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Motivation

@ Need to confine and control light at the nanoscale (below diffraction

limit).

@ Dielectric waveguides: low loss, but limited confinement (diffraction
limit ~ \/2).

@ Plasmonic waveguides: can confine beyond diffraction limit, but high
loss in metal.

@ Trade-off: Achieving both strong confinement and long propagation is
challenging.

@ Goal: Combine dielectric and plasmonic approaches to get best of
both.
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Theory

Surface Plasmon Polaritons (SPPs) vs. Dielectric
Waveguides

@ SPPs: Electromagnetic waves at a metal—dielectric interface coupled
to electron oscillations.

e Confinement not limited by diffraction (fields near metal surface), but
metal loss causes short propagation.

@ SPP dispersion: SBspp = ko (for metal permittivity &,

Emt+ Ed
dielectric £4).

o Dielectric waveguides: Guide light by total internal reflection in
high-index core (e.g. Si nanowire). Low loss, but mode size 2 (A/2n).

@ No metal loss, so long propagation, but mode extends into low-index
cladding (weaker confinement).
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Confinement vs. Loss Trade-off

@ Pure dielectric guide: Long propagation (~cm) but mode area
~ A2 /4 (diffraction-limited).

@ Pure plasmonic guide: Mode area < A\? (deep subwavelength) but
propagation only few um (high loss).

o Trade-off: Tighter confinement = more field in metal = higher loss.

@ Long-range SPP designs (e.g. dielectric-coated metal) can extend
range, but confinement then comparable to dielectric guides.

@ A new approach is needed to achieve nanoscale confinement with
acceptable propagation distance.
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Hybrid Plasmonic Waveguide Concept

o Idea: Combine a high-index
dielectric waveguide mode with a
plasmonic mode on metal.

@ Structure: A semiconductor
nanowire is placed close to a metal
surface, separated by a thin
low-index dielectric gap.

@ Light is confined in the nanoscale
gap, acting like a capacitor storing
energy between metal and nanowire.

X

Fig.1 — Schematic of the hybrid plasmonic
waveguide: A high-index nanowire

o Offers subwavelength confinement (diameter d) is separated from a metal

. . . . substrate by a thin dielectric gap (h). The
with most energy in dielectric. hybrid mode forms in the gap and

@ Compatible with standard surrounding areas.
semiconductor fabrication
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How the Hybrid Mode Works

@ The nanowire alone supports a dielectric guided mode; the metal
interface supports an SPP mode.

@ Brought in close proximity (gap h small), these two modes couple to
form a new hybrid eigenmode.

@ At optimal coupling, energy is split between wire and gap (plasmon) —
maximizing field in gap (like a capacitor).

@ Analogy: two coupled oscillators — one photonic, one plasmonic.
Coupling yields hybrid modes (mixed character from each).

@ The effective mode index nyyy, lies between that of the pure dielectric
mode and pure SPP mode. Adjustable via d and h.

R. F. Oulton et al. (Nature Photonics, 2008)! Hybrid Plasmonic Waveguide EE495 Endterm Oral, Spring 2025 6 /12



Mode Hybridization and Effective Index

@ Finite-element simulations and
coupled-mode theory are used to

—— Cylinder mode
h=2nm

analyze hybrid modes. 204 hZ2m _—

h=50nm "
—— h=100nm ”

o Effective index neg = 5/ko
quantifies confinement and phase
velocity.

Effective index, n, ()

e As gap h varies, npyp(d, h)
transitions from the dielectric mode
(ncy1) to plasmonic mode (nspp).

@ Coupled-mode theory yields

. ) i Fig.2 — Effective index of the hybrid mode
eigenmodes n; (dominantly hybrid)

vs. nanowire diameter for various gap

and n_. widths (colored). Black curves: uncoupled
. . modes (ngy1, nspp). Strongest coupling
@ Critical diameter d. =~ 200 nm: occurs near d ~ 200 nm.

Mode is photonic and plasmonic.
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Field Confinement in the Hybrid Mode

@ EM energy of the hybrid mode is E?\; h=20m o
tightly focused in the dielectric gap. i 101 J\ @j‘
o Field extends into the nanowire and = " @ o w
decays into the metal, but peaks in s o
. > h=10nm Ao/An
the low-index gap. S
o Enables deep subwavelength s
—200 -100 0 100 200

confinement: mode area can be yom)
30

50-100x smaller than a S [nezmm
diffraction-limited spot. i
s, ‘
@ Example: For h=5 nm, mode area w0 100 2
y(nm)
Am ~ 0.01 Ag (A = A\?/4)
= An ~ )\2/400 Fig.3 — Simulated field (power density)
. . profile of the hybrid mode. Example: Si

@ Extreme confinement increases loss nanowire over Ag with thin SiO> gap.

- gap size must be optimized Light is tightly confined within the gap.
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Propagation Length vs. Mode Size

i
o Key metrics: - "'-\
e Mode area A, ’;;j_':r_ﬁi_‘_
o Propagation length L, (distance . » /f’"' )
where power decays to 1/e) = T
@ Enables tunable trade-off: 10 A u
o Small gap = smaller A,,, shorter e
Lm o 3 ,"" 2 y 1 ‘[l i
o Large gap = larger Ay, longer L., b v A.l::n " 0
o At dgjr and gap, Ay is minimized, L 10— @l
T -
but L, dips due to loss.
m . P . %10)," Q[a 1T
@ Comparison: Hybrid mode

balances confinement and loss Fig.4 — Normalized mode area Am/Aqg vs.
. . normalized propagation length Lm/\. Red:
better than dIeIeCtr:IC or hybrid plasmonic; blue/green: other
plasmonlc—only deS|gns. designs. Arrows show geometry tuning
path.

R. F. Oulton et al. (Nature Photonics, 2008)! Hybrid Plasmonic Waveguide EE495 Endterm Oral, Spring 2025 9 /12



Applications and Impact

e Nanolasers: Enabling truly nanoscale semiconductor lasers (visible
and IR) by providing an ultra-small optical mode with manageable
loss. E.g. a CdS nanowire on Ag showed lasing with hybrid mode
(nature paper).

o Integrated photonics: Can be integrated with silicon photonics for
on-chip interconnects. Hybrid guides bridge conventional waveguides
and plasmonics on chips.

@ Sensors: Extreme field concentration in gap enhances light-matter
interaction (useful for biosensors, nonlinear optics).

@ Modulators and Detectors: High field in a tiny region can improve
electro-optic modulation efficiency or photodetector responsivity.

e Demonstrated propagation lengths (tens to 100+ um) make practical
device lengths feasible, unlike many plasmonic-only guides.
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Summary

@ Hybrid plasmonic waveguide merges dielectric and plasmonic guiding
to achieve deep subwavelength confinement with lower loss.

@ Structure: high-index nanowire over metal, separated by nanoscale
dielectric gap — “capacitor-like” field confinement in the gap.

@ Achievements: Mode areas down to ~\2/400 (100x smaller than
diffraction limit) and propagation 1-10x longer than comparable
plasmonic waveguides.

@ Tunable trade-off via geometry: can prioritize lower loss or tighter
confinement as needed by design.

@ Paves the way for nanoscale photonic components (nanolasers,
modulators, sensors) compatible with semiconductor technology.
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