keymodal characteristics. In such a simplified setting, one clearly identifies the ‘waveguide dispersion’
(effect of geometry onmodal dispersion, as commonly referred to infiber optics community), instead of seeing
mixed effect contributed also by variation in permittivity. In themeantime,modal properties at different
frequencies can be related to distinctmaterials possessing such permittivity values, whichmotivates us to look
for newnegative-epsilonmaterials beyond the traditional noblemetals. Section 4 then looks intowaveguides
made of realistic dispersivematerials, including silver and gold for visible-light guidance; a side-by-side
comparison of these two types of chainwaveguides was not reported before. Based on the understanding, we
evaluate performance of hetero-plasmonic waveguide and comment onwhat is really gained (and lost)with this
design. Under the same section, we also look into effect of change in homogeneous dielectric background and
evenmore complicated environment—non-spherical particles sitting on a solid substrate (figure 1(c)). In
addition, hinted by the geometry dispersion obtained in section 3, we investigate prospect of using doped
semiconductors, an emerging plasmonicmaterial for applications atmid-infrared (MIR) frequencies [30–33],
guiding light beyond visible and near-infrared (NIR)wavelengths. Conclusion follows in the end.

2.Geometry,material, and numerical considerations

Asmentioned in [2], for a certain 1Dperiodic waveguide, there is a general upper frequency limit for guided
mode. The limit is set by the crossing point between light line in backgroundmedium (i.e.ω=kc/nb) and the
first Brillouin zone boundary (kbz=π/a). k is wave number; c is speed of light; and nb is refractive index of
background. Correspondingly, vacuumwavelength for guided light in a certain chainwaveguide has to be

l > ( )n a2 . 1b

The above equation can be used for determining an appropriate period a, as the guidingwavelengthλ for a
chainwaveguide is associatedwith the particle-plasmon resonanceωpar. Take silver as an example—silver has
plasma frequency = ´w 1.39 10 rad sp

16 according toDrude-model fitting [34].We consider in this study a
backgroundmediumof refractive index = =n 1.5b b (which can be associatedwithmany glassmaterials).
One has w = + = ´ -w 1 2 5.9 10 rad sp bpar

15 1 in frequency or 318 nm in vacuumwavelength. For
achieving light guidance at suchwavelength, one shall use a period less than 106 nm. In the following study, the
reference structure has period a=80 nm. Particle size, denoted by diameter d, in our primary focus is chosen as
60 nm. Such a structure can accommodate guidedmodes, if existing, above vacuumwavelength of 240 nm. The
above analysis assumes that guidedmodeswill appear aroundωpar, which is a rough estimation. Aswill be shown
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in section 4, guided chainmodes are dispersive, and can exist for silver-chain case at up to 550 nm in vacuum
wavelength.

Throughout this work, we deploy time-harmonic convention of w( )i texp . A lossymaterial shall have a
relative permittivity value ò=òr+òiiwhere the imaginary part i must be negative. A forward-propagating
wave along+x then has spatial dependence -( )ikxexp , where the complexwave number is expressed as
= +k k k ir i . krmust be positive; ki is negative for decaying field, and positive for amplifying field.
FEMbased onGalerkinweak-form formulation ofmagnetic-fieldwave equation [27] is implemented in

COMSOLMultiphysics environment. One periodic unit is used inwaveguide’s longitudinal (axial)direction,
with four transverse sides enclosed by a PML layer to emulate open-boundary condition. Transverse simulation
domain has dimension m´6.5 6.5 m2, including an outer PMLwith thickness at 250 nm.Mesh size ranges
from5 to 50 nm. Reflection symmetry in the transverse domain is utilized to reduce problem size. Discretization
deploys quadratic vector element, which results in a number of unknowns usually close to a halfmillion. By
restrictingwave vector (thereby also periodic boundary condition) alongwaveguide axis, one canfind complex-
k propagatingmodes of a chainwaveguide, given a real input frequency. Consequently,mode searchingmust be
carried out in a complexwave-number plane. Only guidedmodes under the light line of backgroundmedium
are searched. Thesemodes are evanescent in transverse domain, therefore not contributing to crosstalk. There
can exist resonantly guidedmodes above the light line, which are leaky. These leakymodes are blended in the
continuum states of backgroundmedium; it is difficult to get themfiltered out by the currentmethod.High-
ordermodes based onmultipolar particle resonances can also be calculated; they are however not of focus in the
current study.

3.Non-dispersivemetal waveguide

3.1. Lossless chain
Beforewe look into realistic plasmonicmetals, we studymode properties of chainwaveguidesmade offictitious
non-dispersive ‘metal’ particles. Three distinct permittivity values ( = - - -5, 6.25, and 25m ) are
considered, with backgroundmedium òb=2.25. The calculated bands formodes identified (also calledmodal
dispersion curves) are shown infigure 2.Note that when presentingmode dispersion curves of a periodic system
made of non-dispersivematerial, one often uses scaling law—i.e. both frequency andwave number are
normalized against some lengthmetric (most often period of structure). In this workwe consider dispersive
metalmaterials; for ease of comparison, we choose to normalize angular frequency againstω0=1015 rad s−1.
Wave number is normalized against 2π/a (a is chain period), as conventionally done in photonic-crystal
analyses.Wave number k is in general a complex number, which is even true for all-real permittivity values used.
Modeswith frequency falling in photonic band gaps carry such a complex k value, with its imaginary part

Figure 2.Modal dispersion curves of chainwaveguides with non-dispersive particle permittivity. Longitudinal (L) and transverse (T)
modes are duly labeled for each dispersion curve. Geometry is fixed at a=80 nm and d=60 nm. òb=2.25. Three particle
permittivity values are studied, as shown in different colors. Dotted lines correspond to portions of dispersion curves with negative
slopes. Note: dotted lines for òm=−5,−6.25 are shifted by+0.005×2π/a in kr to show the degenerate part. Dashed line is light line
of the backgroundmedium.
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denoting its degree of attenuation. As a commonpractice for periodic systems, dispersion plots in this work only
showbands in thefirst Brillouin zone (BZ), with positive kr.

Thefigure reveals that the chainwaveguide in general possesses both T and Lmodes over the examined
frequency range. The dispersions ofmodes can be quite peculiar as compared to conventional all-dielectric
waveguides. The dispersion curves of Tmodes are seemingly stemming out of the light line of background
medium at small kr values. This feature is shared bymodes in dielectric waveguides, and is fundamentally due to
the fact that the Tmode and themode corresponding to the light line have the sameTEM symmetry. Different
frombands in dielectric waveguides, here in the plasmonic case, the T-mode dispersion curves can reach a
maximum in frequency and thereafter exhibit a negative slope (represented by dotted-line sections). Negative-
slope dispersion curves were previously considered for realizing light propagationwith negative group velocity
(-GV), and the plateau point in a dispersion curve for achieving ‘stopped’ light with zeroGV (0GV). However, as
will be shown infigure 4, dispersion close to 0GVpoint orwith small GV in general is highly susceptible to
material loss. Note that at the 0GVposition, Tmodes from+GVand -GV sections converge and become a
degenerate pair; the pair branches out towards high frequencywith a steep slope, at the same time their k values
turning into a complex-conjugate pair (figure 4). This is a signature that themodes fromboth+GVand−GV
sides enter into a photonic band gap regime, as was also noticed in [10]. In contrast, for non-dispersive dielectric
photonic structures, extremities of a band occurs at either center or edge of its BZ (or in general high-symmetry
wavevector points). The Lmode infigure 2 has amore intriguing dispersion profile. Firstly, Lmode has no
couplingwith light line of the backgroundmedium. This is fundamentally due to the unique polarization nature
of themode. Secondly, if it does not reside in the radiation cone of the backgroundmedium (whichwe did not
look into), the Lmode persists over a very broad frequency range, evenwhen frequency approaches zero. This
suggests such a nanostructred chainwaveguide (especially with small particle permittivity value) can potentially
guide light with a very longwavelength. In addition, the guidedmode can have a very large effectivemode index

=n k k ;reff 0 therefore deep-subwavelength guidance can be ensured.
When the particle permittivity value increases negatively, in general, the dispersion curves shift to higher

frequencies. This can be explained by the fact that the particles becomemore andmoremetallic at large negative
permittivity values; thereby EMfield is squeezedmore out of the particles. Resonance is sustained by effectively
smaller and low-index space surrounding the particles, hence the higher frequencies observed.

EMfield patterns of three representativemodes are presented infigure 3.Only cases for òm=−6.25 are
plotted. For ease of interpretation, thefields are constructed overmultiple cells based on Floquet theorem to
reveal full-wavelength evolutions. Panels (a) and (b) show the T and Lmodes atω=2.8ω0, respectively. The
frequency corresponds toλ0=673 nm. The plots visualize clearly orientation and coupling of particle dipoles,
as well as wavelength of the guidedwave (thereof neff andmode confinement). For the Tmode infigure 3(a), it
has amajormagnetic field directed along y direction, i.e.Hy component (as shownby the colormap in the
figure).Whereas, the Lmode infigure 3(b) has itsmagnetic field curling around thewaveguide axis.
Comparatively, the Lmode is somewhat similar to the so-called transverse-magneticmode in cylindrical optical
fibers. Figure 3(c) shows an Lmode at relatively a low frequency of 0.3ω0, corresponding toλ0=6.28 μm.
Deep-subwavelength guidance at theMIR frequency is then achieved.Wewill discuss the possibility of achieving
such guidance using e.g. doped silicon in section 4.

Lmode is heavily affected by particle spacing. A studywith a period of 100 nm (particle permittivity remains
at−6.25) shows that the L-mode band ismarkedly blue-shifted, by∼21%at p= [ ]k a0.3 2r (where
a= 100 nm), whereas the T-mode band is almost unchanged (increase in frequency less than 2%at the same
wave number). The corresponding dispersion curves can be found in ‘Supplemental data available online
at stacks.iop.org/JPCO/3/115015/mmedia’. Smaller particle tends to increase band frequencies. This is
confirmedwith a calculation of dispersion curves for a chainwaveguide with a= 80 nmand d= 40 nm, again
with the same particle permittivity (see also ‘Supplemental data’).

3.2. Lossy chain
In the above sub-section, only lossless chainwaveguides were studied. As amatter of fact,material losses
associatedwith negative-epsilonmaterials are usually quite significant. Herewe look into the effect of adding an
imaginary part to the particle permittivity. Still, the considered particles will have non-dispersive permittivity.
Similar to the previous sub-section, the focus is on a chainwaveguide with a=80 nm, d=60 nm, and
 = 2.25b . A frequency-independent loss tangent of 0.01 is added to thematerial, i.e.
  = + = - -i i6.25 0.062 5m r i . òi is negative for lossymaterial for the time-harmonic convention used.

Infigure 4(a), dispersion curves obtained for the lossless and lossy chainwaveguides are compared. As
mentioned previously, evenwith all-real permittivity values, themode solver obtainsmodes with complex k,
more specifically formodes falling in photonic band gaps.Whenmaterial loss is introduced,modes at all
frequencies carry complex k values. The imaginary part of k (ki) is plotted infigure 4(b). For a reason to be
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Figure 3. Fields of lossless chainwaveguides. a=80 nm, d=60 nm, òm=−6.25, and òb=2.25. (a), (b)T andLmodes at
ω=2.8ω0. (c) Lmode atω=0.3ω0. The arrows denote displacementfield, while the colormaps denotemagnetic field component
along y, i.e. Hy. Red and blue colors correspond to positive and negativefield amplitudes, respectively.

Figure 4.Effect ofmaterial loss onmodal dispersion curves of chainwaveguides. a=80 nm, d=60 nm, and òb=2.25.Metal
particle has òr=−6.25with orwithout an imaginary part of òi=0.01òr. Bands corresponding to T and Lmodes are labeled.
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clarified in the following paragraph, our trace of dispersion usually stopswhen ki reaches∼0.1. There are two
observationsworth commenting forfigure 4. First (already pointed out in last sub-section), when loss is added,
dispersion curve close to an originally 0GVpoint is highly affected. For the Tmode, there are two 0GVpoints,
one at the plateau point of its dispersion curve and the other at the BZ boundary.Withmaterial loss, the slopes of
the dispersion curves at those positions tend to increase rather than to approach zero. At the same time, ki
increases sharply. A direct consequence is that Tmodewith -GV (dashed black line) becomes highly lossy. The
more useful T-mode dispersion curve (remaining+GV section, solid black curve) bends back in kr before
reaching the plateau point, towards the originally degeneratemode-pair branch. The bending starts sooner as
material loss increases. This observation suggests that small-GVmodes are highly vulnerable tomaterial losses;
0GV is simply not possible. Similarfinding on effect ofmaterial loss onGVwas also described in our previous
investigation regarding a light absorbing structure [35]. The second observation is that dispersion-curve sections
with negative slopes (dotted lines infigure 4) are associatedwithmodes with amplifying amplitudes as they
propagation in+x direction, which ismanifested by their positive ki values. In the current study, such
amplifyingmode propagation applies to both the upper section of L band and the -GV section of the T band. The
effects and consequences of such amplifyingmodes will be investigated in a separate study.

Propagation length Lp of amode (distance formode intensity decreasing to its 1/e) is calculated from
imaginary part of wave number as = - ( )L k1 2p i , i.e. Lp inversely proportional to ki.When amplifyingmodes
are concerned, ki is positive and the distance in absolute value corresponds to amode’s intensity increased to its e

times; we can refer to this length particularly as amplification length. For reference, amodewith = - p⎡⎣ ⎤⎦k 0.1i a

2

with a=80 nmhas a propagation length of 64 nm. This is already smaller than thewaveguide’s period,
rendering therefore such awaveguide almost useless at the frequency considered.We plot infigure 5 the
propagation lengths formodes of thewaveguide at two loss tangents (0.1 and 0.01). The plot can be examined
togetherwith figure 4. Amplification lengths are plotted in negative values. The Tmode is found to be extremely
sensitive to frequency. Its Lp can be relatively long (beyond 1000 nm) in a short frequency range; however the
long-Lpmodes are quite close to the light line and therefore theirmodal confinements are compromised. The L
mode can sustain a consistent level of propagation length over a large frequency range. Comparing the
propagation lengths at two loss levels, onefinds the propagation length is roughly inversely scaled to the
imaginary part ofmetal permittivity. Subwavelengthmode confinement of Lmodes can be guaranteed as its
dispersion curve can stay quite far below the light line, especially when small negative permittivity is used for
particles (seefigure 2). This observation hints that it would be interesting to look for newmaterials with small
negative permittivities for subwavelength light guiding at especially low frequencies.

4. Real-metal waveguide

Gold and silver are popular plasmonicmaterials. Gold has its advantage of being chemically stable, while silver
has lower loss at visible andNIR frequencies. Experimental demonstrations of chainwaveguides are almost
exclusively based on goldwith the exception of [25]where a silver nanoparticle is incorporated between two gold

Figure 5.Propagation length of chain-waveguidemodes with particlematerial at two different loss levels. a=80 nm, d=60 nm,
òb=2.25.Metal particles have real permittivity òr=−6.25, and a loss tangent of 0.1 or 0.01.
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particles to enhance energy transfer. In this sectionwe evaluate chainwaveguidesmade of these two classic
metals. A rigorous comparison of the two types of chainwaveguides has not been presented before. The data for
silver and gold are taken from [34]; their analytical Drudemodels are not used since the fittings aremore relying
on long-wavelength data and having large discrepancy at near-UVwavelength regions. Experimentally
measured permittivity data [34] show gold has amuch higher loss than silver at UV and visible spectrum. For
example, atλ0=550 nm silver has  = - - i13 0.43Ag and gold has  = - - i6 2.1Ag , i.e 10 times difference
in terms of loss tangent. Later in this section, wewill discuss performance of chainwaveguides atMIR
frequencies, by using heavily-doped silicon. SuchMIR plasmonicmaterial has its permittivity characterized by a
Drudemodel, as to be presented therein.

4.1. Silver or gold chain
Infigure 6we lump together dispersion curves calculated for a silver chainwaveguide (blue curves) and those for
a gold chainwaveguide (red curves), bothwith a=80 nm, d=60 nm, and òb=2.25. In general the dispersion
curves for the silver chainwaveguide appear at higher frequencies (3.4–4.8 ω0, or 550–400 nm in free-space
wavelength, respectively), while themodes for gold chainwaveguides appear at 3–3.6ω0 (630–520 nm in free-
spacewavelength, respectively). This is in agreementwith the fact that the plasma frequency of silver is higher
than that of gold. As suggested by permittivity values, the silver chainwaveguide suffers less propagation loss
compared to the gold counterpart. For the goldwaveguide, thematerial is so lossy that its T-mode dispersion
curve tends to fold back as soon as it stems out of the light line; as a result, the T-mode dispersion curve nearly
laps over the background light line and themode is therefore quite delocalized. The Lmode has better
confinement but it carries a ki around 0.1, hence difficult to channel light across a distance larger than a period.
The silver waveguide is comparatively less lossy. Atω=3.91ω0 and below, the Tmode has Lp>1000 nm,with
diverging Lp as frequency decreases (to Lp=54 μmatω=3.4ω0). The Lmode has Lp>1000 nmwhen
ω<4.17ω0 (until 4ω0 where Lp=1890 nm). The results suggest that silver chain, especially its T-mode, can be
potentially used for channeling light at limited visible wavelength ranges. That said, it should be pointed out that
not all guidance is subwavelength;modeswith long Lp can be due to that they stay close to the light line, therefore
with their fields extended in the backgroundmedium.One has tomake a careful comparison to other types of
waveguides, plasmonic or not, in terms of somefigure ofmerit based on loss andmode confinement. The L
mode tends to have deep-subwavelength guidance.However, it has to be usedwith extreme care, since it only
achieves larger than 1000 nmpropagation in a less than 20 nmwavelengthwindow,which can be further subject
to experimental imperfections.

It was pointed out in [29] that smaller inter-particle separation can increase plasmonic coupling and
therefore increase propagation length of chainmode. Extremely small separation of∼2 nmwas used in a very
recent demonstration [20], and thework claimed a L-mode propagation length of 190 nm for a gold chain. In
comparison, the gold chain presented infigure 6, which differs predominately with a larger particle separation of
10 nm, can hardly propagate its Lmode over one period. To verify the critical role played by inter-particle
distance, here a gold chainwith a=44 nm, d=42 (hence 2 nmgap), òb=2.25wasmodeledwith our FEM
solver. This structure is very close towhatwas experimentally characterized in [20]. In section 3, we concluded
that a decrease in gap size will decreasemode frequencies (especially Lmode), and a decrease in particle size will

Figure 6.Dispersion curves ofmodes guided in a silver (blue curves) or a gold (red curves) chain. a=80 nm, d=60 nm, and
òb=2.25. Both L andTmodes are shown. (a)Real part of k; (b) imaginary part of k.
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increasemode frequencies. Here the dominant effect is owing to the extremely small gap size. If we compare
modal curves of the current structure to those of the gold chain infigure 6, its T-mode dispersion curve remains
almost unchanged, whereas its L-mode dispersion curve down-shifts to 2.65–3.15ω0 (710–600 nm in
wavelength). Propagation length is found to be as high as 800 nmat 710 nmwavelength, which is reduced to tens
of nanometers at short-wavelength end. Still, this propagation length is in average seven times better than that of
the gold chain infigure 6.Our numericalfinding in general supports the experimental observation of over
350 nm energy transfer in the gold chain presented in [20], although the dispersive nature of themodeswas not
mentioned in [20]. Fromour numerical investigation, the deciding factor for achieving longer propagation
length (compared to the gold chain in figure 6) is that the Lmode appears at a lower frequencywhere gold
material has less absorption.

4.2.Hetero-plasmonic chain
Infigure 1(c), a heterogeneous chainwaveguide is illustrated, where two types ofmetal spheres are interleaved.
Such designwasmotivated by [25]. It was proposed in [25] that by inserting a silver nanoparticle in between two
gold nanoparticles one can facilitatemore efficient energy transfer between two gold particles. The argument
was testedwith plasmonic trimer structures, whichwere realized by a delicateDNA-based self-assembly
procedure (method also used in [20]). The loss reduction in energy transfer was argued through reduced
bandwidth of observed dark-field scattering spectrum. Energy transfer across a longer chain beyond the trimer
structure was not discussed. Herewe extend the idea to a hetero-plasmonic chainwaveguide, and numerically
check itsmodal properties including propagation length. It is worth noting that, in a finiteAu-Ag-Au trimer
structure, it was the energy transfer process between two gold particles that was examined andwas found to be
more efficient compared to twodirectly coupled gold particles; in an infinitehetero-plasmonic waveguide,
energy transfer can happen through hopping between silver particles, which also has to be considered.

The hetero-plasmonic chainwaveguide to be studied comprises of simultaneously silver and gold
nanoparticles. Our FEManalysis uses a supercell with a period of 80 nm, including a gold particle of diameter
40 nmand a silver particle of diameter 30 nm (thereof a gap size of 5 nm). òb=2.25. The geometrical
parameters aswell as the background permittivity are very close to those studied in [25], where gold-to-gold
distancewas 78 nmand backgroundwas assumed to have òb=2.15. It turns out that the hetero-plasmonic
waveguide under study is a very lossywaveguide—keymodal features are killed by the presence of heavymaterial
losses. In order to better explain the guidancemechanism,wefirst calculated its dispersion curves with
imaginary parts of gold and silver permittivities reduced by a factor of ten1. The resulted dispersion curves for
the guidedmodes are shown infigure 7(a) by the black curves. In order to know the nature of themodes we plot
three representativemodal fields, one for each dispersion curve, infigure 8. Examination of themodefields

Figure 7. (a)Modal dispersion curves of a hetero-plasmonic chainwaveguide. a=80 nm, dAu=40 nm, dAg=30 nm, and
òb=2.25. The black curves are calculatedwith imaginary part of gold and silver permittivity values reduced by a factor of ten. The
green curve is the only Lmode remainingwhen themetals’ losses take their realistic values. (b)Modal dispersion curves of two chain
waveguides. One is gold chainwaveguidewith a=80 nm, d=40 nm, and òb=2.25 (red curves). The other is silver chainwaveguide
with a=80 nm, d=30 nm, and òb=2.25 (blue curves). In both cases,metals have their imaginary permittivities reduced by a factor
of ten.Dashed line is light line of backgroundmedium.

1
In fact,manymodal dispersion calculations in the current work startedwith reduced or totally suppressedmaterial losses. Such practice

facilitates quick location of the bands.
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reveals that the two bands around 3.4ω0 correspond to T and Lmodes dominantly contributed by resonance in
gold particles; and themode around 4.5ω0 frequency is a Tmode dominantly contributed by resonance in silver
particles. The fact that one type of particles is clearly in resonance (dipolar)while the other is not (acting
somewhat like spacers) suggests that a hetero-plasmonic waveguide can rather be treated as two superposed
‘homo-plasmonic’ chainwaveguides. Each homo-plasmonic chain contain a single-type particles with relatively
large inter-particle spacings.

Infigure 7(b)we present the dispersion curves of gold/silver homo-plasmonic chainwaveguides, bothwith
period a=80 nmbut particle diameter d=40 nm for the gold case and d=30 nm for the silver case. The gold
chainwaveguide has T and L bands around 3.5ω0, corresponding well to the lower set ofmodes infigure 7(a).
The silver chainwaveguide has T and L bands around 4.5ω0 with the Tmode correspondingwell to the upper T
band infigure 7(a). The Lmode in silver chainwaveguide finds no counterpart in the hetero-plasmonic case. The
lack of Lmode for the hetero-plasmonic chainwaveguide is due to the fact that gold is too lossy at the frequency.
The effect of gold can be substantial as the electricfield of expected Lmode has tomajorly pass through the gold
particles. If one examinesmodes’ propagation lengths (see ‘Supplemental data’), one can conclude that: by
superimposing two homo-plasmonic chains into one hetero-plasmonic chainwaveguide, the chainmodes
supported by silver particles suffer higher losses with the Lmode disappearing completely; for the gold chain, its
Tmode becomes a bit lossier, but the Lmode can propagatemuch longer.More specifically, the Lmode of gold
chain (figure 7(b)) has propagation length ranging from tens of nanometers at its high-frequency end to 400 nm
at its low-frequency end (3.470ω0); the corresponding Lmode in hetero-plasmonic chain (figure 7(a), solid black
line) has 140 nmat its high-frequency end and∼1900 nmat the low-frequency end (3.215ω0).We refer to the
gold-dominated Lmode in the hetero-plasmonic chainwaveguide as L(Au*)mode, and similarly for others.

In [25], the resonantmodeswere probed through optical scattering spectra. If translated onto ourfigure 7(a),
their observedmodes are within the light cone, close to the kr=0 axis if it was nearly normal incidence). Their
experiment recorded the dominant resonance peak [corresponding to L(Au*)mode] shifted ‘from549 nm for
the AuNP (gold nanoparticle) homodimer to 586 nm for the heterotrimer structure’. These two peaks are
respectively 3.456ω0 and 3.214ω0 in frequency, which project quite well to the curves that we have simulated. In
[25], the increase inmode quality was explained through concepts such as ‘plasmonic hotspots’ and ‘quasi-
resonant virtual state’ of silver particle, howeverwe argue that the increase ofmode quality ismerely due to the
fact that inclusion of silver particles decreases the L(Au*)mode to a lower frequencywhere gold has smaller
absorption loss. Losses of silvermaterial does not adversely affectmode quality of the Lmode significantly, since
within that frequency gold has a loss tangent in average ten times as large as that of silver.

Whenmetals take their 100%material losses, there is only one gold-dominated Lmode remaining, as shown
by the green curve infigure 7(a). Unfortunately its propagation length is found to be less than 100 nm.

Figure 8.Representativemodefields of the hetero-plasmonic chainwaveguide. a=80 nm, dAu=40 nm, dAg=30 nm,
òb=−6.25. (a)Tmode atω=4.55ω0; (b)Tmode atω=3.44ω0; (c) Lmode atω=3.30ω0. The arrows denote displacementfield,
while the colormaps denotemagnetic field component along y, i.e. Hy. Red and blue colors correspond to positive and negative field
amplitudes, respectively. Imaginary parts of gold and silver permittivities are reduced by a factor of ten. Fields attenuate as a result of
material absorption.
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The phenomenon of enhanced energy transfer is geometry-dependent. Besides the structure examined
above, we also looked into a hetero-plasmonic waveguide with gold and silver particles with identical diameter
d=60 nmand a gap size of 20 nm. The gold-dominated Lmode disappeared, possibly due to too large
separation between the gold particles.

Philosophically, it can be argued that that a hetero-plasmonic chainwaveguide is an improved gold-chain
waveguide or a deteriorated silver-chainwaveguide.

We observed, through FEManalyses, that one can insert dielectric (e.g. silicon or TiO2) particles in a
plasmonic chain to create hybrid plasmonic-dielectric chainwaveguide.Whether such configuration has
obvious advantage over singly-plasmonic chainwaveguide is subject to further investigation.

4.3. Backgroundmediumand substrate
The initial investigations on plasmonic chainwaveguide used air (or vacuum) as backgroundmedium [1, 8],
while we have so far focused on dielectric (glass) background. To see the effect of background, we calculated
dispersion curves of T and Lmodes of a silver-in-air chainwaveguide with a=80 nmand d=60 nm (see
‘Supplemental data’). Compared to the corresponding curves of the silver-in-glass chainwaveguide (figure 6),
both bands experience a blue-shift in frequencywhen air is used. The respective shifts are roughly 26% for the T
mode and 18% for the Lmode, such that two bands are crossing each other in the air-background case. Direct
comparison of propagation losses is not simple, as in two cases bothmodes are dispersive: propagation loss is
highly dependent on frequency for eachmode. In general, use of air background does notmarkedly increase the
propagation length of Tmode; it actually shortens the propagation length of Lmode as a result ofmore flattened
dispersion curve of themode. The L-mode band becomesmore flat as a result of effectively shortened gap size
between the particles—the chainmode is thereforemade ofmore localized gap plasmonswith less coupling
among the ‘hot spots’.

Actual nanofabrication of chainwaveguides can lead to a background that ismore complex than a
homogeneousmedium. Amore realistic version is a chainmade of nanoparticles sitting on top of a dielectric
substrate. Such geometry is common for chainwaveguidesmade from the template-assisted self-assembly or
DNA-linking process. Previously, the author and his colleagues have reported experimental demonstration of
arrayed gold nanoparticles [36–38] on a dielectric substrate based on light-induced rapid thermal annealing of
lithographically patterned rectangularmetal patches. The gold nanoparticles can have perfectly spherical shape,
exceptwith flattened bottom, similar to droplets on a surface. The dome shapes are formed as a result of surface
tensionwhen they aremelted. A chainwaveguidemade of suchmetal particles is schematically shown in
figure 1(c). Inclusion of a substrate is problematic for previously used theoreticalmethods [8–13, 16], but not for
our FEMapproach.We choose silver dome-shaped nanoparticles for the following case study. In passing, we
comment that one can have other particle shapes like cubes and rods [22]. The chainwaveguidewe are to study
has the following parameters: a=80 nm, d=60 nm,with a quarter of the sphere height truncated in the
bottom. The substrate has òs=2.25. Rest of the background is air/vacuum.

The dispersion curves ofmodes identified aswell as their kimagnitudes are plotted infigure 9. It is known
thatwhen a substrate is included, or when the particles depart from spherical symmetry, the degeneracy of the
T-mode pair will be lifted. In other words, twoT-mode dispersion curves will appear, onewithmajor electric-
field component directed perpendicular to the substrate (T⊥mode) and the otherwith itsmajor polarization
parallel to the substrate while perpendicular towaveguide axis (TPmode). The twoT-mode dispersion curves are
depicted infigure 9(a).TPmode appears at frequency around 4.4ω0, lower than that of theT⊥mode (around
frequency 4.9ω0). TheTPmode has Lp<250 nm,which is due to themode is closely coupled to radiationmode
in the substratematerial. TheT⊥mode carries a negativeGV in general; its ki has a quite largemagnitude in
average. The Lmode exists in a relatively large frequency rangewith Lp<800 nm.Overall, the propagation
lengths obtained are not encouraging for information transfer purposes. However, such structure has an
exposed surfacewhich can be further functionalized for enhanced nonlinear-optics and sensing applications,
especially with the Lmode exhibiting strong gap-plasmon resonances.

Wemention that thewaveguide geometry has not been optimized. It should be possible to tailor the particle
shapes as well as to addmore thin substrate layers for further tuning ofmode characteristics.

4.4.MIR chainwaveguide
The dispersion diagram infigure 2 hints that if one has a small negative permittivity (−10<òm<0) at infrared
wavelength (e.g. 0.2∼0.5ω0, or correspondingly 9.4∼3.8 μm), deep-subwavelength guidance of EMwave is
possible. SuchMIRwaveguides can be extremely interesting for integrated gas sensors. Herewe propose that one
can possibly use heavily doped silicon to achieve the desired negative permittivity and consquently aMIR chain
waveguide. It is already known that doped semiconductors can becomemetallic at long EMwavelengths. Drude

model can be used for describing permittivity of doped silicon, as  w = -
w
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permittivity at high-frequency limit,ωp is plasma frequency, and τ is collision time of free carriers. Plasma

frequency is calculated as
*

w =p
Ne

m
2 2

0
withN doping concentration, e elementary charge,m* effectivemass of free

carrier, and ò0 vacuumpermittivity. Following the numerical values adopted in [30], we choose n-doped silicon
with  =¥ 11.7 and * =m m0.272 0 (m0 is electronmass). Doping concentration chosen for the following case
study is at = ´ -N 2 10 cm20 3. Electron collision time can calculated frommeasured carriermobility as

*m t= e m .μ in [30]was stated as m = ( · )50cm V s2 at thementioned doping concentration, which led to
τ=7.73 fs.We find thatwith this collision time, Si permittivity has an imaginary part comparable to its real
part, which is too lossy formaking awaveguide. It was reported in [39] that electrons’mobility can increase
significantly at lower temperature. At a doping concentration of ´ -1.3 10 cm17 3,μ increases from
~ ( · )500 cm V s2 at room temperature to over ( · )4000 cm V s2 at 50K.Although there were no explicit
experimental data for higher doping concentration scenario, here for a theoretical exploration, we assume a
certain low temperature can increaseμ by a factor of eight for the considered doping concentration. Collision
time increases correspondingly to τ=387 ps. The overall objective of the setting, as inspired by figure 2, is to
obtain a relatively small (less than 10)negative permittivity atMIR frequency such that deep-subwavelength
MIR guidance can be realized using a chainwaveguidemade of such doped semiconductormaterials. This idea
can extended naturally to chainwaveguide design at even longer wavelengths.

By using the standard geometry in this work, i.e. a=80 nmand d=60 nm, togetherwith the above-
mentioned particlematerial setting, wefind an Lmode appearing around frequency 0.4ω0, as shownby
figure 10(a). Inset infigure 10 gives the real and imaginary parts of silicon’s permittivity at the relevant
wavelength range. The backgroundmediumhas standard òb=2.25. The imaginary part of themode’s
propagation constant (figure 10(b)) is however found to be quite large in general. After conversion, the
corresponding propagation length hardly goes beyond 100 nm,with the longest at 96 nmwhenω=0.405ω0.

5.Discussion and conclusion

To conclude, a versatile FEM-basedmode solver was formulated and used to investigatemodal properties of
plasmonic chainwaveguides in a few varieties. The investigation started from chainwaveguidesmade of non-
dispersive negative-epsilonmaterials. In this way, ‘waveguide dispersion’ of both T and Lmodeswere examined.
The Tmodes can have dispersion curves with a localmaximum in thefirst Brillouin zone; the curve section after
the plateau point has negative group velocity and amplifying amplitudewhenmaterial loss is present.While the
Tmode tends to exhibit flat band, the Lmode tends to span over a large frequency range.Moreover, the Lmode
can stay far below the light line of backgroundmedium, which hints the possibility of achieving deep-
subwavelength light guidance. Our analyses then showed the performance of chainwaveguidesmade of realistic
plasmonicmetals. The silver chainwaveguide, with the geometry and background considered (d= 60 nm,
a= 80 nm, òb=2.25), can be promising for achieving>1 μm light propagation, especially with its Tmode.
However, as such amode can be quite extended in backgroundmedium, one has tomotivate the use of a chain
waveguide through some figure ofmerit based on loss andmode confinement. The Lmode achieves>1 μm
propagation length (but not over 2 μm) in a very narrowwavelength range (<20 nm). Gold chains are only able

Figure 9.Dispersion curves formodes guided by a dome-shaped silver-particle chainwaveguide on a dielectric substrate. a=80 nm,
d=60 nm. The particles’ spherical center is located from substrate by a distance of d/4. (a)Dispersion; (b) ki. Dashed line is the light
line of the substratematerial.
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to transport energy over hundreds of nanometers with extremely small (2 nm) inter-particle spacing. This is due
to lowering in frequency of the L-mode band as inter-particle spacing shrinks (goldmaterial suffers from less
absorption at lower frequencies). This argument can be used to explain the increased energy transfer between
gold particles in the so-called hetero-plasmonic chainwaveguide. Effectively a hetero-plasmonic chain can be
treated as superposition of one gold chain and one silver chain: inclusion of silver particles down-shifts the
frequency of Lmode of the gold chain, hence reducing its propagation loss; but the silver chainwaveguide can be
adversely affected by presence of gold particles. A chainwaveguide sitting on a dielectric substrate was also
examined, wherewe noticed degeneracy breakup of T-mode pair and dominant presence of Lmode. AtMIR
wavelength, as a demonstration, we numerically showed that a chainwaveguide with plasmonic particles being
doped silicon can achieve deep-subwavelength light guidance, which can be useful for sensing or thermal
applications.

In general, with realistic plasmonicmaterials, subwavelength chainmodes have very limited propagation
lengths. Even for a chainmade of silver, the best plasmonicmaterial among thosewe investigated, its
subwavelengthmodes have propagation lengths comparable to the input light wavelength in free space. Despite
heavy losses, chainwaveguides offersmore degrees of freedom in engineeringmodal properties. Although not
attempted in this work, there should be room for improvements through geometrical optimization. Its deep-
subwavelengthmode confinement, locally enhanced field intensity, as well as its unusual polarization could be
useful for various nanophotonic applications including sensing, nonlinear optics, and efficient coupling of
radiation fromquantum emitters, etc.
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