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Abstract Plasmonics squeezes light into dimensions far
beyond the diffraction limit by coupling the light with the
surface collective oscillation of free electrons at the
interface of a metal and a dielectric. Plasmonics, referred
to as a promising candidate for high-speed and high-
density integrated circuits, bridges microscale photonics
and nanoscale electronics and offers similar speed of
photonic devices and similar dimension of electronic
devices. Various types of passive and active surface
plasmon polariton (SPP) enabled devices with enhanced
deep-subwavelength mode confinement have attracted
increasing interest including waveguides, lasers and
biosensors. Despite the trade-off between the unavoidable
metal absorption loss and extreme light concentration, the
ever-increasing research efforts have been devoted to
seeking low-loss plasmon-assisted nanophotonic devices
with deep-subwavelength mode confinement, which might
find potential applications in high-density nanophotonic
integration and efficient nonlinear signal processing. In
addition, other plasmon-assisted nanophotonic devices
might also promote grooming functionalities and applica-
tions benefiting from plasmonics.

In this review article, we give a brief overview of our
recent progress in plasmon-assisted nanophotonic devices
and their wide applications, including long-range hybrid
plasmonic slot (LRHPS) waveguide, ultra-compact plas-
monic microresonator with efficient thermo-optic tuning,
high quality (Q) factor and small mode volume, compact
active hybrid plasmonic ring resonator for deep-subwave-
length lasing applications, fabricated hybrid plasmonic
waveguides for terabit-scale photonic interconnection, and
metamaterials-based broadband and selective generation of
orbital angular momentum (OAM) carrying vector beams.
It is believed that plasmonics opens possible new ways to
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facilitate next chip-scale key devices and frontier technol-
ogies.
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nanophotonic devices, plasmonic waveguide, photonic
interconnection, metamaterials

1 Introduction

“Plasmonics” is termed as a flourishing new device
technology for deep-subwavelength light concentration
and fast information manipulation [1]. Plasmonics has the
potential to increase the processing speed and shrink the
device dimension of future integrated circuits [2—5]. The
importance and the key role of plasmonics are illustrated in
Fig. 1, showing the operation speed and critical device
dimension of different chip-scale device technologies [2].
In the past, the operation speed is slow and the device is
bulky. Electronic devices benefit from mature semicon-
ductor industry with their volumes scaled down to nanscale
dimensions. However, it is a great challenge to achieve fast
purely electronic circuits operating above 10 GHz due to
electronic interconnection delay time issues. Photonic
devices facilitate high operation speed and possess a large
data-carrying capacity owing to the huge photonic
bandwidth. Nevertheless, dielectric photonic devices
have great limitations in their dimensions because of the
unavoidable diffraction effects, resulting in difficult
scaling of photonic devices as electronic ones. Remark-
ably, plasmonics bridges microscale photonics and nanos-
cale electronics. Plasmonics offers the combined
advantages from both the device dimension of electronics
and the operation speed of photonics. Plasmonic devices,
featuring similar speed of photonic devices and similar
dimension of electronic devices, are therefore referred to as
potential promising candidates for high-speed and high-
density integrated circuits.
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Conductors, e.g., metallic components, especially metal
nanostructures, are right plasmonic devices tackling the
existing issues of photonics or electronics and offering
combined advances of photonic and electronic properties.
The metals widely employed in traditional electronic
interconnections such as Cu and Al, also provide possible
excitation of surface plasmon polaritons (SPPs). It is
believed that SPPs are electromagnetic waves coupled to
surface collective oscillations of free electrons in metal and
propagating along a metal-dielectric interface [6—13]. Such
unique feature implies that SPP can break down the
diffraction limit of conventional optics and lead to deep-
subwavelength confinement [3,9,11]. SPP-based devices
offer similar huge bandwidth of information processing as
in conventional dielectric-based photonic devices and yet
not diffraction limited. Recently, various types of passive
and active SPP-based devices with enhanced deep-
subwavelength mode confinement such as waveguides,
lasers and biosensors have attracted increasing interest
[14-19]. Unfortunately, the existence of metal material in
SPP-based devices brings a relatively large absorption loss
when compared to pure dielectric nanophotonic devices
(e.g., silicon waveguides). Generally speaking, there exists
a trade-off between the absorption loss and mode
confinement. So far, the ever-increasing research efforts
have been devoted to looking for low-loss SPP-based
waveguides with deep-subwavelength mode confinement.
Typical examples include long-range dielectric-metal-
dielectric (DMD) plasmonic waveguide, hybrid plasmonic
waveguide, and long-range hybrid plasmonic waveguide
[20-30]. These plasmonic waveguides open possible ways
to facilitate simultaneous tight light confinement and low
propagation loss, which might find potential applications
in high-density nanophotonic integration and efficient
nonlinear signal processing. Additionally, other plasmon-
assisted nanophotonic devices might also promote groom-
ing functionalities and applications benefiting from
plasmonics.

In this review article, we go over our recent progress in
plasmon-assisted nanophotonic devices and their applica-
tions, including long-range hybrid plasmonic slot
(LRHPS) waveguide [31], ultra-compact plasmonic micro-
resonator with efficient thermo-optic tuning, high quality
(Q) factor and small mode volume [32], compact active
hybrid plasmonic ring resonator for deep-subwavelength
lasing applications [33], fabricated hybrid plasmonic
waveguides for terabit-scale photonic interconnection
[34], and metamaterials-based broadband and selective
generation of orbital angular momentum (OAM) carrying
vector beams [35,36].

2 Surface plasmon polaritons (SPPs)

SPPs, also known as surface plasmons (SPs), are widely
recognized in the field of surface science [37]. As
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Fig. 1 Typical operation speed and critical device dimension of
different chip-scale device technologies (plasmonics, photonics,
electronics and the past)

illustrated in Fig. 2, SPPs can be regarded as two-
dimensional bound electromagnetic excitations propagat-
ing along the interface of a dielectric (g4) and a conductor,
usually a metal (g,). SPPs are essentially light waves
trapped on the interface as a result of the interaction
between the light waves and free electrons of the metal.
The electromagnetic fields of light waves cause in-
resonance surface collective oscillations of free electrons.
Such resonant interaction between light waves and surface
charge oscillations forms SPPs featuring unique properties.
It is noted that the generation of surface charge requires an
electric field normal to the surface. Hence, one can excite a
surface transverse magnetic (TM) polarized electromag-
netic field, i.e., polarized in the propagation plane. The
electric field component perpendicular to the surface peaks
at the interface and decays exponentially away into both of
the two side media (i.e., dielectric and metal). The electric
field in the perpendicular direction is evanescent with non-
radiative nature which prevents power from propagating
away from the surface. In the dielectric, typically air or
glass, the field decay length (d4) is on the order of half the
light wavelength. In the metal, the field decay length into
the metal (J,,) is dependent on the skin depth. In contrast, it
is clear that the transverse electric (TE) polarized
electromagnetic field, i.e., polarized perpendicular to the
propagation plane, cannot be coupled to the longitudinal
oscillations of free electrons in metals to form SPPs [6].
In addition to SPP as one kind of surface science at the
interface between a metal and a dielectric, another kind of
surface science could be also at the interface between two
different dielectrics, especially one low-index dielectric
(eqr) and one high-index dielectric (eqy). There exists
significant discontinuity of electric field at the high-
contrast-index dielectric-dielectric interface. Remarkably,
surface science provides an alternative approach to
forming waveguides beyond previous well known wave-
guides guiding modes in the high-index dielectric. As
depicted in Fig. 3, different and flexible combinations of
high-contrast-index dielectric-dielectric interfaces and
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surface science enabled waveguides

Fig. 3 Illustration of surface science enabled waveguides (slot,

hybrid plasmonic, long-range hybrid plasmonic, long-range DMD,

MDM) with their super modes hybridized from the surface modes at the high-contrast-index dielectric-dielectric interface or/and at the
metal-dielectric interface. DMD: dielectric-metal-dielectric; MDM: metal-dielectric-metal

metal-dielectric interfaces give birth to various waveguide
structures. For instance, 1) two high-contrast-index
dielectric-dielectric interfaces form a slot waveguide with
the electric field greatly enhanced and confined in the low-
index slot region [38]; 2) two metal-dielectric interfaces
form long-range DMD waveguide or metal-dielectric-
metal (MDM) waveguide; 3) one high-contrast-index
dielectric-dielectric interface and one metal-dielectric
interface form hybrid plasmonic waveguide; 4) two high-
contrast-index dielectric-dielectric interfaces and two
metal-dielectric interfaces form a long-range hybrid

plasmonic waveguide. Those new waveguides benefiting
from surface science have gained increasing interest in
recent years.

3 Long-range hybrid plasmonic slot
(LRHPS) waveguide [31]

Figure 4 shows the proposed LRHPS waveguide consist-
ing of a silica substrate, two high-index silicon (Si) strips,
two low-index silicon nanocrystal (Si-nc) slots and a metal.
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The vertical area between the two high-index Si strips is
filled with a sandwiched DMD structure. The metal is a
thin silver (Ag) film with a width of W, and dielectrics are
low-index (compared to silicon) dielectrics. Here, we
choose the low-index dielectrics as Si-nc which is a highly
nonlinear material at the telecommunication wavelength.
All these metallic and dielectric parts on the silica substrate
have the same height of Hwg. The width of each Si strip
and Si-nc slot is Ws; and Wg;.c, respectively. The silica
substrate has a height of Hg;j;.o. The mode of the designed
waveguide is expected to be highly confined and guided in
the two nano-scale low-index Si-nc slots.

To comprehensively understand the origin, principle and
advantages of the designed LRHPS waveguide, we start
from the well-known long-range surface plasmon polariton
waveguide and slot waveguide as follows.

1) Figure 5(a) shows the typical structure of a long-range
surface plasmon polariton waveguide, which has a thin
metal strip with a width of W,, (silver) bounded by
symmetric dielectric claddings (Si-nc). Such a DMD-
structured (Si-nc-silver-Si-nc) waveguide supports two
distinct modes, i.e., symmetric bound (s;) mode and
asymmetric bound (@) mode. Figure 5(b) depicts the main
transverse electric field component E, of the s, mode,
which has a symmetric profile across the structure (along
the x-direction). The corresponding charge density in the
thin metal has an asymmetric distribution over the metal
width Wy,. Hence, low absorption loss or long propagation
range is expected due to less mode penetration into the
metal. In contrast, Fig. 5(c) plots the a, mode which has an
asymmetric profile of E, accompanied by a symmetric
distribution of charge density over the structure, resulting
in a large absorption loss and short propagation range.
Consequently, the s, and a, modes are referred to as long-
range and short-range surface plasmon polariton modes,
respectively. Remarkably, it can be clearly seen from Figs.
5(b) and 5(c) that the main transverse electric field
component £, of both s, and a, modes has a relatively
slow decay speed into the surrounding dielectrics.

Additionally, one can also see that a considerable
proportion of mode energy spreads in the dielectric areas,
corresponding to a relatively large mode area.

2) In DMD-structured waveguides, the modes are
extended to the surrounding dielectrics without any extra
constrains and the main transverse electric field E, remains
a high value at a remarkable distance away from the
interface of metal and dielectric claddings. To avoid the
mode dissipating too much away from the interface, a
laudable goal is to confine the mode field within a small
dielectric region near the interface. Fortunately, slot
waveguide provides a possible solution [38]. Shown in
Figs. 5(d) and 5(e) are a typical structure and field
distribution of a vertical slot waveguide comprising a low-
index slot (e.g., Si-nc) bounded by two high-index slabs
(e.g., Si) on a silica substrate. Due to the discontinuity of
electric field at the interface between two dielectric
materials (e.g., Si-nc and Si) with a high-index contrast,
the electric field can be greatly enhanced and confined in
the low-index slot region [38,39]. It is believed that the
recently reported hybrid plasmonic waveguide follows a
similar idea to slot waveguide [38]. The hybrid mode is
confined in the low-index slot region bounded by a high-
index material and a metal. Although the mode field is
confined more tightly compared to the DMD structure, the
mode propagation range of the hybrid plasmonic wave-
guide is shorter than the long-range surface plasmon
polariton mode of the DMD structure.

3) Both long-range surface plasmon polariton wave-
guide (DMD structure) and hybrid plasmonic waveguide
can be regarded as two variations (two interfaces) of
traditional single-interface plasmonic waveguide. The
former introduces a second metal-dielectric interface to
reduce absorption loss and extend propagation range,
while the latter adds a high-index-contrast dielectric-
dielectric interface to enhance the mode confinement. By
combining the advantages of long-range surface plasmon
polariton waveguide and hybrid plasmonic waveguide or
slot waveguide, it is possible to form a LRHPS waveguide
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Fig. 4 Schematic illustration of 3-D structure of the long-range hybrid plasmonic slot (LRHPS) waveguide [31]
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Fig. 5 Schematic structures of (a) traditional dielectric-metal-dielectric (DMD) waveguide, (d) vertical slot waveguide, (f) proposed
long-range hybrid plasmonic slot (LRHPS) waveguide, and distributions of main transverse electric field component £, for (b) long-range
surface plasmon polariton (SPP) mode and (c) short-range SPP mode of DMD waveguide, (e) vertical slot mode of vertical slot
waveguide, (g) long-range hybrid (LRH) mode and (h) short-range hybrid (SRH) mode of LRHPS waveguide. The curves sketched in (b),
(¢), (), (g) and (h) show the E,(x,0) distribution in the waveguides. The arrows plotted in the mode field represent the direction and relative

amplitude of transverse electric field component E, [31]

enabling a millimeter-scale propagation range together
with a deep-subwavelength mode confinement. As
depicted in Fig. 5(f), two high-index strips (e.g., Si) are
added as outer claddings of a traditional vertical DMD-
structured (e.g., Si-nc-silver-Si-nc) waveguide on a silica
substrate. Similar to Figs. 5(b) and 5(c), the LRHPS
waveguide also supports one s, mode and one @, mode, as

shown in Figs. 5(g) and 5(h), respectively. According to
the distribution of the electric field and charge density, it is
expected that the s, mode has a low absorption loss and
long propagation range while the a, mode has a large
absorption loss and short propagation range. We call s,
mode in Fig. 5(g) and @, mode in Fig. 5(h) as long-range
hybrid (LRH) mode and short-range hybrid (SRH) mode,
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respectively. In addition, as shown in Figs. 5(g) and 5(h), at
the interface of Si-nc and Si, the main transverse electric
field component E, is discontinuous and a high power
density is obtained in the two nano-scale low-index Si-nc
slots separated by a thin metal film. Hence, deep-
subwavelength tight mode confinement can be also
achieved benefiting from the added two high-index Si
claddings. As a consequence, the LRH mode of LRHPS
waveguide, as shown in Fig. 5(h), can potentially provide a
deep-subwavelength mode confinement accompanied by a
long propagation range on the scale of millimeter. The
LRH mode and SRH mode are both TE-like modes as
high-index slab (Si), low-index slot (Si-nc) and metal film
(silver) are aligned along the horizontal direction. We
calculate the mode distribution of different waveguide
structures in Fig. 5 using finite-element method software
package COMSOL Multiphysics. For the traditional DMD
waveguide shown in Figs. 5(a)—5(c), the slot width equals
the sum of Wy, and Wgi.c, while the waveguide height is
Hyw. The Si-nc slot region in Figs. 5(d) and 5(e) has the
same size as the sum of the silver and two Si-nc slots in
Fig. 5(f). Detailed geometry parameters are listed in the
inset of Fig. 5. The refractive indices of each material at
1550 nm are na, = 0.1453 + 11.35871 [22], ngjlica = 1.445,
ns; = 3.455 and ng;.,. = 1.723 [40].

To further characterize the properties of LRH and SRH
modes, we plot in Fig. 6 the normalized phase and
attenuation constants of the LRH and SRH modes as a
function of the metal width. The normalized phase and
attenuation constants are corresponding to the real and
imaginary parts of the calculated effective mode index.
Here, fy = 2mn/A is the phase constant of light (1 is
wavelength) in the vacuum and the mode effective index is
Negr = f/Po + o/fy. One can see that the metal width plays
an important role leading to unique features of LRH and
SRH modes. When the metal film is thin, LRH and SRH
modes show distinct phase and attenuation properties. In
particular, the LRH mode has much lower attenuation than
the SRH mode. When reducing the metal width, the
attenuation of the LRH mode decreases with its mode field
increasingly expelled from the metal and entering more
deeply into the Si-nc slots, while the SRH mode features
increasing penetration into the metal and resultant absorp-
tion loss. For a large metal width, the LRH and SRH modes
are almost degenerate with the mode of the conventional
hybrid plasmonic waveguide which has a metal (silver),
low-index slot (Si-nc) and high-index strip (Si) from left to
right on a silica substrate. The normalized phase and
attenuation constants of the degenerate mode are also
depicted in Fig. 6 as the dotted lines for reference.

Propagation length is an important parameter describing
the mode feature in a plasmonic waveguide. The imaginary
part of the effective mode index (Im(n.g)) indicates the loss
property of the mode. The propagation length of mode
(Lprop), defined as the distances from the input to where the
mode field decays by a factor of 1/e [41], is calculated by
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Fig. 6 Normalized phase and attenuation constants of the long-
range hybrid (LRH) and short-range hybrid (SRH) modes of long-
range hybrid plasmonic slot (LRHPS) waveguide. The dotted line
corresponds to a conventional hybrid plasmonic waveguide (a
silver, a Si-nc slot and a Si strip from left to right on a silica
substrate) with a metal width of 300 nm [31]

Lyrop = AM(4m-Im(negr)). And the corresponding waveguide
loss could be obtained by a = — 10log(1/e)/Lyyop~4.343/
Lyrop. It is evident that the LRH mode has a smaller
imaginary part of n.; and a resultant longer propagation
length compared to the SRH mode. Another two
parameters known as normalized power and intensity are
of great importance showing the ability of mode confine-
ment. Nonlinearity is also a key parameter when using
plasmonic waveguide in nonlinear optical signal proces-
sing applications. Si-nc has a large nonlinear refractive
index n, at the telecommunication wavelength. The
reported n, can be as high as 4 x 107"° cm*W under a
silicon excess of 0.08, an annealing temperature of 800°C,
and a deposition method of plasma enhanced chemical
vapor deposition (PECVD) [42]. Chromatic dispersion is
regarded as another key parameter for wideband operation
in optical communication applications. The chromatic
dispersion is calculated by the expression D= — Mc - &’
[Re(nem)/dA’ .

We further study the geometry-dependence of the
propagation length of the LRH mode, normalized power
and intensity of LRH and SRH modes as a function of slot
width under different values of metal width, the non-
linearity of LRH and SRH modes as functions of slot width
and wavelength under a set of geometry parameters, the
wavelength dependence of the chromatic dispersion and
dispersion slope for LRH and SRH modes within a
wavelength range from 1500 to 1600 nm. More details of
the obtained results and discussion can be found in Ref.
[31].

4 Ultra-compact plasmonic microresonator
[32]

Resonators at micro/nano scale have seen wide applica-
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tions ranging from light sources, passive on-chip photonic
elements, biosensing, and so on [43]. Specifically, when
the resonance can be tuned (e.g., electric-optic, thermo-
optic, Kerr effect, etc.), resonators can be more flexible and
functional. Meanwhile, for a resonator, it is advantageous
to reduce its footprint, which is beneficial for its integration
with other components. Plasmonics are promising candi-
dates in the miniaturization and functionality improvement
of resonators, since the mode energy can be tightly
confined at the interface of metal and dielectric capable of
breaking the diffraction limit [11]. Moreover, this tightly
confined mode can increase the light-matter interaction,
which offers a lot of opportunities for more efficient
resonance tuning and control.

We design a new type of plasmonic resonator consisting
of'a ZnO ring on a silver substrate, as depicted in Fig. 7(a).
The inset depicts the cross-section of the resonator, where a
hexagonal shape of the ZnO can be seen. SPP can be
supported at the interface of the ZnO and silver substrate.
Due to the circular geometrical structure, this SPP can form
a whispering-gallery-like wave. This kind of whispering-
gallery-like mode can be characterized by an azimuthal
mode number M, which determines the number of mode
field maxima in a round trip. We show in Fig. 7(b) the
energy density distribution at the cross-section view each
with a resonance in the 630 nm band under four sets of
geometrical parameters. The simulation is based on a full-
vector finite-element method [44]. The silver is modeled
by a Drude model (fitting the Johnson and Christy’s
experimental data [45]) and ZnO’s permittivity is obtained
from a Sellmeier equation [46]. This mode is similar to the
plasmon mode supported by a dielectric loaded surface
plasmon polariton (DLSPP) waveguide in spite of the ring-
resonator structure [47]. Different from the straight
waveguide, the whispering-gallery-like mode will slightly
extend outwards due to the bending radiation, which can
also be seen from the contour of the mode energy density
shown in Fig. 7(b).

For a resonator, Q factor and mode volume (V) are two
key parameters. The designed resonator can simulta-
neously maintain ultra-small mode volume (~0.01 pm?)
and relatively high quality factor (~350). Furthermore, the
simulation results show that due to the large thermo-optic
coefficient (TOC) of ZnO and silver, the resonance of the
whispering-gallery-like modes can be efficiently tuned by
temperature control. More details of the obtained results
and discussion can be found in Ref. [32].

5 Active hybrid plasmonic ring resonator for
deep-subwavelength lasing [33]

SPP holds great potential to break the diffraction limit and
shows interesting and wide applications, where light can
be generated and controlled at deep-subwavelength scale
[I1]. SPP-assisted light emitters have gained more and
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Fig. 7 (a) 3D structure illustration of the designed plasmonic
microresonator; (b) energy density distribution and contour plot
under certain geometrical parameters [32]

more interest thanks to its ability of confining light field
within an ultra-small area (< (4/2n)*). Typical SPP-based
light emitters include metal-cavity shield laser [48] and
surface plasmon amplification by stimulated emission of
radiation (SPASER) based nanolaser [49]. It is noted that
high gain is always desired in SPP-assisted lasers to
compensate the absorption loss for successful lasing due to
metallic absorption loss. Recently, a hybrid plasmonic
waveguide was designed in order to reduce the absorption
loss while still preserving a strong mode confinement
[15,17]. A plasmon laser was then proposed and demon-
strated in the experiment when incorporating a semicon-
ductor nanowire [18]. Remarkably, in this kind of plasmon
laser, the feedback mechanism relies on a Fabry-Pérot
cavity. The two end-facets of the semiconductor nanowire
offer the refection and feedback which are necessary for
lasing applications. However, limited Q factor is achieved
in this structure due to small reflectivity and mirror loss. It
is expected that round-trip whispering-gallery cavity might
increase the Q factor and improve the performance [50],
while so far there has been limited research efforts to lasing
applications using whispering-gallery cavity.

We design a simple active hybrid plasmonic ring
resonator supporting whispering-gallery-like hybrid plas-
monic modes. Figure 8(a) shows typical structure of the
proposed active hybrid plasmonic ring resonator. The key
component of the structure is a semiconductor nanowire
with a circular cross section (radius R.) which is designed
in a ring shape with a radius of R,. The ring shaped
semiconductor nanowire is put on a thin low-index
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dielectric layer placed on top of a metal substrate. Shown
in Fig. 8(b) is the cross section view, in which one can
clearly see that a gap region (low-index dielectric layer)
with a height of H, is formed between the semiconductor
nanowire and the metal substrate. In the designed structure,
cadmium sulfide (CdS), magnesium floride (MgF,), and
silver (Ag) are chosen as the semiconductor nanowire, the
low-index dielectric layer, and the metal substrate,
respectively. The supported mode distribution at the lasing
wavelength of CdS semiconductor nanowire (~490 nm) is
calculated. Drude model is used to model silver in the
simulations and the permittivities of CdS and MgF, are
5.76 and 1.96, respectively [18,45].

Remarkably, two major modes are supported in the
designed hybrid plasmonic structure. One is called hybrid
plasmonic (HP) mode and the other is known as
fundamental photonic (PH) mode. We can consider the
HP mode as a supermode. The mechanism of such kind of
supermode relies on the combined contributions from both
SPP and discontinuity of electric fields at the interface
between the high-index semiconductor nanowire (CdS)
and low-index dielectric gap layer (MgF,). Alternatively,
the HP mode is also regarded as the coupling result
between the surface plasmon mode and in-phase funda-
mental photonic mode [51]. The fundamental PH mode is
somehow similar to the traditional fundamental mode,
which is confined and guided in the high-index material.
Beyond HP mode and fundamental PH mode, there exist
some other modes possibly supported in the hybrid
plasmonic structure. Those modes include: 1) supermode
from coupling between the surface plasmon mode and out-

of-phase fundamental photonic mode [51]; 2) supermodes
from coupling between the surface plasmon mode and
high-order photonic modes; 3) high-order photonic modes
with large cross section radius of semiconductor nanowire.
It is noted that these other modes beyond HP mode and
fundamental PH mode are not taken into consideration
here for simplicity when the designed structure is
optimized to achieve superior performance (e.g., small
mode volume with small nanowire cross section radius).
This is also reasonable because these modes are more
easily cut off and also not of interest for the proposed
compact deep-subwavelength lasing applications. Figures
8(c) and 8(d) depict the cross section views of the on-
resonance (~490 nm) energy density distributions (H, = 10
nm, R, = 100nm, R, = 800 nm) for the HP mode and
fundamental PH mode, respectively. It can be clearly seen
that the HP mode peaks in the low-index gap region and a
part of the mode field overlaps with the semiconductor
nanowire to offer the gain necessary for lasing applica-
tions. This implies that the HP mode shows smaller mode
volume together with favorable tolerance to the metal
absorption loss. In contrast, the fundamental PH mode is
mainly confined in the semiconductor nanowire, featuring
a relatively larger mode size and less overlap with the
metal substrate. Furthermore, Figs. 8(c) and 8(d) depict the
contour plots of the mode energy density. One can clearly
see that the energies of both HP and fundamental PH
modes slightly extend outwards. Such phenomenon can be
ascribed to the bending radiation effect. Note that the gap
layer and ring structure in the proposed design play
important roles in lasing applications. To further show the
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Fig. 8 (a) Schematic illustration of 3D structure for the designed active hybrid plasmonic ring resonator; (b) cross section of the hybrid
plasmonic ring resonator; energy flux density distributions and contour plots for the hybrid plasmonic (HP) mode (c) and fundamental
photonic (PH) mode (d); normalized energy flux density for the HP mode along y direction (e) and r direction (f) [33]
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impact of gap layer and ring structure on the HP mode
distribution, we calculate and show in Figs. 8(e) and 8(f)
the normalized energy density distribution along y (»= 800
nm) and radial (y = 15nm) directions, which are
corresponding to the marked vertical and horizontal blue
lines shown in Fig. 8(c), respectively. The mode energy
density shows a sharp peak in the low-index gap layer
region along the y direction. The mode energy density
profile within the semiconductor nanowire region along the
radial direction has a Gaussian-like shape with a width of
only ~50 nm, which is actually limited by the physical
dimension of the semiconductor nanowire along this
direction. In particular, for the mode energy density profile
at symmetric positions with respect to the center vertical
axis of the semiconductor nanowire, the outer branch of the
profile close to the outer rim of the ring resonator shows
higher energy density, which indicates that more energy is
confined at the outward parts of the ring resonator.

It is noted that geometrical parameters can impact on the
operation performance of the proposed active hybrid
plasmonic ring resonator. Three key geometrical para-
meters are as follows: 1) height of low-index gap layer
(Hy); 2) radius of cross section (R.); 3) radius of ring
structure (R,). More details of the obtained results and
discussion can be found in Ref. [33].

Shown in Fig. 9 is the Q factor and mode volume (V) as a
function of the gap height for both HP and fundamental PH
modes at a resonance within the lasing wavelength band
[52] (R. = 100 nm, R, = 800 nm). The Q factor increases
from 300 to 1650 as increasing the gap height from 5 to 30
nm for the HP mode. This can be explained with the fact
that less mode energy is distributed in the silver substrate
resulting in lower absorption loss and higher Q factor with
the increase of gap height. For the fundamental PH mode,
the O factor also increases with the gap height. We can
briefly explain such phenomenon as follows. Less mode
energy leaks into the metal substrate as moving the
semiconductor nanowire away from the metal substrate,
thus the total loss of the ring resonator is reduced, resulting
in the increase of the Q factor. Ultra-small (~0.0022 pm?)
mode volume is achievable at deep-subwavelength scale
under a small gap height of 5 nm due to tight HP mode
confinement in the small gap layer region. When
increasing the gap height from 5 to 30 nm, it is found
that the mode volume changes from 0.0022 to 0.0318 pum?.
For the fundamental PH mode, as depicted in Fig. 9, the
mode volume remains almost unchanged, i.e., slightly
varying from 0.0842 to 0.0884 pm® as increasing the gap
height. It is found from Fig. 9 that the fundamental PH
mode features larger mode volume and less dependency of
mode volume on the gap layer than the HP mode.

The diffraction limit may have different impacts on the
HP mode and fundamental PH mode. Figures 10(a) and 10
(b) depict the properties of the HP mode and fundamental
PH mode as a function of the cross section radius R, of the
semiconductor nanowire (H, = 10 nm, R, = 800 nm).
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Fig. 9 Gap height (/) dependence of the O factor and mode
volume at a resonance in the lasing wavelength band of CdS for the
hybrid plasmonic (HP) mode and fundamental photonic (PH)
mode (R, = 100 nm, R, = 800 nm) [33]

Shown in Fig. 10(a) is the cross section radius (R.)
dependent effective refractive index (nqg) of the HP mode
and fundamental PH mode for different mode numbers
with possible resonance within the lasing wavelength band
[52]. We can deduce several important conclusions from
Fig. 10(a) as follows. 1) One can clearly see a cut-off
effective refractive index at ~1.185 for the HP mode and
~1.283 for the fundamental PH mode; 2) It is shown that
the fundamental PH mode is cut off when the cross section
radius (R.) is smaller than 70 nm. This is because that at
such small geometrical dimensions the mode confinement
mechanism is broken by the diffraction limit effect for the
fundamental PH mode, which causes severe evanescence
of the fundamental PH mode at deep-subwavelength scale
and prohibits photonic lasing of the fundamental PH mode.
The typical cut-off radius is 70 nm, which is slightly larger
than the previously reported cut-off radius of 65 nm [52].
This can be ascribed to the bending effect of the
semiconductor nanowire ring resonator and the corre-
sponding radiation loss. Remarkably, one can selectively
suppress fundamental PH mode lasing and support only
HP mode lasing according to the cut-off radius of 70 nm
for the fundamental PH mode. That is, both HP mode and
fundamental PH mode lasing are available when cross
section radius R, is larger than 70 nm, while only the HP
mode lasing is supported when cross section radius R, is
less than 70 nm. 3) Even under an ultra-small cross section
radius R, of 20nm, the HP mode is still supported,
showing its full ability to break the diffraction limit. 4)
When reducing the cross section radius R, it is found that
the whispering-gallery-like mode having a smaller azi-
muthal mode number disappears first for both HP and
fundamental PH modes. For example, the mode number of
the supported fundamental PH modes follows m =8 at R, =
130nm and m=13 at R, = 75 nm. It can be clearly seen
that the fundamental PH modes with mode number of m =
8,9,10, 11, 12, 13 disappear one by one when reducing the
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nm, R, = 800 nm) [33]

cross section radius R, below 130, 115, 100, 90, 85, 75 nm,
respectively. In addition, the supported mode number of
HP modes becomes m=7 at R.=60nmand m=>12 at R, =
25 nm. Actually, the HP modes with mode number of m =
7, 8,9, 10, 11, 12 disappear one after another when the
cross section radius R, is reduced below 60, 50, 40, 35, 30,
25 nm, respectively. 5) Although only a limited number of
HP modes (m = 7 — m = 20) and fundamental PH modes
(m = 8 —m = 20) having resonance within the lasing
wavelength band is shown in Fig. 10(a), the HP modes
with m <7 or m > 20 and fundamental PH modes with
m < 8 or m>20 are also possible in principle. The cross
section radius R, determines the lower limit of mode
number of the HP and fundamental PH modes. When
reducing the cross section radius R., the HP and
fundamental PH modes with small mode number are cut
off gradually. It is shown in Fig. 10(a) that mode number
values of m > 8 for the fundamental PH modes at R, < 130
nm and m > 7 for HP modes at R, < 60 nm are achievable.
The design guidelines of ring resonators to support pure

329

HP modes and choose desired mode number of HP modes
are according to critical geometrical dimensions deter-
mined by the cut-off phenomenon. Based on the relation-
ship of 2nR.n. = mA between the effective refractive
index (n.g), mode number (m) and resonance wavelength
(A) for whispering-gallery-like HP and fundamental PH
modes, as shown in Fig. 10(b), we further study the cross
section radius (R.) dependence of the resonance wave-
length for the supported HP and fundamental PH modes.
Figure 10(b) presents another straightforward way to find
lasing applications for ring resonators. Several important
points can be found from Fig. 10(b) as follows. 1) Critical
cross section radius (R.) of 70nm (cut-off of all
fundamental PH modes): pure HP modes are achievable
when all fundamental PH modes are cut off at R, < 70 nm.
2) Mode number dependence of resonance wavelength: for
a given cross section radius (R.), the resonance wavelength
decreases with the increase of the mode number. 3)
Resonance wavelength range (cut-off of small mode
number of HP and fundamental PH modes): R.-dependent
lower limit of mode number of the HP and fundamental PH
modes is shown in Fig. 10(a). It is noted that there is
always a maximum wavelength (upper limit) correspond-
ing to the supported minimum mode number (lower limit)
of the HP and fundamental PH modes at a given cross
section radius R.. For example, the upper limit resonance
wavelength of the HP mode is 440 nm (m = 14) at R, =20
nm, 661.6 nm (m =9) at R, = 40 nm and 866.3 nm (m = 7)
at R, = 60 nm, as shown in Fig. 10(b). The upper limit
resonance wavelength of the fundamental PH mode is
464.3 nm (m = 14) at R, = 70 nm, 645.6 nm (m = 10) at R,
= 100nm and 8232nm (m = 8) at R, = 130nm.
Furthermore, two fitting curves for the HP mode
(A(nm) = 10.2 x R.(nm) + 242.3) and fundamental PH
mode (A(nm) =5.79 x R.(nm) + 57.9) are deduced,
which shows R.-dependent upper limit of the wavelength
range (dashed curves in Fig. 10(b)). 4) When taking into
account the use of CdS as the gain material for lasing
applications, as shown in Fig. 10(b), the possible lasing
wavelength band of 489—-510nm for CdS is marked in
gray bar. It can be clearly seen that a cross section radius
(R.) larger than 75nm is highly desired for possible
fundamental PH mode lasing applications (i.e., resonance
wavelength is within the gray bar region). Meanwhile,
R.>25nm is preferred to facilitate potential HP mode
lasing applications. To enable pure HP mode lasing
applications, the available range of the cross section radius
R 18 25 nm < R, < 70 nm. In addition, the narrow gray bar
region (489—510nm for CdS), as shown in Fig. 10(a),
indicates potential single pure HP mode lasing applica-
tions. Remarkably, Figs. 10(a) and 10(b) imply a general
approach to fully characterize the performance of operation
of an active hybrid plasmonic ring resonator for lasing
applications, which can be independent of the adopted
materials. That is, for different lasing applications using
different materials, similar results can be obtained as
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shown in Figs. 10(a) and 10(b), indicating critical cross
section radius R, with all fundamental PH modes cut off
(i.e., pure HP modes), upper limit of wavelength range
(lower limit of mode number) with HP modes possessing
small mode number cut off at a given cross section radius
R., and variable range of cross section radius R, for specific
lasing wavelength applications.

It is well known that O factor and mode volume are two
important parameters of a ring resonator, particularly at
deep-subwavelength scale. Moreover, for lasing applica-
tions using a ring resonator or a ring cavity, a high Purcell
factor and a low threshold gain are also desirable [18].
Shown in Figs. 11(a) and 11(b) are Q factor, mode volume,
Purcell factor and threshold gain as a function of the ring
radius R, (H, = 5 nm, R, = 50 nm). Figure 11(a) depicts the
ring radius R, dependence of the Q factor and mode
volume. For simplicity, when taking an ideal case into
consideration and ignoring the scattering loss caused by
fabrication-induced surface roughness, the total Q factor of
the ring resonator (Qiora1) 1 determined by the radiation
loss and material absorption loss following a relationship
of 1/Qwtal = 1/Qraq + 1/Qaps, Where Q.4 denotes the
weighed impact of radiation loss of the ring resonator,
which only considers the geometry-related radiation loss
by removing the absorption part of the material; Qaps
represents the weighed impact of material absorption loss.
As shown in Fig. 11(a), when changing R, from 300 to 800
nm, a fast increase of Q,,q from 250 to 113150 is expected,
which indicates that the ring resonator with a relatively
larger ring radius R, features a significant reduction in
radiation loss of. It is interesting to find that the total Q
factor is dominated by the radiation loss under a small ring
radius (R, <400 nm) while determined by the absorption
loss under a large ring radius (R, > 400 nm). Also, a large
mode volume is achievable under a large ring radius R,.
The mode volume increases from 5.44x 10 * to 1.37x10
um?® as increasing the ring radius R, from 300 to 800 nm.

A higher Purcell factor and a lower threshold gain are
always highly desirable to facilitate efficient cavity feed-
back and high efficiency for lasing applications. Shown in
Fig. 11(b) is the ring radius R, dependence of the Purcell
factor and threshold gain. Under a ring radius R, = 400 nm,
the highest Q factor together with a relatively small mode
volume is obtained as shown in Fig. 11(a), resulting in a
maximum value of 813 for the Purcell factor (F},) as shown
in Fig. 11(b). For the threshold gain inversely proportional
to the Q factor, a minimum value of 1400 cm ' is achieved
under a ring radius R, = 400 nm. It is also found that one
can always get a relatively low threshold gain ranging from
1407 to 3187 cm™ as changing the ring radius R, at sub-
micron size varying from 300 to 800nm. From the
obtained results depicted in Figs. 11(a) and 11(b), it is
expected that a compact laser with deep-subwavelength
scale, high Q factor, small mode volume, large Purcell
factor and low threshold gain might be available by
employing an active hybrid plasmonic ring resonator.
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Fig. 11 Ring radius R, dependence of (a) Qiotats Orads Qabs, mode
volume and (b) Purcell factor and threshold gain for the HP mode
(Hy = 5nm, R, = 50nm) [33]

6 Fabricated hybrid plasmonic waveguides
[34]

We design and fabricate a vertical hybrid plasmonic
waveguide assisted by two tapers for efficient coupling
between hybrid plasmonic mode and dielectric mode.
Figure 12(a) depicts the schematic structure. Figures 12(b)
and 12(c) plot electric field distributions of different hybrid
modes under Si waveguide width Wg; = 500 nm and Wg; =
300 nm, respectively. One can clearly see that narrower Si
width benefits efficient confinement of hybrid plasmonic
mode in the gap region between Si and Au. Figure 12(d)
shows the mode evolution process during the light
propagation along the waveguide. The hybrid plasmonic
waveguide is fabricated on a silicon-on-insulator (SOI)
wafer whose top silicon thickness is 220 nm with 2-um-
thick buried oxide (BOX) layer. The fabrication is carried
out in following steps. First, a 220 nm thick Si pattern is
generated using electron-beam lithography (EBL) fol-
lowed by induced coupled plasma (ICP) etching. Then a
220 nm thick gold layer is evaporated on the top of BOX
layer close to the Si waveguide by electron beam
evaporation after the metal evaporation window is open
using EBL overlay technology. Figure 12(e) depicts
scanning electron microscopy (SEM) image of a 20-pm
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5 um

Fig. 12 (a) Structure of hybrid plasmonic waveguide; electric
field distributions in cross section of the waveguide at (b)Wsg; =
500nm and (c) Ws; = 300nm, respectively; (d) evolution of
electric field distribution propagating along the waveguide; (e)
scanning electron microscopy (SEM) image of fabricated hybrid
plasmonic waveguide [34]

long hybrid SPP waveguide. We further use the fabricated
hybrid plasmonic waveguides for terabit-scale data
transmission showing potential use in photonic intercon-
nection. More details of the obtained results and discussion
can be found in Ref. [34].

7 Broadband generator of orbital angular
momentum (OAM) carrying vector beams
[35,36]

Phase and polarization are two important properties of
electromagnetic waves. Spatial phase or polarization
control can create “vortex beams” which have recently
attracted increasing interest in a variety of applications.
There are two types of vortex beams. One class of vortex
beams with phase singularity is featured by a helical
phasefront of exp(img), where m is topological charge and
@ is azimuthal angle [53]. Such helical beams carry orbital
angular momentum of mh per photon. OAM-carrying
vortex beams have seen wide applications in optical
manipulation, imaging and optical communications [54—
57]. Another class of vortex beams with polarization
singularity is characterized by spatially variant polarization
of a(p) = lp + apy, where [ is the polarization order and a is
the initial polarization orientation for ¢ = 0 [58]. Such
vector beams, including widely known examples of

radially (/ = 1, ay = 0) or azimuthally (/ = 1, ay = /2)
polarized vector beams, have many applications in optical
trapping, spectroscopy and super-resolution microscopy
[59]. Furthermore, OAM-carrying vector beams, which
combine both “helical” and “vector” features, can give
accesses to the spatial phase and polarization and might
provide more degrees of freedom for beam manipulation.

We propose and design compact metal-assisted meta-
materials to enable broadband generation of OAM-
carrying vector beams. Figures 13(a) and 13(b) depict
the structure and geometric parameters of metal-assisted
metamaterials. We design two concentric rings in a gold
film with a thickness of 2 =200 nm. Each ring is composed
of 42 rectangular apertures with gradually varied orienta-
tion. The rectangular aperture array in the gold film can
enhance the transmission of linearly polarized light
(perpendicular to the aperture direction which might be
explained as follows: 1) the localized waveguide resonance
(each air aperture can be regarded as a truncated
rectangular waveguide with four metal walls and two
sides open to air); 2) the property of the surface plasmon
resonance due to the aperture array [60,61]. Hence, each
rectangular aperture can be regarded as a localized linear
polarizer. By controlling the orientation angle of rectan-
gular apertures, we can construct desired spatially variant
polarizers to generate OAM-carrying vector beams with
right or left circularly polarized input light beam [35].
Figure 13(c) shows an example of phasefront and spatial
polarization after passing though the metamaterials, which
indicates the generation of OAM-carrying vector beam
from circularly polarized beam.

Figure 14 depicts spatial distributions of phase, power
and polarization of output beams under the excitation of
input left circularly polarized light (E;, = [1 i]"). We set the
wavelength at 1550 nm to characterize the properties of
generated OAM-carrying vector beams. The employed
metamaterials has an orientation angle of a(p) = lp + oy,
where [ varies from + 3 to —3 and o = 0. We use E; and
E, to represent the electric field components along
directions of e (¢) and e,(p) in Fig. 13(b), respectively.
The Ist row of Fig. 14 shows spatial phase distribution of
E1, indicating that output beams carry OAM with a charge
number of / from + 3 to —3. The 2nd and 3rd rows of Fig.
14 show spatial power distributions (Pyo<|E;*, Pyox|E»[*)
along directions of e;(¢) and e,(p), respectively. It is found
that the power component P, is much larger than P,. The
extinction ratio (ER), defined by 10 X log,o(Pi/P>),
exceeds 20 dB. Hence, the electric field component E,
along the direction of e,(¢) can be ignored. The 4th and 5th
rows of Fig. 14 show spatial power distributions (P, P,)
along x and y axes, respectively. The alternative bright and
dark power distribution implies that the polarization state
rotates with the azimuthal angle ¢. The 6th row of Fig. 14
shows calculated spatial polarization distribution, implying
the generation of vector beams with a polarization order of
[ from + 3 to —3. The obtained results shown in Fig. 14
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Fig. 13 (a) Schematic structure of metamaterials for generating
orbital angular momentum (OAM)-carrying vector beams; (b)
geometric parameters: the radii are 7; = (i + 6.3) x 700 nm (i = 0,
1) and the orientation angle is a(p) = lp + oo (I =2, ag = 0 as an
example) with respect to the x axis. The rectangular aperture has a
dimension of 600nm x 140 nm; (c) illustration of generating
OAM-carrying vector beam (OAM charge number: 2, polarization
order: 2) [35]

confirm the successful generation of OAM-carrying vector
beams using metal-assisted metamaterials.

We also study the operation bandwidth. Metamaterials
with orientation angle of a(p) = lp + oy (/ = 1,2,3) are
considered. Left circularly polarized light is adopted as the
input excitation source. We use ER and purity to
characterize the quality of the generated OAM-carrying
vector beams. Figure 15(a) plots ER as a function of
wavelength. One can clearly see the high-quality broad-
band generation of OAM-carrying vector beams ranging
from 1000 to 2500 nm, i.e., from near-infrared to mid-
infrared. For /=1 and 2, the ER is kept above 20 dB over a
1500 nm bandwidth (1000 —2500 nm). For / =3, ER > 16
dB over a bandwidth of 1500 nm (1000—2500 nm) and
ER > 20 dB over a bandwidth of 800 nm (1000 — 1800 nm)
are achieved. Shown in Fig. 15(b) is the wavelength-
dependent purity for OAM-carrying vector beam (/ = 3),
which is larger than 0.85 over a bandwidth of 1500 nm
(1000—2500nm). The insets depict weight spectra as
functions of OAM charge number and polarization order
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P,

polarization

Fig. 14 Spatial distributions of phase, power and polarization of
generated orbital angular momentum (OAM)-carrying vector
beams (o = 1: left circularly polarized input beam, g, = 0: along
the direction of e;(p)) [35]

number at 1550 nm. High values of purity are achieved.

In Fig. 13(a), two concentric rings are used to excite a
single OAM-carrying vector beam. Actually, one ring can
also enable the generation of one OAM-carrying vector
beam. Hence, it is possible to generate multiple OAM-
carrying vector beams by forming multiple concentric
rings in a gold film as shown in Fig. 16, where each ring
contains a rectangular aperture array with each aperture
acting as a localized polarizer. In particular, it is expected
to selectively generate different orders of OAM-carrying
vector beams by shining the circularly polarized light
source onto different concentric rings.

Figure 17(a) shows ER as a function of wavelength. One
can see broadband operation from 1000 to 1550 nm with
an extinction ratio above 20 dB, which indicates high-
quality broadband (~500 nm) generation of OAM-carrying
vector beams. We further study the fabrication tolerance by
evaluating the performance dependence on the initial
orientation angle a;y of the rectangular aperture. Figure 17
(b) shows the extinction ratio as a function of the initial
orientation angle a, of rectangular apertures in the second
ring. The extinction ratio is kept above 20 dB when ay is
varied from —1° to 7°. The obtained range of initial
orientation angle around 8° implies good fabrication
tolerance of the designed metamaterials. We use E;; and
E>; to denote the electric field components on the
directions of e;,(¢) and e,,(¢) (similar to e;(p) and e>(p)
in Fig. 13(b)), respectively. We calculate the phase of Ey;
and the power components on directions of e, {¢), €2:(9), x
and y axes, which are presented by P;, P,, P, and P,,
respectively. The spatially variant polarization state of the
OAM-carrying vector beams is also calculated. These



Jian WANG. A review of recent progress in plasmon-assisted nanophotonic devices 333

m
=
S
Ei
=]
S
3
£
|5
20
!
near-infared i mid-infared
15 1 1 1 1 1 1 1 1
1000 1250 1500 1750 2000 2250 2500
wavelength/nm
(@
1.00
=3
0.95
0.90
=
£ 085 0 0
= @ -10 @ -10
o =
0.80 |2 20 2 -20
e =)
. 2-30 2-30
' M35 10123 3510123
0 OAM charge number Polarization order number

1000 1250 1500 1750 2000 2250 2500
wavelength/nm

(b)

Fig. 15 Wavelength-dependent (a) extinction ratio (ER) and (b)
purity for the generation of orbital angular momentum (OAM)-
carrying vector beams. Insets in (b) show weight as functions of
OAM charge number (left) and polarization order number (right) at
1550 nm [35]

results are shown in Fig. 17(c). Clearly, the power
components on the direction of e1,(¢) is much larger than
that on the direction of e,p). The phase distributions in
Fig. 17(c) indicate that the electric field component E;;
carries OAM with a charge number of m =i (i = 1, 2, 3).
Spatial distribution of P,, P, and the polarization state
confirm that the OAM-carrying vector beams have a
polarization order of / =i (i = 1, 2, 3). More details of the
obtained results and discussion can be found in Refs. [35]
and [36].

8 Conclusions and discussion

In summary, we have reviewed our recent progress in
plasmon-assisted nanophotonic devices and applications
including LRHPS waveguide, compact plasmonic micro-
resonator with efficient thermo-optic tuning, high Q factor
and small mode volume, compact active hybrid plasmonic
resonator for deep-subwavelength lasing applications,
fabricated hybrid plasmonic waveguides for terabit-scale
photonic interconnection, and metamaterials-based broad-
band and selective generation of OAM-carrying vector
beams.

For the LRHPS waveguide, the idea comes from both
traditional long-range surface plasmon polariton wave-
guide and hybrid plasmonic waveguide or slot waveguide.
It combines both low absorption (long propagation range)
property of the long-range surface plasmon polariton
waveguide and tight mode confinement property of the
hybrid plasmonic waveguide or slot waveguide. These
mixed features offer a millimeter-scale propagation range
together with a subwavelength mode confinement, which
could be used in highly-compact photonic circuits. With
future improvement, the LRHPS waveguide can be further
optimized along two directions as follows. 1) In addition to

@

(b)

Fig. 16 (a) Schematic structure of metamaterials; (b) geometric parameters: the radius of the ring is ;= (2i 4+ 0.3) x 700 nm, wherei =1,
2 and 3. The rectangular aperture has dimensions of 600 nm x 140 nm and an orientation angle of a,(¢) = ip + a;o with respect to the x axis

[36]
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Fig. 17 (a) Wavelength-dependent extinction ratio for three OAM-carrying vector beams; (b) dependence of extinction ratio on the
initial orientation angle a,, (second ring); (c) spatial distributions of phase, power components and polarization [36]

Si-nc, some other types of materials can also be used as
two slots, depending on different desired material proper-
ties. 2) The LRHPS waveguide includes a metal film, two
low-index slots and two high-index claddings on a
substrate, which provide multiple degrees of freedom to
tailor the waveguide geometry. Consequently, the engi-
neering of propagation length, normalized power and
intensity, nonlinearity and dispersion is available to fulfill
different kinds of applications. For instance, a LRHPS
waveguide with high nonlinearity and low chromatic
dispersion is beneficial to efficient nonlinear signal
processing, such as wideband wavelength conversion
based on four-wave mixing, supercontinuum, etc.

For the ultra-compact plasmonic microresonator with
efficient thermo-optic tuning, high Q factor and small
mode volume, the area of dielectric-metal contact interface

is of great importance and depends on the side length of
hexagonal shape of ZnO, which could be reduced to ~ 100
nm or smaller while still maintaining a highly confined
mode. Additionally, the temperature control for thermo-
optic tuning can be fulfilled by various mechanisms (e.g.,
the electric current induced heating). This type of
plasmonic resonator might see potential applications in
wavelength-selective on-chip elements, thermal sensing,
etc. This microresonator has potential in on-chip compo-
nents, thermal sensing, and micro/nano-lasing.

For the compact active hybrid plasmonic resonator for
deep-subwavelength lasing applications, the designed
structure can be further engineered to be applicable for
lasing applications at different wavelength bands. Either
the high-index nanowire or the low-index gap layer can be
considered as the gain medium region, offering more
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flexibility to facilitate desired lasing wavelength bands.
The available resonance wavelength can be extended in the
near-infrared band regardless of lasing wavelength range
of gain material. That is, one may choose other appropriate
gain materials with specific lasing wavelength range to
enable a flexible ring resonator laser operating at desired
wavelength band. Benefiting from the round-trip whisper-
ing-gallery-like mode properties, the designed active
hybrid plasmonic ring resonator structure can avoid the
undesired loss due to imperfect reflection at end-facets of
previously reported straight plasmon laser structure with
Fabry-Pérot-like cavity. Hence, active hybrid plasmonic
ring resonator is expected to greatly improve the Q factor.
However, how to efficiently collect and output light from
the ring resonator appears to be a challenge. Spiral
structure could be a possible solution with detailed
performance evaluation on the way to be carried out
[62]. Moreover, the whole footprint of the proposed active
hybrid plasmonic ring resonator is pretty small (sub-
micron size), showing a potential compact lasing solution.

For the fabricated hybrid plasmonic waveguides for
terabit-scale photonic interconnection, both high operation
speed and ultra-compact dimension are achieved using
plasmonic devices, which combines advantages from high-
speed photonic devices and nanoscale electronic devices.
With future improvement, optimization of structure design
and fabrication technique would be expected to further
reduce the propagation loss. Hence, longer hybrid
plasmonic waveguides with centimeter-scale and bending
hybrid plasmonic waveguides might be available to
facilitate greatly enhanced flexibility of chip-scale photo-
nic interconnection.

For the metamaterials-based broadband and selective
generation of OAM-carrying vector beams, accesses to
both spatial phase and polarization of beams offer
additional degrees of freedom which might be used in
optical communication systems [57]. One could either
generate a single OAM-carrying vector beam for a given
structure or selectively excite different OAM-carrying
vector beams by designing metamaterials with multiple
concentric rings in a gold film each containing a self-
arranged rectangular aperture array. With further develop-
ment, relying on similar working principles of local
waveguide resonance and surface plasmon resonance, it
is possible to fully explore much wider applications with
metal-assisted metamaterials, e.g., simultaneous genera-
tion and flexible manipulation of multiple OAM-carrying
vector beams.

Plasmonics is an exciting new device technology, which
exploits the distinct optical properties of metallic nanos-
tructures to facilitate high-speed routing, manipulation and
processing at the nanoscale. Although plasmonics bridges
photonics and electronics and plasmon-assisted nanopho-
tonic devices feature superior performance in terms of high
operation speed and ultra-compact device dimension, it is
also highly desirable to promote the compatible-mergence

by integrating plasmonic, electronic, and conventional
dielectric photonic devices on the same chip and taking full
advantage of the strengths of each technology.
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