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Abstract: As modern complementary-metal-oxide-sem-
iconductor (CMOS) circuitry rapidly approaches fun-
damental speed and bandwidth limitations, optical
platforms have become promising candidates to circum-
vent these limits and facilitate massive increases in com-
putational power. To compete with high density CMOS
circuitry, optical technology within the plasmonic regime
is desirable, because of the sub-diffraction limited con-
finement of electromagnetic energy, large optical band-
width, and ultrafast processing capabilities. As such,
nanoplasmonic waveguides act as nanoscale conduits
for optical signals, thereby forming the backbone of such
a platform. In recent years, significant research inter-
est has developed to uncover the fundamental physics
governing phenomena occurring within nanoplasmonic
waveguides, and to implement unique optical devices. In
doing so, a wide variety of material properties have been
exploited. CMOS-compatible materials facilitate pas-
sive plasmonic routing devices for directing the confined
radiation. Magnetic materials facilitate time-reversal
symmetry breaking, aiding in the development of nonre-
ciprocal isolators or modulators. Additionally, strong con-
finement and enhancement of electric fields within such
waveguides require the use of materials with high non-
linear coefficients to achieve increased nonlinear optical
phenomenon in a nanoscale footprint. Furthermore, this
enhancement and confinement of the fields facilitate the
study of strong-field effects within the solid-state envi-
ronment of the waveguide. Here, we review current state-
of-the-art physics and applications of nanoplasmonic
waveguides pertaining to passive, magnetoplasmonic,
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nonlinear, and strong-field devices. Such components
are essential elements in integrated optical circuitry, and
each fulfill specific roles in truly developing a chip-scale
plasmonic computing architecture.

Keywords: nanoplasmonics; waveguides; integrated
optics; ultrafast optics; nonlinear optics; magnetoplas-
monics; strong field phenomena.

1 Introduction

Fiber-optical networks provide tremendous advantages
in terms of transmission bandwidth and propagation loss
compared with their electrical predecessors. As a result,
optical data transmission systems are increasingly replac-
ing their electrical counterparts. This superiority extends
down to the chip-scale, which has motivated intensive
research efforts by semiconductor corporations to replace
long copper electrical interconnects with silicon (Si) pho-
tonic waveguides on computer processors [1]. The band-
width bottleneck created by electrical signal transmission
can be gradually alleviated as lossless optical systems
continue to replace electrical systems. As this integration
between electrical and optical systems grows, it will be
necessary for optical systems to interface with electronic
circuitry of decreasing dimensions, increasing density,
and increasingly complex functionality. This is a primary
source of motivation for research into a multitude of nano-
photonic and nanoplasmonic waveguide devices operat-
ing on a wide range of physical principles.

High-index contrast Si photonic waveguides,
depicted schematically in Figure 1(A), enable the reduc-
tion of the waveguide cross-sectional dimensions to the
scale of 200 nm-300 nm at A=1550 nm. Based on their
high refractive index, low loss in the telecommunications
band, and complementary-metal-oxide-semiconductor
(CMOS)-compatible material platform, Si photonic wave-
guides have received the most extensive research efforts.
However, their ability to address the smallest electronic
devices, on the order of 10 nm, is fundamentally limited by
the light wave diffraction limit. As the Si core dimensions
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Figure 1: Electromagnetic confinement in Si photonic waveguides. (A) Schematic depiction of a Si photonic waveguide. (B) Effective refrac-
tive index of the quasi-TE and quasi-TM waveguide modes for a fixed waveguide height, h=340 nm, and varying waveguide width, w. (C)
Fraction of the quasi-TM mode energy that is confined to the Si waveguide core as a function of waveguide width, w. (D) Quasi-TE mode

profile, w=500 nm. (E) Quasi-TE mode profile, w=250 nm. (f) Quasi-TM

are reduced further and further, electromagnetic energy
can no longer be fully confined to the waveguide core and
a significant fraction of the mode propagates in the sur-
rounding materials. This is highlighted in Figure 1(B)-(C),
which illustrate the effective refractive index of the quasi-
transverse-electric (quasi-TE) and quasi-transverse-mag-
netic (quasi-TM) waveguide modes, as well as the fraction
of electromagnetic energy confined to the Si waveguide
core for a constant waveguide height, h=340 nm, and
varying waveguide width, w. As w is reduced to less than
approximately 600 nm, the waveguide mode confine-
ment reduces rapidly. Figure 1(D)—(G) graphically depict
the quasi-TE and quasi-TM mode profiles for Si photonic
waveguides with two different widths, namely, w=500 nm
and w=250 nm. Evidently, more of the mode propagates
outside of the Si core as w is decreased. As a result, cross-
talk between adjacent waveguides becomes increasingly
problematic, and nonlinear optical interactions in the Si
core are reduced. Both of these issues hinder the perfor-
mance of high-density nonlinear optical circuitry.
Meanwhile, nanoplasmonic waveguides have the
attractive ability to confine and enhance electric fields
to the vicinity of their constituent nanometallic surfaces,
enabling passive and active functionalities at deeply sub-
wavelength dimensions. These nanoscale metallic fea-
tures strongly couple the electric fields of the propagating
waveguide mode to the metal’s free electrons, in a form of
a quasi-particle called a surface plasmon polariton (SPP)

mode profile, w=500 nm. (G) Quasi-TM mode profile, w=250 nm.

[2]. Such a strong coupling enables confinement to dimen-
sions, which are significantly smaller than the free-space
wavelength of the propagating light signals. The geometry
and mode profile for a nanoplasmonic slot waveguide are
illustrated in Figure 2(A)—(B). Notably, the electromag-
netic fields are tightly confined to the Au interfaces, and
even for core widths of w=100 nm, the mode is almost
entirely within the Si core. Tighter confinement, arising
from more intimate interaction with metals, gives rise to
higher optical losses. In general, there exists a trade-off
between nanoplasmonic mode confinement and its prop-
agation losses, which is illustrated in Figure 2(C). As w is
decreased, the electromagnetic fields are confined more
tightly to the Au-Si interfaces, thus giving rise to a higher
effective refractive index and higher losses. However, in
contrast to Si photonic waveguides, as the core width
of the nanoplasmonic slot waveguide is decreased, the
waveguide confines electromagnetic energy even better,
as shown in Figure 2(D). Although this geometry is com-
monly used for research purposes, the horizontal orienta-
tion of the geometry makes its direct implementation in
practical devices quite challenging.

Ideally, emerging chip-scale technologies would
enable monolithic integration of electronic, photonic,
and nanoplasmonic waveguide devices [3-9]. In such a
scheme, electronic devices would continue to perform
their typical functionality, photonic waveguides would
be used for low-loss, high-bandwidth signal transmission
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Figure 2: Nanoplasmonic slot waveguides. (A) Schematic depiction of a slot waveguide with Au-Si-Au layers. (B) Mode profile of a Au-Si-Au
waveguide with w=100 nm. (C) Effective refractive index and propagation losses of the Au-Si-Au waveguide mode for a fixed waveguide
height, w=340 nm and varying width, w. (D) Fraction of the mode energy that is confined to the Si core as a function of waveguide width, w.

and multiplexing/demultiplexing of narrowband signals,
and nanoplasmonic waveguides would be used for bridg-
ing the dimensional gap between photonic and electronic
devices, high-density optical circuitry, as well as efficient
nonlinear and magnetoplasmonic devices. With this inte-
grated device architecture, developing nanoplasmonic
waveguide devices based on materials and fabrication
processes, which are compatible with electronic and pho-
tonic technologies, become desirable.

The extraordinary properties of nanoplasmonic
devices have motivated significant efforts in several fields
of research [10], including sensing [11], light-matter inter-
action enhancement [12-23], light amplification [24-31],
sub-diffraction imaging [32], metamaterials [33, 34], and
planar optical circuitry [35, 36]. In this Review, we will
focus exclusively on the use of nanoplasmonic waveguides
in planar optical circuitry and on related developments of
integrated devices with advanced functionalities. Specifi-
cally, we provide an overview of research developments

related to passive routing, magnetoplasmonics, nonlinear
optics and signal modulation, as well as strong field inter-
actions in nanoplasmonic waveguides.

2 Passive routing

Typical nanoplasmonic waveguide geometries consist
of one or two metal films combined with one or more
dielectric slabs. Common metals used in nanoplasmonic
waveguides are gold (Au), silver (Ag), copper (Cu), and
aluminum (Al). More recently, transparent conductive
oxides and other exotic materials have been proposed
as plasmonic materials for near- to mid-infrared signals
[37-39]. The choice of dielectric materials that are used
to load the nanoplasmonic waveguides depends largely
on the intended function of the nanoplasmonic wave-
guide. Practically, it is desirable to conform to materials
that are commonly used in the electronics and photonics
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industries, such as Si, silicon nitride (SiBN4), and silicon
dioxide (Si0,). In general, low-index materials enable
longer propagation lengths, but provide lower confine-
ment. Waveguides intended for nonlinear optical interac-
tions should include dielectrics exhibiting high nonlinear
optical coefficients, such as Si, Si,N,, or organic polymers.
Waveguides designed for magneto-optical interactions
must incorporate dielectrics with high magneto-optical
coefficients, such as rare earth iron garnet, or ferromag-
netic metals, such as iron (Fe), nickel (Ni), or cobalt (Co).

Several figures of merit (FoM) can be used to quan-
tify the spatial confinement provided by a nanoplasmonic
waveguide design [40, 41]. The first is based on the dimen-
sions of the waveguide mode and, for a one-dimensional
waveguide, can be defined as

M= 0

where J  represents the spatial separation between the
1/e points of the primary transverse electric field and «,
is the attenuation constant of the waveguide mode. A
similar FoM can be constructed for two-dimensional (2D)
geometries

mr= [ L )

where A is the area contained by the contour enclosing
the 1/e field roll-off. An alternative FoM relates to the devi-
ation of the effective refractive index of the waveguide,
n ., from that of the dielectric, n,, and is expressed as

MZ = (neff _nl)/az' (3)

A third FoM is based on the inverse effective wavelength of
the waveguide mode and is given by

M3=1//lgaz, ()]

where /Ig is the effective wavelength of the waveguide
mode. Each FoM provides a slightly different approach
to assessing the waveguide mode confinement. There-
fore, careful consideration must be given to the physical
meaning of each FoM when evaluating waveguide designs.

Early demonstrations of signal routing in plasmonic
waveguide systems were based on long-range SPPs
(LRSPP), where thin metal stripes with a 8 um width and
20 nm thickness were demonstrated in the routing of
A=1550 nm signals over lengthscales exceeding 8 mm [42,
43]. Since then, extensive works have focused on low-loss
signal routing in waveguide structures that confine the
radiation to deeply subwavelength dimensions. Several
pioneering investigations utilized metallic wedges or
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triangular channels as plasmonic waveguides, as shown
in Figure 3(A)—(B), where the triangular features enabled
field confinement and signal routing at subwavelength
dimensions [44-47]. Although interesting from the scien-
tific and developmental perspectives, such three-dimen-
sional (3D) structures are generally avoided in electronic
and photonic circuitry, and subsequent advances have
focused on nanoplasmonic waveguides that are compat-
ible with conventional planar fabrication processes. For
example, schemes to taper and route optical signals in
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Figure 3: Passive integrated nanoplasmonic waveguide devices.
(A) Scanning electron micrograph (SEM) of a channel plasmonic
waveguide fabricated via 3D focused ion beam milling. (B) Scanning
near-field optical microscope image of telecommunications signals
propagating through a y-splitter. (A) and (B) are adapted from [45],
with the permission of NPG. (C) Optical microscope image of an
adiabatic taper used to confine signals to a Au nanowire. (D) Scan-
ning near-field optical microscope image of fields being focused
by the adiabatic taper and coupled to a 150 nm wide nanowire. (C)
and (D) are adapted from [48], with the permission of APS. (E) SEM
of a Mach-Zehnder interferometer fabricated with Cu-SiO,-Si-SiO,-
Cu hybrid nanoplasmonic waveguides. The inset shows a cross-
sectional slice of the waveguide geometry. (F) Signal transmission
through Mach-Zehnder interferometer devices at A =1550 nm for
varying length difference between the two interferometer arms. (E)
and (F) are adapted from [50], with the permission of OSA.
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metallic nanowires with dimensions as small as 40 nm
have been developed, using a simple single-layer nano-
fabrication process. An exemplary device and scanning
near-field microscopy field map are shown in Figure 3(C)—
(D) [48, 49].

The dielectric-loaded SPP waveguide (DLW) con-
sists of a metal film with rectangular dielectric wave-
guides patterned on top, which can be realized through
simple nanofabrication processes. The geometry and
mode profile for this waveguide are shown in Figure 4(A)
and (B), respectively. The first in-depth characteriza-
tion of this waveguide geometry revealed a propagation
length of approximately 8 um and routing in waveguides
with cross-sectional dimensions as small as 300 nm
was demonstrated [51]. Figure 4(C)-(D) depict a more
advanced version of the DLW, known as the long-range
DLW (LR-DLW). As the name implies, this design exhib-
its similar features as the LRSPP, namely a thin (~ 15 nm)
metallic stripe sandwiched between two dielectric layers
of similar refractive index. Although this design requires
overlay alignment of an additional layer of lithography,
its propagation losses are substantially lower than those
of the DLW. Propagation lengths of 520 um have been
achieved at telecommunications wavelengths in Au
stripes with w=500 nm [52].

S. Sederberg et al.: Integrated nanoplasmonic waveguides =—— 239

As discussed earlier, a dielectric material sandwiched
between two metal layers is a commonly used geometry.
The simplest realization of this geometry is a 2D slab-like
structure, where subwavelength confinement exists in
only one dimension. Signal transport over a 5 A distance
with 4/5 confinement has been demonstrated in Ag-Si.N,-
Ag slab waveguides [53]. In subsequent work, a Au-Si-Au
slot waveguide has been fabricated on the silicon-on-insu-
lator (SOI) platform and integrated with Si photonic wave-
guides, thus providing subwavelength confinement in
both lateral dimensions [54]. Measurement of 4 =1.55 um
laser light transmission through this waveguide revealed
a propagation loss of 0.8 dB/um [54]. More recently,
broadband routing of telecommunications signals in Au-
polymer-Au slot waveguides of various lengths revealed a
propagation length of 5.56 um (6 1) [55, 56].

Two other common nanoplasmonic waveguide geom-
etries are the metal-insulator (MI) configuration and the
hybrid nanoplasmonic, or conductor-gap-Si, configura-
tion. Schematic depictions of these geometries are shown
in Figure 5(A)-(B), respectively; their respective mode
profiles are shown in Figure 5(C)—(D). The asymmetry of
the MI waveguide geometry gives rise to slightly poorer
mode confinement than the slot waveguide geometry, but
it still outperforms Si photonic waveguides in this regard.
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Figure 4: Dielectric-loaded SPP waveguides. (A) Schematic depiction of a DLW. (B) Mode profile of a DLW with w= 400 nm and h=400 nm.
(Q) Schematic depiction of a LR-DLW. (D) Mode profile of LR-DLW with w,=1000 nm, h,=1000 nm, =15 nm, and h,=250 nm.
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Figure 5: Metal-insulator and hybrid nanoplasmonic waveguides.
(A) Schematic depiction of a metal-insulator (MI) nanoplasmonic
waveguide with a Si core and Au cap. (B) Waveguide mode profile
for the Au-Si waveguide with a width, w=100 nm. (C) Schematic
depiction of a metal-insulator-Si (MIS) nanoplasmonic waveguide
with a Si core, SiO, spacer, and Au cap. (D) waveguide mode profile
for the Au-SiO,-Si waveguide with a width, w=100 nm and a spacer
thickness, t,=50 nm.

Metal-insulator waveguides consisting of Au and Si have
been successfully integrated with SOI nanophotonic
waveguides, and a propagation length of 2.0 um has been
measured for this platform [57].

The introduction of a thin low refractive index layer
separating the metal features from the high-index wave-
guide core, as depicted in Figure 5(C), creates a hybrid
plasmonic waveguide mode. Here, a highly-confined
mode resembling a nanoplasmonic mode propagates in
the low-index layer(s) and a photonic-like mode propa-
gates in the high-index layer, as shown in Figure 5(D). This
geometry not only enables confinement to sub-100 nm
dimensions, but also increases the propagation length
of the waveguide mode, because the photonic-like part
of the waveguide mode experiences minimal interaction
with the lossy metal layer. This waveguide class was first
theoretically explored in the form of a gallium arsenide
cylindrical nanowire separated from a Ag film by a thin
SiO, layer, and was predicted to simultaneously enable
strong confinement (12/400 —A%/40) and long propagation
distances (40-150 um) [58]. Shortly after this, a hybrid
nanoplasmonic waveguide consisting of a CdS nanow-
ire, MgF, spacer layer, and Ag film is used to demon-
strate the first nanoplasmonic laser [27]. This concept is
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subsequently implemented in a lithographically-defined
Si-5i0,-Au waveguide geometry and a propagation loss
of 105+5 cm™! was measured [59]. More recently, a fully
CMOS-compatible hybrid plasmonic device architecture,
consisting of horizontally-arranged Cu-SiO,-Si-SiO,-Cu
waveguides has been investigated in detail [50, 60-62].
Figure 3(E) displays this waveguide geometry, along with
a Mach-Zehnder interferometer device fabricated on this
platform. By varying the length difference between the
two arms of the interferometer, the transmitted power
was systematically altered via constructive or destructive
interference, as shown in Figure 3(F). Finally, a compre-
hensive study of the propagation characteristics of metal-
insulator-Si-insulator-metal waveguides, consisting of Au,
Ag, or Cu metal layers and HfO, or SiO, insulator layers,
revealed propagation lengths of up to 7.25 um, where the
modes are strongly confined to the 20 nm-thick insulator
layers [63].

Ultimately, utilizing nanoplasmonic waveguides to
bridge the dimensional gap between large photonic inter-
connects and electronic devices is desirable as it enables
signal transduction between these two platforms. Using
a Au-SiO,-Au nanoplasmonic waveguide with 2D taper-
ing, as shown in Figure 6(A), it has been demonstrated
that signals at =800 nm could be confined and routed
in a waveguide having transverse dimensions of only
14 x 80 nm? [64]. More recently, a class of hybrid gap nano-
plasmonic waveguides has been used to achieve routing
in a volume of just 24 x 60 nm?, where A =1550 nm signals
could be transmitted through waveguides with lengths of
L=5 um, as depicted in Figure 6(B) [65]. Using a similar
tapering scheme, mid-infrared radiation at A=9.3 um has
been focused to a spot with a diameter of 60 nm, corre-
sponding to A/150 [66]. Other interesting developments
have numerically demonstrated interfacing and imped-
ance-matching between nanoplasmonic antennas and
nanoplasmonic slot waveguides [67] and experimentally
implemented nanoplasmonic slot waveguides in single-
crystalline Au flakes [68].

3 Magnetoplasmonics

The incorporation of magnetic materials into optical
devices provides a degree of control over modal proper-
ties, which is not attainable with other material systems.
The interaction of light with a magnetized medium facili-
tates nonreciprocal phenomena, or optical effects that
break the Lorrentz reciprocity condition and the time-
reversal symmetry, such as the Faraday effect or magneto-
optical Kerr effect.
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Figure 6: Nanoplasmonic signal routing at the sub-100 nm scale. (A) Au-SiO,-Au nanoplasmonic waveguide tapered in the two lateral direc-
tions to 14 x 80 nm? dimensions. (A) is adapted from [64], with the permission of NPG. (B) Au-SiO,-Au nanoplasmonic waveguide tapered to
24 x 60 nm? dimensions. (B) is adapted from [65], with the permission of ACS.

Magnetoplasmonic devices for use at optical fre-
quencies can typically be separated into two categories
depending on the material platform employed: those
based on ferromagnetic metals, such as Fe, Ni, and Co,
and those based on ferrimagnetic garnets, such as rare
earth iron garnet. These material systems can produce
appreciable magneto-optic effects under stimulus from
weak magnetic fields, which can be practically gener-
ated for integrated applications. For completeness, we
note here that doped semiconductors are utilized in the
infrared and terahertz regimes; this technology has been
extensively reviewed in the past [69, 70] and is not the
focus of the present work.

Ferromagnetic metals exhibit significantly higher
losses than conventional noble metals, and thus, they
severely limit the propagation length when incor-
porated into plasmonic waveguides. For example,
considering the dielectric function of the metal,
e, (w)=¢ (w)+ie’(w), one can compare these materials
using the quality factor of the SPP as a figure of merit,
defined in Ref. [37] as Q, =¢ (w)’/&”(w). Materials
with higher loss will have lower quality factors result-
ing from increased values of &’(w). Employing data
from Refs. [71, 72], Q,,, can be calculated to be 5149 for
Ag and 1186 for Au, but only 53, 29, and 10 for Ni, Co,
and Fe, respectively, at A=1.55 pm. Clearly, the figures
of merit for ferromagnetic metals are several orders of
magnitude smaller than those for Au and Ag, making
them less appropriate for plasmonic waveguide devices
due to the higher optical losses. Several methods have
been investigated to mitigate this effect, such as the

inclusion of a thin dielectric buffer inserted between the
ferromagnetic metal and the plasmonic waveguide core
[73], or embedding the thin ferromagnetic film within a
noble metal layer. This multilayer architecture has led to
a multitude of studies on the interaction between reso-
nant plasmon excitation and magneto-optic phenom-
enon, many of which have been concisely summarized
in Ref. [74].

Considering integrated magnetoplasmonic wave-
guide applications, ferrimagnetic garnets, such as YIG
are an attractive material system. These materials are
low-loss dielectrics (at telecommunication wavelengths)
[75] that exhibit low saturation magnetization and can be
incorporated with standard plasmonic metals. Addition-
ally, YIG is characterized by strong magneto-optical prop-
erties, which can be enhanced by altering the chemical
composition to include rare-earth ions [75]. Thus, during
fabrication, the properties of the YIG can be tailored for
the desired application.

The analysis of magnetoplasmonic waveguides has
been carried out for decades. Specifically, a wide array
of waveguide structures have been considered, including
2D planar MI interfaces [76], MIM slabs [77, 78], IMI slabs
[79], and nanowires [80]. One key result of these analysis
showed that the presence of a transverse static magnetic
field over structures exhibiting some form of asymme-
try (either in the geometry or magnetization profile) can
cause the plasmon dispersion relation to split into two
branches, corresponding to forward and backward prop-
agating modes. Thus, the modal propagation constant
(B) for a forward propagating mode is not equal to the
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propagation constant for a backward propagating mode
li.e. B, (@) #B, ,(@)]. Such an effect breaks the Lorrentz
reciprocity condition, and is nonreciprocal.

The nonreciprocity achieved by incorporating mag-
netic materials into plasmonic waveguides enables the
construction of a fundamental optical component at the
nanoscale — the optical isolator. The potential applica-
bility of magnetoplasmons to optical isolators has been
proposed in Refs. [79, 81]. Given that forward and back-
ward propagating modes exhibit different propagation
constants, a nonreciprocal phase shift (NRPS) between
them, AB=p,  -p, ., can be incorporated into Mach-
Zehnder interferometers (MZIs) to create efficient isola-
tors. However, as discussed in Ref. [81], the fundamental
restriction is the propagation length of the surface mode,
which is typically less than the length scale required to
generate a significant 7z/2 NRPS because of the absorp-
tion losses in the metal. Thus, insertion losses on these
devices were shown to be high. According to a previous

Surface plasmon
waveguide

Magnetic field

Dielectric
waveguide
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study, long-range IMI structures could possibly mitigate
this effect [79, 81].

This solution was realized recently with the presen-
tation of a scheme based on long-range dielectric-loaded
surface plasmon waveguides (LRDLSPWs) [82], as illus-
trated in Figure 7(A)—(B). By employing a Ce:YIG wave-
guide core, a thin Ag guiding strip, and dielectric buffer
layers of Si,N, and ALO,, a LRDLSPW exhibiting a propa-
gation length of over 3 mm was developed. Such a config-
uration is able to attain a z/2 NRPS within only 505.6 um.
Oppositely magnetized magnetoplasmonic waveguides
were incorporated into the arms of a MZI, yielding an
optical isolator with insertion losses of 2.5 dB and an
extinction ratio of 22.8 dB.

Other configurations utilizing ferromagnetic metals,
such as Fe as the plasmonic layer, have been proposed.
One scheme utilized a Fe/Al,0./Si waveguide, where the
thin ALO, film acts as a buffer between the Fe cap and Si
core [85]. In this scheme, tailoring the thickness of the ALO,

Isolated
_‘-"‘—\—\_\_'L'.
3" W,
-5 0 5
X (um)

Figure 7: (A),(B) Integrated magnetoplasmonic isolator based on a long-range dielectric-loaded plasmonic waveguide geometry with an
integrated samarium-cobalt (SmCo) magnet biasing scheme. (A) The device creates constructive interference for a forward propagating
wave and (B) destructive interference for a backward propagating wave, yielding an isolation ratio of 22.8 dB. (A) and (B) are adapted from
[82], with the permission of OSA. (C) Optical isolator based on nonreciprocal coupling between a guided photonic mode and a magneto-
plasmonic mode. The structure is designed in such a way that the backwards propagating photonic mode couples to the Fe-InP magneto-
plasmonic waveguide, and is strongly attenuated, while forward propagating photonic modes are uninhibited. Reproduced from [83], with
the permission of AIP Publishing. (D) Magnetoplasmonic circulator consisting of Au nanorods embedded in a magneto-optic garnet cavity.
(E) Operation of the magnetoplasmonic circulator. Under an applied magnetic field, the electromagnetic energy is efficiently directed from
Port 1to Port 2, while Port 3 remains isolated. (D) and (E) are reproduced from [84] in accordance with the Creative Commons Attribution 3.0

Unported (CC-BY) license.
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film results in the mode being near cut-off, thus reducing
losses and improving the potential isolation. Another
scheme employs the nonreciprocal wavevector splitting
to create a direction dependent coupling between a lossy
magnetoplasmonic waveguide and a photonic waveguide
[83]. In such a structure [shown in Figure 7(C)], the Fe-
InP-InGaAsP-InP structure contains a Fe-InP magneto-
plasmonic waveguide, and an InP-InGaAsP-InP photonic
guide. The photonic mode and the backwards propagating
magnetoplasmonic mode are phase matched, such that a
backwards propagating photonic mode will couple into
the plasmonic guide and be strongly attenuated by the Fe,
whereas a forwards propagating mode is unaffected. As
such, isolators with 3 dB insertion loss and 30 dB extinc-
tion ratios are proposed.

A natural extension to the development of two-port
isolators is the development of three-port optical circula-
tors. These components require nonreciprocal symmetry
breaking to ensure that power injected at one port couples
only into the next port around the device in a circular
fashion. It has been theoretically shown that applying a
magnetic field to a rare-earth iron garnet cavity, which
contains a collection of Au nanorods causes the optical
power to rotate around the embedded nanostructures
[86]. The direction of the nonreciprocal power rotation
could be reversed via magnetization reversal. Incorporat-
ing these magnetoplasmonic cavities at the junction of
three waveguides, as depicted in Figure 7(D), it was shown
that optical power could be directed between the output
ports, producing an efficient optical circulator [84]. In
this case [shown in Figure 7(E)], the magnetized device
directed 63% of the input power (applied at Port 1) into
Port 2, and only 3% into Port 3, whereas the unmagnetized
device provided 33% of the input power to Ports 2 and 3.

Incorporating magnetic materials into nanoplas-
monic structures provides a unique method of generat-
ing active, electrically controlled devices. Temnov et al.
demonstrated this effect with a magnetoplasmonic slit-
groove interferometer composed of an Au/Co/Au mul-
tilayer film [87, 88]. The plasmon excited by the groove
interfered with radiation present in the nanoscale slit.
With the application of a transverse, sinusoidally varying
external magnetic field, the magnetization state of the
buried Co film was modulated, and the nonreciprocal
shift in the plasmon wavevector was modulated. Cor-
respondingly, the wavevector shift was detected by the
change in the interference pattern. While this interfer-
ometer was controlled via an external electromagnet, a
recent work has shown that the insertion of a thin (2 nm)
SiO, film between one of the Au films and the Co region
electrically isolates the Au film, allowing it to function as
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an electrode [89]. Passing current through this electrode
can generate the magnetic fields required for modulation
of the Co magnetization, and hence the magneto-optic
effects.

For therealization of integrated hybrid electronic-plas-
monic circuitry, fabricating waveguides directly on top of
the metal circuit traces is beneficial. As such, the electri-
cal signals within the chip can serve a dual purpose: they
can (1) simultaneously carry an electrical signal between
components, and (2) generate the magnetic field required
to encode data onto a plasmonic mode. Conventional
dielectric-loaded plasmonic waveguides are ideal for such
a task, as they are comprised of a ridge of dielectric set
atop a metal slab. One such design employs a dielectric
core of Bi:YIG deposited onto an Ag slab [90], illustrated in
Figure 8(A). The phase shift in the optical mode could be
switched via 100-500 ps current pulses passing through
the underlying Ag. The electrically-induced magnetic field
switched the magnetization and provided phase shifts of
up to 0.34 rad from the initial state. This type of device has
key applications for encoding data onto the phase of the
mode via binary phase shift keying at speeds of up to 6
Ghit/s, as depicted in Figure 8(B).

This high-speed, dynamic phase modulation can be
converted into intensity modulation with the use of an
MZI [91] to facilitate the implementation of a new plas-
monic logic element: the clock multiplier. Such a device is
schematically illustrated in Figure 8(C). Here, LRDLSPWs
were constructed from a Bi:YIG core, thin Ag guiding strip,
and Si,N, and AL O, buffer layers on a SiO, substrate. Paral-
lel current pulses passing through two transmission lines
adjacent to the interferometer arms produced transient
magnetic fields capable of modulating the magnetization
of the Bi:YIG core, and hence, the NRPS. Correspondingly,
the interference condition at the output port was modu-
lated, and hence, the signal was mapped into the output
intensity. In this scheme, the device was driven in a reso-
nant mode. A magnetic field pulse perturbed the statically
biased magnetization vector, inducing a long-lasting,
oscillatory precession as it relaxed back to its initial state,
as shown in Figure 8(D). The frequency of such a preces-
sion was controlled by the magnitude of the longitudinal
biasing field, and in this way, the device behaved as an
optical analogue to an electrical clock multiplier. The
input electrical pulse frequency was multiplied by factors
of up to 2.1x10° upon mapping to the optical wave, and
modulation depths over 16 dB were reported. Such a
device has key applications in providing a mechanism of
synchronizing both electrical and optical logic networks.

The aforementioned device geometry has proven
to provide additional functionality when driven with
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Figure 8: (A) Magnetoplasmonic waveguide phase shifter modulated by electric current passing through the underlying Ag slab. (B) Plot of
the phase shift, Ap, accumulated over the plasmonic mode propagation length of 49.06 um. The blue lines depict Ap, while the red lines
indicate the 100 ps magnetic field pulses, encoding a binary signal 11010011. (A) and (B) are reproduced from [90], with the permission of
0SA. (C) Magnetoplasmonic electrical-to-optical clock multiplier geometry that maps dynamic changes in the nonreciprocal phase shift into
the intensity of the optical wave. (D) Clock multiplier transmission as a function of time upon excitation with a 500 ps magnetic field pulse
of amplitude u h,=19 mTin a static field oquHy=10 mT. The output intensity oscillates with a frequency, v, =279.9 MHz. The red curve
represents the input magnetic field pulse, and is not represented to scale. (C) and (D) are reproduced from [91], with the permission of AIP
Publishing. (E) Frequency spectrum of the modulated intensity output from the MZI when driven simultaneously by two sinusoidal signals
with frequencies f, =700 MHz and f,,=1 GHz. Both sinusoids have an amplitude of 4 h,=19 mT, and are under a static bias of/toHy:ZS mT.
The spectrum contains third-order mixed frequencies of the two inputs. Reproduced from [92], with the permission of AIP Publishing.

sinusoidal RF signals instead of pulses [92]. Here, RF
current signals passing through the transmission lines
adjacent to the MZI continuously drive the magnetiza-
tion of the Bi:YIG in a nonlinear manner. As such, the
frequency spectrum of the modulated output intensity
contains additional frequency components due to the
nonlinear magnetization dynamics. Simulations have
shown that the RF parameters could be optimized, such
that the transmitted intensity signal contained harmon-
ics of the input frequency, split the power between two
different spectral components, down-converted the
high-frequency input, or mixed multiple RF signals. One
exemplary spectrum is depicted in Figure 8(E), depict-
ing the mixed spectral components present when the
device is driven at two frequencies, f, and f,,, simul-
taneously.This unique modulator provides a tunable
mechanism of attaining different modulation frequen-
cies from a single device for integrated nanoplasmonic
applications.

4 Nonlinear optics

4.1 Theoretical overview

For propagating nanoplasmonic waveguide modes with
sufficiently strong electric fields, the electronic response
to the time-varying electric field will become anharmonic.
The anharmonicity of the electric polarization, P, can be
expressed as a power series given by

P=€0[X(1)E+X(2)Ez+XO)E3+---], )
where e, =8.85x10""2 F/m is the permittivity of free space,
E is the electric field strength, and ™ is the n™ order elec-
tric susceptibility. In the electric field regime, in which the
nonlinear response is a simple perturbation to the linear
one, P?=¢ y?E* and P®=¢ x"E® constitute the primary
nonlinear optical signals. Notably, y is zero for any cen-
trosymmetric material, and as a result, y® is the dominant
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nonlinear interaction in many common dielectrics and
metals. An exception to this occurs at material interfaces,
which inherently lack inversion symmetry [93], in strained
systems, wherein a deviation from perfect crystal lattice
periodicity breaks the inversion symmetry [94], or when
asymmetry is induced with a sufficiently strong static
electric field [95].

The second order nonlinear polarization, P?, results
in nonlinear wave mixing interactions including second-
harmonic generation (SHG), sum-frequency generation
(SFG), difference-frequency generation (DFG), and optical
rectification. Meanwhile, the third order nonlinear polari-
zation, P®, expresses third-order nonlinear wave mixing
and nonlinear loss. Third-harmonic generation (THG)
occurs when a photon of frequency 3 w is generated from
three incident photons of frequency w, i.e. nonlinear wave
mixing at the third-harmonic frequency. The optical Kerr
effect represents nonlinear wave mixing at the funda-
mental frequency and brings about a nonlinear refractive
index given by

n=n,+n,l, 6)

where n is the effective refractive index of the medium, n,
is the linear refractive index, n, is the optical Kerr coeffi-
cient, and I is the optical intensity.

Two-photon absorption (TPA) is a nonlinear loss
process, whereby two incident photons have sufficient
energy to promote an electron from the valence band to
the conduction band, which may also require a phonon
for momentum conservation if the material has an indirect
bandgap. As shown below, the total loss of the material
system depends linearly on the optical intensity

a=a0+ﬁTPAI’ @)

where « is the total loss and ¢ is the linear loss. The non-
linear loss can be effectively used for signal modulation or
saturation of propagating signals. In the presence of a sig-
nificant free-carrier density, additional incident photons
can be absorbed through free-carrier absorption (FCA).

4.2 Nonlinear optics in nanoplasmonic
waveguides

In general, nonlinear interactions in nanoplasmonic wave-
guides occur simultaneously in the plasmonic metal and
in the adjacent dielectrics. The relative contribution of
each constituent material to the nonlinear signal strength
depends on the magnitude of the relevant nonlinear coef-
ficients in the material and on the fraction of the nano-
plasmonic waveguide mode propagating through that
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material. Nonlinear interactions in Si photonic waveguides
have undergone extensive experimental investigations,
including TPA, THG, and self- and cross-phase modula-
tion [96-119]. Despite extensive numerical simulations
indicating promising prospects, nonlinear interactions in
nanoplasmonic waveguides have remained elusive in the
experimental realm, presumably because of additional
practical challenges involved in the fabrication and direct
nonlinear characterization of the nanoscale waveguides.

Although SHG and THG in nanoplasmonic waveguides
have been investigated numerically by several groups
[120-122], to date, there has only been a single experimen-
tal report of optical harmonic generation. As depicted in
Figs. 9(A)—(B), Si-Au MI nanoplasmonic waveguides were
fabricated in a unique scheme that allowed for direct end-
fire excitation of the waveguide input facets and direct
outcoupling of the nonlinear signals from the waveguide
output facets [123]. Using this configuration, A=1550 nm
laser pulses were upconverted to A=517 nm third-har-
monic signals with efficiencies up to #,,,,=2.3x107° [124],
as shown in Figs. 9(C)-(D). Despite the absorption of the 3
w signal in the Si and a large phase-mismatch between the
fundamental and 3 w signal, this marks the highest third-
harmonic conversion efficiency in any Si photonic or nano-
plasmonic waveguide device.

For the appropriate combination of material and
wavelength, achieving nonlinear signal modulation in the
plasmonic metal features is possible. Free-space pumping
of an aluminum plasmonic waveguide with A=780 nm
pulses, depicted schematically in Figure 10(A), was used
to alter the optical properties of the aluminum film on an
ultrafast timescale, modulating the amplitude of signals
propagating through the nanoplasmonic waveguide [125].
Modulation on two timescales was demonstrated through
pump-probe measurements: 7, =200 fs and 7,=60 ps. The
fast response (r,), displayed in Figure 10(B), was sensitive
to the polarization orientation of the pump pulses rela-
tive to that of the propagating plasmonic modes and was
only observed when the two polarizations were parallel to
one another. This dynamic arises from non-parabolicity
of the electron bands and the resulting anharmonic elec-
tron oscillations of the propagating plasmon. The slow
response (7,), plotted in Figure 10(C), was independent of
the pump polarization orientation, and was identified as
the cause of interband electron transitions and the subse-
quent electron thermalization dynamics.

All-optical signal modulation can be realized by modi-
fying the optical properties of a dielectric or semiconductor
adjacent to a metal film. A tapered plasmonic waveguide
has been used to enhance visible upconversion and
observe interference patterns from plasmonic focusing
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Figure 9: Third-harmonic generation in a Si-loaded nanoplasmonic waveguide. (A) Scanning electron micrograph of Si-loaded nanoplas-
monic waveguides integrated onto a deeply-etched characterization beam. (B) Top-view optical microscope image of visible light emission
from the Si-loaded nanoplasmonic waveguides when excited by A =1550 nm pulses. (C) Spectra of the fundamental and third-harmonic
pulses. (D) Measured and simulated THG conversion efficiencies as a function of fundamental electric field strength. (A)-(D) are adapted

from [124], with the permission of APS.

near the interface between silver and erbium-doped sap-
phire films [19, 126]. Figure 11(A) portrays an experimen-
tal arrangement whereby telecommunications signals are
coupled to a grating at a Au-Si interface, and free-space
pumping at =775 nm is used to excite charge carriers
in the Si material, modulating the telecommunications
signal transmission [127]. In principle, free-carriers can
have two effects: (1) they contribute additional nonlinear
loss to the signal transmission via free-carrier absorption;
and (2) they alter the refractive index of the Si material via
plasma dispersion and as a result, they shift the resonant
coupling conditions of the telecommunications to the
grating. The broadband coupling efficiency of the grating
as a function of time-delay is plotted in Figure 11(B). As
can be seen in the figure, the resonant coupling condi-
tions of the grating are shifted by more than their spectral
width, confirming this as the primary contribution to the
modulation. As the free-carriers recombined at surface
states of the Si material, the resonant coupling condition
was restored to its initial state and pump-probe measure-
ments were used to demonstrate a device recovery time of
7=103 ps, as shown in Figure 11(C). Numerical investiga-
tions employing ultrafast free-carrier excitation in Si have

demonstrated the feasibility of achieving modulation in
straight nanoplasmonic waveguides via plasma-induced
loss [128] and in nanoring resonators through free-carrier
dispersion [129, 130]. In addition, electrical control of the
free-carrier density in CMOS-compatible hybrid nano-
plasmonic waveguides has been used to achieve electro-
absorption modulation [131] and phase modulation [132],
although the modulation bandwidth is inherently limited
by that of the electrical circuitry.

Recently, a new technique to sensitively measure
nonlinear spectral broadening in nanophotonic and
nanoplasmonic waveguides has been demonstrated [133].
Briefly, the scheme is based on detecting newly gener-
ated spectral components of the pulse with a high signal-
to-noise ratio. Before being coupled into the waveguide,
each pulse was passed through a spectral filter, such that
a sharp spectral edge was introduced to the pulse. After
spectral broadening in the waveguide, the pulse was spec-
trally filtered again, enabling only the newly generated
spectral components to be measured. Using this scheme,
the authors report a nonlinear signal from hybrid nano-
plasmonic waveguides that is slightly weaker, but on the
same order of magnitude, as a nonlinear signal measured
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Figure 11: Ultrafast all-optical control of the resonant coupling conditions of a silicon-based plasmonic grating. (A) Schematic representa-
tion of the grating geometry and the pump-probe configuration. (B) Broadband coupling efficiency of the grating for relative pump-probe

delays of At=-50 ps, 3.3 ps, 50 ps, and 130 ps. (C) Ultrafast grating coupling dynamics at 1=

1360 nm and A=1400 nm, revealing a device

recovery timescale of =103 ps. (A)—(C) are adapted from [127], with the permission of OSA.

from a Si photonic waveguide. These results are summa-
rized in Figure 12. Although the linear propagation losses
of the nanoplasmonic mode weaken the nonlinear signal,
this work further demonstrates the potential for generat-
ing nonlinear signals in a deeply subwavelength volume.
The inclusion of metallic features in the geometry of
nanoplasmonic waveguides enables natural electrodes
to perform electro-optic phase modulation. Electro-optic

modulation in resonant devices, including nanoslits [134],
Mach-Zehnder interferometers [135], ring resonators, [136],
donut resonators [137], and stub filters [138], has been
investigated in several numerical studies. Recently, elec-
tro-optic modulation was experimentally demonstrated in
a 29 um long polymer-loaded nanoplasmonic waveguide
at a bandwidth of 40 Gbit s-1[9], as shown in Figure 13(A)-
(B). Subsequently, a 10 um long Mach-Zehnder consisting
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Figure 12: Measurement of nonlinear spectral broadening in hybrid
nanoplasmonic waveguides for varying input power and Si_N, gap
thicknesses, and a baseline comparison with a SOl waveguide. The
top inset depicts the measurement approach, consisting of spectral
pre-filtering, nonlinear spectral broadening in the waveguide struc-
ture, and spectral post-filtering for sensitive detection of nonlinear
signal generation. The left inset depicts the hybrid nanoplasmonic
waveguide mode profile. Images adapted from [133], with the per-
mission of OSA.

of polymer-loaded nanoplasmonic waveguides was used
to demonstrate electro-optic modulation at a bandwidth
of 72 Gbit s~! and an estimated power consumption of 25 fJ
bit~' [139], as shown in Figure 13(C)-(D).

5 Strong-field devices

For increasing electric field strengths, new regimes
are encountered and corresponding new effects can
be observed. By exploiting extreme ultrafast nonlinear
effects in waveguide devices, the strong field regime can
be accessed within an integrated, chipscale, nanoplas-
monic platform. Notably, atomic electric field strengths
are on the order of

e/ 4me,
at 2
0

E =5.14x10"V /m, (8)

where e=1.602x 10" C is the amplitude of the charge of
an electron, and a,=5.2918 x10"" m is the Bohr radius
of a hydrogen atom. For electric fields that are not insig-
nificant relative to E_, the series expansion of Eq. 5 no
longer converges, marking the onset of the non-perturba-
tive, strong-field, or extreme nonlinear regimes. For such
fields, the response of valence band electrons is no longer
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determined by the low-energy bandstructure. Large con-
duction band electron populations can be excited, and
these electrons can be accelerated high into the energy
bands and to the edge of the Brillouin zone, where they
may be reflected or tunnel into another band. Alterna-
tively, electrons can be ejected into vacuum where they
interact with the intense laser fields in a ballistic manner
and can be accelerated to high energies.

5.1 Ponderomotive electron acceleration

When a free electron interacts with an intense electro-
magnetic field possessing a high spatial gradient, the
former can undergo ponderomotive electron acceleration
[140]. This interaction is characterized by a cycle-by-cycle
acceleration, resulting from a net ponderomotive force
due to the asymmetry of the field. Briefly, free electrons
are initially accelerated, on the first half-cycle of the elec-
tric field, from a region of high electric field to an area of
lower electric field, i.e. along the gradient of the electric
field. On the next subsequent half-cycle, the electron is
then decelerated, but by an amount less than on the first
half-cycle. Over many cycles, this phenomenon results
in a net ponderomotive force being set up in the direc-
tion of the gradient of the electric field, with the electron
being accelerated to a higher velocity and hence, a higher
kinetic energy. Without a high spatial gradient, this force
will cancel out over multiple cycles, thus producing no net
acceleration or deceleration.

In order to achieve the necessary asymmetric elec-
tric field, ponderomotive electron acceleration has been
studied using a variety of platforms including: strong-field
laser electron acceleration in vacuum [141-143], surface
plasmon electron acceleration on metallic films and nano-
structures [144-146], and within nanoplasmonic semicon-
ductor devices [147, 148]. For the purpose of this review,
the focus is on nanoscale devices as the other methods are
inherently macroscale and require high-intensity ampli-
fied laser pulses (I > 102 W/cm?). For the case of compact,
integrated, strong-field devices, the semiconductor plat-
form of choice is Si. Si was chosen for its many advan-
tages, including CMOS compatibility, ease of fabrication,
and its high y® non-linearity, which allow for efficient free
electron generation.

The ponderomotive potential energy is a measure
of the kinetic energy acquired by an electron during one
oscillation of the laser field and is expressed as

2
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Figure 13: Electro-optic modulation in nanoplasmonic waveguides. (A) Schematic depiction of a polymer-loaded nanoplasmonic slot wave-
guide where an electric voltage signal is applied between the two metal sidewalls of the waveguide. (B) Experimental configuration used to
measure the inset eye diagram at 40 Gbit s~*. (A)-(B) are adapted from [9], with the permission of NPG. (C) False-colour SEM of an electro-

optic phase shifter used to achieve signal modulation in a Mach-Zehnder interferometer fabricated from polymer-loaded nanoplasmonic
waveguides. (D) Optical power transmission for varying voltage. (C)—(D) are adapted from [139], with the permission of NPG.

where o is the angular frequency of the driving laser
field, and E is the electric field strength of the driving
laser field. For example, Si has an effective electron mass,
m; =2.37x107"kg. If we consider a laser wavelength of
A=1550 nm, corresponding to w=1.22x10" rad/s, and
an electric field strength of E =5 V/nm, a ponderomotive
potential energy of U,=2.75 eV is calculated. Notably, the
ponderomotive potential scales quadratically with both
E and 1 of the driving laser field, making intense pulses
at longer wavelengths desirable for accessing strong-field
effects.

5.2 Visible light emission from
a nanoplasmonic waveguide

A combination of strong light confinement and electric
field enhancement offered by nanoplasmonic wave-
guides enables the investigation of novel strong field

phenomena in a technologically relevant device plat-
form. Considering again an MI waveguide geometry con-
sisting of a Si waveguide core and an Au nanoplasmonic
cap, the strong field regime can be easily reached using
nJ laser pulses available from turnkey fiber lasers [148].
Moreover, the distribution of electric fields in the wave-
guide mode profile is highly asymmetric, making it an
ideal structure for ponderomotive electron acceleration.
As mentioned in the previous section, when moderate
electric field strengths on the order of E, ~ 1 V/nm interact
with conduction band electrons in Si, they reach energies
on the order of several eV during one laser field oscilla-
tion. Notably, the threshold for impact ionization in Si
is E,=2.3 eV, thereby suggesting interesting dynamics
in the electron population, namely avalanche multipli-
cation. Naturally, electron motion in the Si lattice is not
ballistic; rather, collisions occur with a mean free path
of I =28 nm. Regardless, electron trajectories can be cal-
culated using the time-domain electric fields propagating
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through the nanoplasmonic waveguide geometry and the
classical equation of motion

teE (t) (10)

v(t)=v,(t,)+ j

where v(t) is the instantaneous velocity of the electron,
v(t,) is the initial velocity imparted to the electron by
any excess excitation energy, and E(t) is the time-varying
electric field propagating through the waveguide. Using
these simulations, electron trajectories at random injec-
tion positions and times are easily simulated, and sample
trajectories are shown in Figure 14(A). In the case of a Si
bandgap energy of E=11eV and a laser wavelength of
A=1550 nm, free-carriers will be excited via TPA and the
corresponding rate equation can be written as

dN(r t) ﬁTPA IZ
dt

where N is the free-carrier density, h=6.626 x 10~3* m?kg/s
is the Planck constant, and v is the laser frequency. Using
this rate equation and the electron trajectories, an elec-
tron energy spectrum representing a weighted distribution
of the average kinetic energy of each calculated electron

) (1)
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trajectory can be calculated. The results for three different
electric field strengths are shown in Figure 14(B).

Notably, electrons are easily accelerated to energies
exceeding the threshold for impact ionization before
undergoing their first collision. This finding demonstrates
that the conditions required for a non-destructive elec-
tron avalanche are met. This interaction is summarized in
Figure 14(C) and the dynamics are briefly summarized as
follows: (i) electron-hole pairs are excited via TPA in the Si
core of the nanoplasmonic waveguide; (ii) they are born
into the intense fields of the nanoplasmonic waveguide
mode and they are accelerated in a cycle-by-cycle fashion
and many of them reach energies exceeding the thresh-
old for impact ionization; (iii) the electron-hole popula-
tion grows exponentially as the more mobile electrons
undergo multiple impact ionization events. One other
noteworthy observation from the simulated electron tra-
jectories is that a majority of the electrons — particularly
the most energetic ones — have a primary velocity com-
ponent in the direction normal to the Au-Si interface, sug-
gesting interesting time dynamics in the electron density
distribution both during the acceleration phase and after
the pulse has passed.
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Figure 14: Ponderomotive electron acceleration in a Si-loaded nanoplasmonic waveguide. (A) Sample trajectories of electrons excited via
TPA in the nanoplasmonic waveguide as they interact with the remainder of the A =1550 nm laser pulse. (B) Electron energy spectrum repre-
senting the average energies achieved by electrons during their first 28 nm of motion. (C) Schematic illustration of the sequence of physical
processes leading to avalanche multiplication of the free electron population. Electrons are excited from the valence band (VB) to the con-
duction band (CB) via TPA. In this way, they are now free to interact with the intense nanoplasmonic fields, E,, which exert a ponderomotive
force, Foong® The electrons are easily accelerated to a velocity, v, which corresponds to a kinetic energy exceeding the threshold for impact
ionization. Through multiple impact ionization events, the free-carrier population multiplies exponentially. (D) Top-view optical microscope
image of bluish-white light emission from the Si-loaded nanoplasmonic waveguide. (E) Spectra of the fundamental laser pulse, THG, and
broadband white light emission. (F) Power scaling of the white light emission shown on a logarithmic y-axis. (G) Pump-probe measurement

of free-carrier sweeping dynamics. (A)-(G) are adapted from [148], with the permission of APS.
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This interaction can be probed in two different ways:
(1) measurement of visible light emission from the Au-Si
nanoplasmonic waveguides, and (2) pump-probe meas-
urements designed to measure the temporal dynamics
of the electron density distribution. Both measurements
were performed using laser pulses of T,=84 fs duration
at A=1550 nm. Intense white light emission was collected
from the output facet of the Si-loaded nanoplasmonic
waveguide, as shown in Figure 14(D). The measured
spectrum is shown in Figure 14(E). The power scaling of
the white light, which exhibits a distinctly exponential
trend, is shown on a logarithmic y-axis in Figure 14(F).
This white light is a biproduct of collisions that occur as
the electron-hole population multiplies through the ava-
lanche process, and provides a qualitative measure of the
electron-hole population as a function of input power.
This light emission demonstrates a broadband, highly-
localized light source on a nanoplasmonic chip.

The temporal dynamics of the electron density distri-
bution are measured by coupling two pulses into the wave-
guide in a pump-probe configuration and a sample trace
is shown in Figure 14(G). In this scheme, the pump pulse
excites electron-hole pairs and imparts them with a veloc-
ity normal to the Au-Si interface, while the other pulse
probes the instantaneous electron density in the immedi-
ate region of the nanoplasmonic mode profile. Therefore,
as the probe pulse is delayed such that it arrives after the
pump pulse, its transmission will recover as electrons are
swept out of the mode region. A recovery on two time-
scales is observed: 7,=1.98 ps and 7,=17.9 ps. The 7, time-
scale matches very well to what would be expected from
electrons being swept out of the waveguide mode region
and traveling at the saturation velocity of Si, v,=1.3x10°
m/s, which would yield a displacement of A=257 nm
away from the Au-Si interface. The avalanche multiplica-
tion and ultrafast recovery are ideal for sensitive and high
bandwidth detection of nanoplasmonic pulses and their
transduction to short electrical pulses.

5.3 Ultrafast nanoplasmonic triode

In order to fully integrate plasmonic circuits with current
day electronics, various electronic functions must be
realized in a nanoplasmonic platform. This platform can
operate with the speed of photonic circuits, while possess-
ing the footprint of modern nanoelectronics. Furthermore,
such a platform bridges the gap between photonics and
electronics. Adaptation of the above mentioned nanoplas-
monic waveguide structure used for visible light emis-
sion has been proposed by Greig and Elezzabi in order
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to design an ultrafast nanoplasmonic triode device [147].
This triode is the nanoscale optical analogue to the first
vacuum tube devices that sparked the modern techno-
logical era. The device operates via the acceleration and
subsequent filtering of two-photon absorption generated
electrons in the Si core.

Briefly, the nanoplasmonic waveguide structures con-
sists of upper and lower Cu claddings on a Si core, with a
tungsten (W) grid placed in the core, Figure 15(A). Electrons
that are generated in the Si core by two-photon absorption
of the nanoplasmonic electric field at the upper Cu clad-
ding are ponderomotively accelerated towards the bottom
Cu electrode. When driven with an 84 fs laser pulse, the
electrons arrive at the electrode within 150 fs, demonstrat-
ing ultrafast switching. During their transit, the electrons
must pass through the W grid. As the electrons are able
to gain a range of kinetic energies as they reach the grid,

10

Output current (mA/uM)
»
L

0 0.5 10 15 25

Egp field (V/m x 10%)

2.0

Figure 15: 3D schematic of silicon nanoplasmonic triode with

the following dimensions: h; =60 nm, h,=30 nm, h,=100 nm,
w,=4nm, hg=3 nm, s =4nm, w, and L =350 nm. (B) Characteristic
output current curves of the nanoplasmonic triode. Reproduced from
[147] with the permission of AIP Publishing.
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a kinetic energy filter can be used to limit the number of
electrons passing through the grid, and hence the total
current collected at the bottom electrode. This kinetic
energy filter is realized by applying a bias voltage, Ve,
between the grid and the upper Cu electrode. Similarly,
the total number of generated electrons can be controlled
by varying the strength of the nanoplasmonic electric
field, Eg, By varying both V, and E, triode-like behav-
ior can be achieved, Figure 15(B). Remarkably, an output
current of 11.7 mA/um can be achieved at E ,=2.5x108
V/m, with the output dropping to 0.2 mA/um with an
applied V,=-075V.

5.4 Ultrafast nanoplasmonic carrier-
envelope-phase detector

When working with ultrashort laser pulses that consist
only of a few cycles of the oscillating electric field, the car-
rier-envelope-phase (CEP) becomes important. Future nan-
oplasmonic devices that exploit the CEP of plasmons may
be able to introduce a new information processing para-
digm. By combining the confinement of the electric field
with coherent CEP detection, the nanoplasmonic platform
will open the way for new methods of quantum commu-
nication and encryption. Currently, to measure single shot
CEP, a laser pulse ionizes a gas jet and the CEP is extracted
by measuring the subsequent current difference between
left and right electron detectors [149, 150]. Another highly
sensitive and simple technique to measure the absolute
CEP of pulses spanning the telecommunications to tera-
hertz spectral regions is electro-optic sampling, whereby
a high-frequency probe pulse is used to measure the tem-
poral structure of a low-frequency waveform [151]. As each
of these methods require quite large, complicated, experi-
mental setups, developing an ultrafast, nanoplasmonic
method of detecting single shot CEP is important.

A solid-state equivalent to the ionized gas jet method,
which utilizes a semiconductor for the electron generation
medium is currently being explored. Figure 16(A) depicts
a cartoon illustration of the device consisting of a 50 nm-
thick Au antenna embedded in the top layer of a Si sub-
strate, with a 20 nm gap between the antenna point and
the transmission line. Electrons were generated in the Si
within the gap by 800 nm laser pulses. These electrons
were then subsequently ponderomotively accelerated
towards either the left or the right electrode, based on
the asymmetry of the electric field at the tip of the nano-
antenna. As this interaction was highly dependent on
the CEP of the driving laser pulse, a difference in current
between the two electrodes was obtained for varying
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Figure 16: (A) 3D schematic of silicon CEP detector with dimensions
W,,, =20 nm, h,,=50 nm, [, =200 nm. (B) Output current response
as a function of CEP. The red line represents a sinusoidal fit.

values of CEP. Preliminary simulation results, depicted
in Figure 16(B), indicate that the detected current follows
the expected sinusoidal behavior. This device represents
a compact method for direct measurement of the CEP of a
laser pulse from low intensity oscillators.

5.5 Perspectives on strong-field devices

Nanoscale devices harnessing strong-field laser-electron
interactions in semiconductors show promise for the
next generation of optical computing devices. Specifi-
cally, semiconductor ponderomotive electron accelera-
tion allows for increased switching speeds by moving free
carriers via light instead of a conventional, externally
applied, electrical bias. This, in turn, opens up a new plat-
form that revisits the operating principles of the original
vacuum tubes, except operating at significantly increased
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speeds (terahertz), owing to the electrons being driven by
surface plasmon fields.

6 Conclusions and outlook

Since early investigations of long-range surface plasmon
polariton waveguides, plasmonic waveguides have expe-
rienced successful advances in confining and routing
electromagnetic energy to ever-smaller dimensions,
approaching those of modern electronic circuitry. Simul-
taneously, plasmonic waveguides have enjoyed diversi-
fication in functionality, and devices based on nonlinear
optical frequency conversion, nonlinear optical modula-
tion, magneto-optical modulation, and strong-field inter-
actions have undergone rapid development. While some
devices have successfully been implemented using
common nanofabrication materials and techniques, others
have only been understood numerically and are being
intensively implemented in physical form. Despite the ever
increasing research interest, a major issue facing the wide-
spread adoption of nanoplasmonic devices for next-gener-
ation optical computing is the high costs associated with
their fabrication. Generally, fabrication of nanoplasmonic
devices requires the use of either electron-beam lithogra-
phy or focused ion beam milling to define the waveguide
structures. These methods are slow and operate on the
chip-scale, which is in stark contrast to the fast, wafer-
scale processing of optical lithography currently employed
in the nanoelectronics industry. Additionally, to achieve
full compatibility with nanoelectronics, the metals used
in nanoplasmonic devices need to change from the noble
metals to copper or aluminum. As copper and aluminum
are more lossy, this characteristic must be accounted for
in the design of the devices. Furthermore, nanoplasmonic
devices cannot currently achieve the integration densities
of nanoelectronics due to the 100 nm width of the wave-
guides and the potential for crosstalk when the waveguides
are brought too close together. However, as the operation
of various constituent devices is understood and opti-
mized to a technologically relevant level, it will become
necessary to implement their monolithic integration with
one another, with the low-loss Si photonic platform, and
with modern electronic circuitry.
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