
LASER

& PHOTONICS

REVIEWS
Laser Photonics Rev. 8, No. 3, 394–408 (2014) / DOI 10.1002/lpor.201300168

R
E
V
IE
W

A
R
T
IC
L
E

Abstract Plasmonics has attracted a lot of interest in the past

few years because of its unique features, especially for its ability

to confine light in extremely small volumes. However, application

of plasmonics is restricted by the large propagation loss asso-

ciated with plasmonic waveguides. On the other hand, dielec-

tric waveguides enjoy low loss, although the mode confinement

is relatively weaker. Hybrid plasmonic waveguides (HPWGs),

which combine these two guiding mechanisms, allow one to uti-

lize the benefits of both technologies. Over the past few years

there have been intense research activities around the world

on this new guiding scheme. In this work the operating princi-

ple of HPWGs, various HPWG structures proposed by different

research groups, and their potentail applications are reviewed.

A marriage of convenience: Hybridization of surface plasmon

and dielectric waveguide modes
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1. Introduction

Recent progress in nanofabrication has given researchers
the ability to control the structure and properties of ma-
terials at an unprecedented level. A combination of this
progress and the availability of high performance comput-
ing resources have revolutionized many branches of sci-
ence and technology, notable among them photonics. One
very promising branch of photonics is plasmonics which
deals with the study and application of surface plasmons
(SPs) [1–3]. SPs are surface waves supported by metal-
dielectric interfaces at optical wavelengths. SPs have many
attractive features for example, high field intensity at the
metal-dielectric interface, resonant behavior, ability to con-
fine light at nanometer scales, and slow group velocity.
These features make plasmonics attractive for many ap-
plications ranging from integrated optics, biosensing, solar
cells, nanolithography and near field microscopy. At opti-
cal wavelengths metals have complex permittivity, and as
a result plasmonics waveguides suffer from large propaga-
tion losses, which poses a challenge. Plasmonic waveguides
losses are proportional to their optical mode confinement,
i.e. more confined modes suffer more losses. To achieve a
satisfactory compromise between the loss and confinement
many different plasmonic guides have been proposed in-
cluding the metal slot [4–6], the insulator-metal-insulator
[7], channel [8], the dielectric loaded metal [9], and metal
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wedge [10]; but the large propagation losses still limit the
usefulness of plasmonic waveguides for many applications.

A comparison of standard dielectric waveguide with a
plasmonic waveguide reveals that the advantages and limi-
tations of these guides are complimentary. This is illustrated
by comparing the guided power density profiles of a silicon-
on-insulator (SOI) waveguide and a metal slot plasmonic
waveguides which are shown in Fig. 1(a) and (b). The SOI
waveguide provides the highest level of confinement among
all dielectric waveguides, and the loss of such a guide can
be very low (less than 1 dB/cm), but as shown in Fig. 1(c)
the mode size for such a waveguide is still several hundred
nanometers. In contrast, as shown in Fig. 1(d), the mode
size of a plasmonic slot waveguide can be less than 50 nm
but the propagation loss is more than 5000 dB/cm.

A natural question to ask is what happens if we try
to combine these two guiding mechanisms? The answer is
the hybrid plasmonic waveguide (HPWG) which is a new
branch of plasmonics that has been receiving a growing
amount of interest. Although the field of hybrid plasmonics
is only few years old, the activities in this area have been
impressive. A large number of papers have been published
which have proposed various types of HPWG structures,
have examined their guiding principle and modal character-
istics, and have considered applications of HPWG ranging
from polarizers, ring resonators, couplers, nonlinear op-
tics, biosensors, and nanolasers. This review paper aims at
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Figure 1 Schematics of (a) SOI waveguide.

(b) Metal slot waveguide. (c) and (d) Power con-

finement of the structures shown in Fig. 1(a)

and (b) respectively.

summarizing important progresses in this exciting research
area.

The paper is organized as follows. In Sec. 2 we review
the principle of operation of the HPWG and discuss some
of the HPWGs proposed to date. In Sec. 3 we consider
the advantages and limitations of the HPWG. In Sec. 4
we discuss applications of the HPWG for various devices
such as polarizers, polarization splitters, polarization ro-
tators, directional couplers, power splitters, microring (mi-
crodisk) resonators, modulators, switches, optical tweezers,
and nonlinear devices.

Sub-diffraction limited laser is a very important area of
HPWG research [11] and has been recently reviewed [12].
Therefore, we would refrain from discussing these devices
in detail in this review, and focus mostly on passive devices.

2. Various types of hybrid
plasmonic waveguides

The first HPWG was proposed by the researchers at the
University of Toronto in 2007 [13]. As shown in Fig. 2(a)
the structure consists of a rectangular piece of silicon of
dimension 100 nm × 60 nm separated from a silver surface
by a 100 nm thick silica spacer. In the absence of the metal
the silicon nanowire supports a dielectric waveguide mode
which is concentrated in the silicon core. On the other
hand, when silicon nanowire is not present, the metal-silica
interface supports a SP mode. When the silicon nanowire
is close to the metal surface but separated by a thin spacer

layer (e.g. silica), the two modes couple and a super-mode is
formed which as shown in Fig. 2(b) is highly concentrated
in the low index spacer layer. A detailed analysis of the
modes supported by this structure was reported in [14,15].

It should be pointed out that multilayer waveguides con-
sisting of metal and dielectric layers have been extensively
studied in the past; for example in [16], but in a different
context. The focus of such works was to use the hybridiza-
tion of the SP and dielectric waveguide modes to extinguish
the TM mode, and design a TE-pass polarizer. The waveg-
uides investigated in [16] had very low index contrast (only
a few percent), and as a result the confinement in the spacer
region was small. Moreover, there has not been any study
on the use of the mode hybridization to implement compact
waveguide devices, nor there has been any investigation re-
garding the possibility of achieving highly localized field
intensities using the mode coupling. It is only in recent
years and with the introduction of high contrast waveguide
platforms such as SOI that it has become possible to design
and test HPWGs such as the one shown in Fig. 2.

It should also be pointed out that application of the
coupled mode theory in the case of HPWG is not straight
forward. Results obtained from conventional coupled mode
theory are valid only for large waveguide spacing, i.e.
weakly coupling conditions [17]. Non-orthogonal coupled
mode theory can provide satisfactory results for strong cou-
pling condition, but only for low index contrast waveguides
[18]. In the case of HPWGs, the gap between the two con-
stituent waveguides is usually very small and one of the
constituent guides is typically a high index waveguide.

Figure 2 First proposal of the HPWG.

(a) Cross section of the structure.

(b) Guided power density profile at

0.8 µm wavelength.
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Figure 3 Various types of HPWG.

As a result a straight forward application of the coupled
mode theory is not possible. However, this does not mean
that coupled modes are not formed in these waveguides. As
long as the difference between the effective mode indices
of the two constituent waveguide modes is not too large
and the guides are in close proximity, coupled modes will
be formed. The characteristics of the modes in the HPWGs
under various conditions have been studied in [19–25].

Since the first proposal of the HPWG in 2007 [13],
many different HPWG structures have been discussed in
the literature. Some of these designs are shown in Fig. 3.
Figure 3(a) shows the HPWG analyzed by Oulton et al.
in 2008 [26]. The structure is very similar to that reported
in [13], except for a few minor variations. Instead of the
high index silicon waveguide with rectangular cross section
considered in [13], Oulton et al. have proposed the use of
a high index GaAs waveguide with circular cross section
(see also Fig. 2). The structure is difficult to integrate with
other components on a chip due to its circular cross section.
A comparison between the HPWGs of Refs. [13] and [26]
in terms of light confinement will be presented later in this
section.

Dai et al. have investigated a HPWG which consists
of a metal cap on a SOI ridge guide with a silica spacer
(Fig. 3(b)) [27]. A silicon strip loaded with a metal cap with
a low index spacer in between was reported in [28]. While
the structures reported in [27,28] retain all the advantages of
the structures proposed in [13, 26], their implementation is
more straightforward. Therefore, many subsequent HPWG
devices proposed have used the metal cap topology. Dai
et al. have also proposed a HPWG that consists of two
nano-slots at the two sides of a high index core [29]. Unlike
most other HPWGs which support a TM type hybrid mode,
this guide can support a TE hybrid mode. For a 50 nm
wide HPWG with double 10 nm wide slots, the power
confinement in the nano-slots can be as high as 85%.

Flammer et al. have proposed a HPWG which can be
implemented with a combination of surface oxidation and
metal patterning (Fig. 3(c)) [30]. Since no etch step is nec-
essary, fabrication of this HPWG is much simpler than most
others.

Most HPWGs proposed to date utilizes the coupling of
SP supported by a planar metal surface with a dielectric
waveguide. The mode size achievable for these guides is
limited by the mode size of the SP. Bian et al. have inves-
tigated a HPWG consisting of a metal wedge and a high
index waveguide (Fig. 3(d)) [31]. Since the mode size of
the wedge plasmon is smaller than that of the planar SP,
the mode size of the wedge HPWG is also smaller than the
planar HPWGs.

Metal nanowires are well known as plasmonic waveg-
uides which have a very high level of light confinement
[32]. Kuo et al. have proposed to form a HPWG by sep-
arating silicon from a metal nanowire by a silica spacer
[33] (Fig. 3(e)). The hybrid mode supported by this guide
provides good confinement, long propagation distance, and
ease of coupling with dielectric waveguides.

Although in a HPWG the field intensity in the spacer
region can be greatly enhanced by reducing the spacer
thickness, such an enhancement is accompanied by a re-
duction in the total power present in the spacer region. In
order to simultaneously achieve high field intensity and
large field confinement in the spacer, Bian et al. have pro-
posed an HPWG consisting of a high index stripe em-
bedded inside the spacer region between a semiconduc-
tor ridge and metal surface [34] (Fig. 3(f)). By combining
dielectric slot wave guiding with hybrid plasmonic guid-
ing, this structure can enhance the power confinement by
50% and reduce the mode area by 50 to 60% as com-
pared to conventional HPWG. A combination of channel
wave guiding and HPWG was also considered by Bian et al.
(Fig. 3(g)) [35]. The waveguide provides significantly better
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Figure 4 Comparison of coupling

lengths for rectangular and circular

HPWG for various waveguide spacing

(D).

confinement compared to the channel plasmon guides for
moderate propagation loss.

Hang et al. have investigated a HPWG consisting of a
multilayer dielectric waveguide structure and a metal plane
[36] (Fig. 3(h)). Multilayer dielectric waveguides can sup-
port surface waves known as Bloch waves, which suffers
lower losses than the SP, but their confinement is relatively
low. By using the HPWG configuration shown in Fig. 3(h),
confinement of the Bloch mode can be greatly enhanced.

The absolute value of the permittivity of a metal is much
higher than that of the high index dielectric layer (|εm|>εhi)
in a typical HPWG. Belan et al. analyzed the characteristics
of a HPWG when the condition |εm|<εhi is satisfied [37].
Their calculation shows that under this condition, a much
stronger confinement can be achieved. While the authors
have not suggested any particular material system for im-
plementation of this type of HPWG, future work may result
in novel devices which utilize this principle.

The above description of various HPWGs is far from
complete. Many other types of HPWGs have been inves-
tigated numerically and demonstrated experimentally, in-
cluding symmetric HPWG consisting of a thin metal and
two high index layers [38,39], cylindrical HPWG [40], and
many others [41–52].

As can be seen from Figs. 2 and 3 both circular and rect-
angular cross sections of the HPWG have been proposed
by various groups. To use the HPWG platform to design
practical devices, it is important to know which geometry
provides a better performance in terms of the light confine-
ment and losses. A major application area for the HPWG
is the integrated optics. For integrated optics, lateral con-
finement is more important than the vertical confinement.
A convenient way of comparing the lateral confinement is
to compare the coupling length when two identical HPWG
are placed close to each other. In such a comparison, the
longer coupling length implies a better light confinement.
Figure 4 shows the result of such comparison. According to
[26], the minimum mode size for a HPWG with a circular
cross section is achieved for a nanowire with 200 nm radius

and spacer thickness of 2 nm. A rectangular HPWG with a
silicon nanowire width and height of 190 nm and 220 nm
and spacer height of 10 nm has the same propagation length
as the aforementioned HPWG with circular cross section.
Figure 4 compares the coupling lengths as a function of
waveguide spacing for these two geometries. From the fig-
ure it is evident that the rectangular structure outperforms
the circular structure for any waveguide spacing. As a re-
sult of various advantages of the rectangular cross section,
almost all HPWGs designed and implemented to date use
a rectangular cross section.

3. Advantages and limitations of HPWG

Since the HPWG is a combination of a dielectric and a plas-
monic waveguide, it provides a number of benefits which
are difficult to achieve by either technology alone. The most
well known advantage of the HPWG is its ability to offer a
better compromise between the loss and confinement than
the pure SP mode. This advantage is illustrated in Fig. 5.
Figure 5(a) and (b) show the schematics of a HPWG and a
single metal-dielectric interface. The dimensions and ma-
terial properties for the two structures are chosen properly
to achieve equal propagation distance for the guided mode
for both structures at 1.55 µm wavelength. As the figure in-
dicates the HPWG provides a better compromise between
the loss and confinement compared to the purely plasmonic
waveguide.

In a conventional dielectric waveguide light is confined
in the high index medium. But there are many applications -
for example, biosensing and fluorescence - where guiding in
a low index medium is preferred. The ability of the HPWG
to guide light in the low index medium makes it a very
attractive choice for these applications.

Polarization diversity is another distinct advantage of
the HPWG over conventional plasmonic waveguides. To il-
lustrate the polarization diversity of the HPWG Fig. 6 shows
the mode profiles for both TE and TM modes of a HPWG.
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Figure 5 Comparison of guided power density profile for the SP and hybrid modes for the same propagation losses. (a) HPWG

waveguide, (b) SP waveguide, (c) guided power density profiles for the two modes at 1.55 µm wavelength. The coordinate system

used is also shown. The xz plane coincides with the metal-dielectric interface for both structures. Reproduced from [14].

Figure 6 (a) Schematic of the HPWG cross section. (b) Power density profile for the TM mode in the cross section. (c) Power density

profile for the TE mode in the cross section. Wavelength of operation is 1.55 µm. Dimensions of the waveguide are w = 350 nm,

t = 200 nm, h = 150 nm, d = 150 nm and T = 2 µm.

The structure supports a TM mode, which is of a hybrid
nature, and concentrated in the low index spacer region as
shown in Fig. 6(b). The TE mode, on the other hand, is
concentrated in the high index layer as shown in Fig. 6(c).
Since the TE and TM modes are guided in two different
regions, their behavior can be adjusted almost independent
of each other by changing the properties and dimensions
of the corresponding layers. This diversity in polarization,
as compared to conventional plasmonic waveguides which
only support TM modes, can be utilized to design devices
where the control of polarization is important. Some exam-
ples of such devices are: polarizers, polarization rotators,
and new types of sensors and biosensors.

The large propagation loss of the plasmonic guides
makes the implementation of fully plasmonic circuits im-
practical for most applications. A more realistic approach
would be to integrate plasmonic devices with other high in-
dex contrast waveguides - for example, waveguides based
on the SOI platform. In such cases, the dielectric waveg-
uides can guide the light into and out of the plasmonic or
HPWGs, and the plasmonics or HPWGs can be used to
execute a specific function - for example, polarization con-
trol, modulation, or sensing. Fabrication of HPWGs is fully
compatible with the standard fabrication processes used in
integrated optics, and HPWGs offer the opportunity to si-
multaneously take advantages of both SOI and plasmonics
technologies.

Despite their many advantages, HPWGs have also some
limitations which should be carefully considered. Although

HPWGs provide a better compromise between loss and
confinement as compared to purely plasmonic guides, they
still suffer large propagation losses as compared to purely
dielectric waveguides. Some of the claims regarding the
superiority of the HPWGs over other plasmonic guides are
in our judgment too strong. This confusion arises from
the difficulty in choosing a proper definition of the mode
size for plasmonic guides. Unlike dielectric waveguides
whose field profiles are usually circular or elliptical, the
field profiles of plasmonic guides are more complicated,
and there is no general agreement on how the mode size
of various plasmonic guides should be compared. Oulton
et al. in their well-known work on HPWG [26], defined the
mode size as

A =
1

max{W (r )}

∫

W (r )d A (1)

Here, W(r) is the energy density of the mode at location
r and the two dimensional integration is carried out up to
infinity over the cross section of the waveguide. Using this
definition they concluded that the mode size for the HPWG
is at least an order of magnitude smaller (for comparable
propagation distance) than previously reported plasmonic
guides. Although HPWGs provide very high field intensity
and good confinement, a significant amount of power is
still concentrated in the high index nanowire. Therefore, this
definition of mode size is not an indication of the true extent
of the guided mode or the overall mode profile. Among
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Figure 7 (a) SEM image of the HPWG TE-

pass polarizer (b) Insertion loss for TE and

TM modes for a 30 µm long HPWG TE-pass

polarizer. Reproduced from [57].

the plasmonic researchers, this definition of the mode size
has been used only by the HPWG researchers. Results of
the comparison of plasmonic waveguides can be different
depending on the definition of the mode size used. The issue
has been discussed in detail in [53–55].

Another limitation of HPWGs is the fabrication com-
plexity required to produce these devices. Unlike dielectric
waveguides, which can be fabricated by a single etch step,
fabrication of HPWG requires more steps. This fact should
also be taken into account when considering the cost of
using HPWG for a particular application.

4. Applications of HPWG

As explained in Sec. 3, HPWG offers number of important
advantages, for example, compatibility with silicon pho-
tonics, good compromise between loss and confinement,
polarization diversity and ability to guide light in low index
medium. Not surprisingly, there has been a major effort
to utilize these properties for various applications. Here
we briefly review some of the major application areas of
HPWG.

4.1. Passive integrated optic devices

4.1.1. Polarization control devices

The on-chip control of polarization is very important for
ensuring proper operation of many photonic devices, espe-
cially in the case of high index contrast systems such as
SOI. The concept of HPWG can be used to implement
various polarization control devices such as TE- and
TM-pass polarizers, polarization rotators and polarization
splitters.

The design of a HPWG based TE-pass polarizer was
reported in [56]. This device uses the fact that since the
TM mode is confined in the spacer close to the metal, it
is always more lossy than the TE mode. By choosing the
material properties and waveguide dimensions properly, it
is possible to make the propagation loss of the TM mode to
be much larger than that of the TE mode [56]. Sun et al. have
experimentally demonstrated a TE-pass polarizer using the
same principle as shown in Fig. 7(a) [57]. This is the shortest

broadband SOI based TE-pass polarizer reported to date
[58]. As shown in Fig. 7(b), insertion losses for both TE
and TM modes match very well with simulation results for
their design.

When the spacer of the HPWG is relatively thick (on
the order of hundred nanometers or more) the TE mode
in HPWG is relatively unaffected by the presence of metal.
However the situation changes significantly for a thin spacer
layer. Although noble metals such as gold and silver cannot
be considered to be perfect conductors at optical wave-
lengths, they still can be considered “good conductors” i.e.,
their permittivities have large negative real parts and as a
result they oppose the existence of tangential electric field
on the surface. As a result, for a thin spacer layer, the TE
mode which has the dominant electric field tangential to
the metal surface is pushed out of the core and reaches cut
off. A design of a TM-pass polarizer was presented in [59]
which utilizes this property. The simulated extinction ratio
and insertion loss for the TM-mode are 21.8 dB and 3.2 dB,
respectively.

Chee et al. have experimentally demonstrated a HPWG
polarization splitter (Fig. 8(a)) [60]. The central part of the
device is a three-way coupler shown in Fig. 8(b), which
consist of a Cu-SiO2-Si HPWG sandwiched between two
silicon waveguides. The dimensions of the HPWG are cho-
sen in such a way that it supports only the TM mode. As
the result a TM mode launched at the input waveguide
transfers from one silicon waveguide to the other silicon
waveguide through the HPWG, while no such coupling
takes places for the TE mode (it stays in the input waveg-
uide). Figure 8(c) shows the normalized transmission of
both modes for a 6.4 µm long splitter. Extinction ratios
of 12.3 and 13.9 dB were achieved for the TE and TM
modes, together with insertion losses of 2.8 dB and 6 dB,
respectively.

L. Gao et al. proposed an alternate design of HPWG
based polarization splitter [61]. Their device is an asym-
metric directional coupler consisting of a HPWG separated
from a silicon waveguide by a small gap. The large asymme-
try of the directional coupler results in high birefringence.
As a result, TM modes supported by the two guides couple
strongly; whereas, the coupling for the TE mode is weak.
For 4.13 µm device length, they predicted extinction ra-
tios of 20.9 dB and 16.4 dB for the TM and TE modes,
respectively.
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Figure 8 (a) Optical microscope image of the HPWG polarization splitter (b) Cross section of the HPWG (c) Transmission spectra.

Reproduced from [60].

Polarization rotator is another very important compo-
nent for on chip control of polarization. Most polarization
rotator designs reported to date are based on either mode in-
terference or adiabatic mode evolution. The former is com-
pact (∼10 µm) but have narrow bandwidth (∼25 nm) [62].
The latter, on the hand, require longer length (>100 µm) to
achieve sufficient extinction ratio and they usually require
uncommonly thick silicon waveguides or additional mate-
rial layers [63, 64]. Caspers et al. have proposed [65] and
experimentally demonstrated [66] a HPWG polarization ro-
tator. The device consists of a silicon waveguide separated
from a silver film by a thin silica spacer layer (Fig. 9(a)).
The width of the silicon and thickness of the spacer is kept
constant but the width of the silver film gradually decreases
along the length of the device. The electric field tends to
stay orthogonal to the metal surface. Therefore, as the sil-
ver is tapered away from the top of the metal, the input TM
mode of the waveguide is converted into a TE mode. An
SEM image of a fabricated polarization rotator is shown
in Fig. 9(b) and the performance of the device for various
device lengths is shown in Fig. 9(c). For a 3.7 µm long
device, the device provides a polarization extinction ratio
of 13.5 dB, while the insertion loss for the device can be as
low as 1.5 dB.

4.1.2. Directional couplers and power splitters

Power dividers and couplers are among the most common
components in integrated optics. Various compact HPWG

power dividers and couplers with good performance char-
acteristics have been proposed.

Dai et al. have proposed a compact 50:50 multimode
interference (MMI) power splitter using the HPWG [67].
The length and width of the MMI section are 500 nm and
650 nm, respectively; and 500 nm long tapers at both input
and output are used. The predicted power transmission of
the coupler is more is about 91%. Various design issues for
HPWG power splitter, and Mach-Zehnder interferometer
have been analyzed in Refs. [68, 69].

HPWG directional couplers have been investigated by
many researchers [68–75]. These devices can be used to
overcome some of the limitations of dielectric waveguide
directional couplers. Examples of such limitations are: cou-
pler’s narrow-band response and sensitivity to the excitation
wavelength.

The power transfer efficiency of a directional coupler
depends on the ratio of the field amplitudes and their relative
phases at the inputs. This dependency can be used to make a
cascade of directional couplers where the overall system is
wavelength insensitive. By tuning the length of the first cou-
pler and the length of the phase delay line, one can control
the input field amplitude and phase for the second coupler
in such a way that it cancels out the wavelength dependency
of the first coupler section. A design to achieve a broadband
coupler operation based on this principle, where a HPWG
is used to implement a phase delay line, was reported in
[70]. The device consists of two symmetric silicon waveg-
uide couplers connected by an asymmetric section which

Figure 9 (a) Schematic of the polarization rotator (b) SEM image of the fabricated device (c) Extinction ratio and insertion loss of the

rotator for various device lengths. Reproduced from [66].
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Figure 10 (a) SEM image of HPWG

microdisk resonator. (b) Transmission

spectra. Reproduced from [76].

consists of a silicon waveguide separated from a HPWG. By
adjusting the lengths of the two symmetric coupler sections
and by adjusting the phase delay provided by the asymmet-
ric section, broadband operation over 150 nm for a coupler
length of only 8.3 µm can be achieved.

Another limitation of directional couplers is their high
polarization dependency. This is especially true for high
index contrast SOI waveguides. For a given polarization
(TE or TM) the coupling length of a directional coupler
corresponding to that polarization (L i

C , i = TE or TM) is

given by L i
C = π/�β i , where �β i is the phase difference

between the even and odd TE or TM supermodes. Since
in a HPWG the TE and TM modes are confined in two
different layers, the properties of these two modes can be
controlled independently in such a way that �β i becomes
equal for both polarizations for the same length. The device
then operates as a polarization independent coupler [71].

Lou et al. have experimentally demonstrated an ultra-
compact HPWG directional coupler [72]. The measured
coupling length for their device was as small as 1.55 µm,
and propagation loss of the HPWG was 0.08 dB/µm which
makes it a good candidate for future ultra-dense photonics
integrated circuits (PICs).

4.1.3. Microring and microdisk resonators

Microring and microdisk resonators are useful for many
applications including filtering, optical modulation and
biosensing. HPWG based microring and microdisk res-

onators have been numerically and experimentally inves-
tigated by a number of groups [76–84]. Lou et al. have
fabricated microdisk resonators consisting of a 56 nm thick
layer of silica sandwiched between a gold layer and 400 nm
thick amorphous silicon layer (Fig. 10(a)) [76]. Transmis-
sion spectra for some of their fabricated devices are shown
in Fig. 10(b). The extinction ratio for the 5th and 4th order
resonances of a microdisk resonator of 525 nm radius are
5.5 dB and 10 dB, respectively; and the quality factor for
these two resonances are 350 and 110, respectively.

Tang et al. have investigated microring resonators for
which the metal is horizontally separated from the high
index medium [77] to reduce the radiation losses. FDTD
simulation predicts an extinction ratio of 13 dB and a free
spectral range of 260 nm for a microring radius of 0.5 µm.

Silicon has a large positive thermo-optic coefficient. As
a result, microring resonators based on silicon waveguides
or gold-silica-silicon HPWG are highly sensitive to tem-
perature, which may limit their use in many applications.
Zhu et al. proposed the idea of replacing the silica spacer
with a material with negative thermo-optic coefficient (e.g.
titanium oxide, TiO2) to achieve athermal operation [78].
They chose copper, instead of gold, as a metal to make the
HPWG more compatible with CMOS fabrication technol-
ogy (Fig. 11). For a Cu-TiO2-Si HPWG microring resonator
they experimentally demonstrated a 50% reduction in ther-
mal sensitivity as compared to a Cu-SiO2-Si device.

High index contrast HPWG (e.g. those using silicon and
CdS) although compact in size, also has larger propagation
loss. Horvath et al. suggested the use of lower index contrast

Figure 11 (a) Schematic of a Cu-TiO2-Si HPWG ring resonator (b) Cross section of the waveguide. (c) XTEM image of the fabricated

HPWG. Reproduced from [78].
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Figure 12 (a) SEM image of HPWG electrooptic modulator (b) Electric field intensity in the active region of modulator (c) Modulator

performance for various drive voltage. Reproduced from [86].

HPWG to reduce the loss [79]. By using a Au/Silica/SU-8
HPWG, they achieved quality factor close to 300, which is
among the highest for plasmonic microring resonators.

Since microring and microdisk resonators require
waveguide bends, radiation loss becomes an issue for small
band radius. To minimize radiation loss and crosstalk be-
tween adjacent waveguide, the HPWG structure proposed
in [85] can be considered. In this case the metal is separated
from the high index medium by a horizontal gap, which re-
duces the cross talk between adjacent HPWG devices.

4.2. Modulators and switches

Electro-optic modulators and switches are among the most
important components for optical communication. Silicon
based electro-optic modulators usually depend on weak
nonlinear effects and are large in size. Microring resonators
can reduce the modulator size but they have a narrow band-
width and are highly sensitive to temperature. A number
of HPWG modulators and switches have been proposed to
overcome the above limitations [86–90].

Sorger et al. have experimentally demonstrated a mod-
ulator using a gold-ITO-silicon HPWG [86] (Fig. 12(a)).
When a forward bias voltage (gold is positive and silicon is
grounded) is applied across the waveguide, an accumula-
tion layer is formed inside the HPWG which increases the
imaginary part of the refractive index of the ITO and hence
the propagation loss of the HPWG increases. Figure 12(a)
shows the fabricated device. As shown in Fig. 12(b) the
electric field density for the active region of the device is

highly concentrated in the ITO layer. The extinction ra-
tio for 5 µm and 20 µm long devices was reported to be
5 dB and more than 20 dB, respectively. The transmis-
sion characteristics of the device are shown in Fig. 12(c).
The high extinction ratio, moderate insertion loss and large
bandwidth (more than 1000 nm) makes the device a very
attractive candidate for future PICs.

Mott insulators (e.g. vanadium oxide) experience a
metal/insulator phase transition under thermal or electri-
cal excitations. Such a transition results in a large change in
material properties. For example the index of VO2 changes
from n = 3.243+0.3466i for the insulating phase to n =

1.977+2.53i in the metallic phase at a wavelength of
1550 nm. Joushaghani et al. demonstrated a sub-volt hy-
brid plasmonic VO2 switch (Fig. 13(a)) [87]. The device
is formed by depositing a 300 nm thick silver film on a
820 nm silica spacer layer over a VO2 film. A 5 µm wide
strip perpendicular to the waveguide acts as a thin film
heater to heat the local volume of VO2. The mode pro-
files for two different temperatures are shown in Fig. 13(b)
and (c). This change in mode profiles is accompanied by
a large change in propagation losses. Figure 13(d) shows
the measured transmission as a function of input current.
The switching bandwidth of the device exceeds 100 nm and
400 mV drive voltage is sufficient to achieve an extinction
ratio over 20 dB.

Ooi et al. have proposed using a metal-TiO2-VO2-TiO2-
metal waveguide to implement a compact electro absorption
modulator [88]. When the VO2 is in metallic phase, the de-
vice acts like a metal-insulator-metal waveguide and light
passing through the guide experiences large attenuation.

Figure 13 (a) SEM image of VO2 broadband coupler (b) and (c) Electric field intensities of the guided modes for two different

temperatures. (d) Transmission of the device for various input currents. Reproduced from [87].
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The device in this situation is in the off-state. When the
VO2 turns to the insulator phase, the waveguide acts like a
HPWG and power is confined in the low loss TiO2 spacer
layer. The propagation loss of the guided mode is thus
greatly reduced and the device is in the on-state. According
to the numerical calculations presented in [88] a 200 nm
long modulator can provide a modulation depth of around
10 dB and low insertion loss (∼1 dB). The predicted driving
voltage for the device is 4.6V and the total energy consump-
tion is only 2.6 fJ/bit.

Sun et al. have proposed a modulator that consists of a
Ag-Polymer-Si-Polymer-Ag structure [89]. Since the struc-
ture has two spacer layers on two sides of the silicon core,
it supports two hybrid modes having different field profiles
and effective mode indices. As these two modes propagate
down the HPWG, power transfers from one waveguide to
the other periodically, which affects the power coupled to
the output waveguide. According to their finite element
simulation when no voltage is applied to the modulator the
power transmission through the device is 16% and it drops
to 1% when 6 volt voltage is applied across the HPWG, i.e.,
the device can provide an extinction ratio of 12 dB at 6 volt
driving voltage. The device has a very small capacitance
and parasitic resistance, and as a result it has a modula-
tion bandwidth of more than 40 GHz. Power consumption
predicted at this speed is 0.27 mW.

Finally, Li et al. have investigated the design of a 16-
point quadrature amplitude modulation scheme using the
HPWG [90]. The design uses two HPWG based phase
shifters where highly nonlinear polymer is used as the
spacer medium. They predict that for a device size of less
than 100 µm, a modulation bandwidth of more than 1 THz
can be achieved with an insertion loss of approximately
5.17 dB.

4.3. Optical force and optical tweezers

The optical force for a waveguide mode can be obtained
from the dispersion relation [91]

F =
ng

neff c

∂neff

∂g

∣

∣

∣

∣

k

P L (2)

Here ng and neff are the group index and effective in-
dex of the guided mode, g is the spacing between the two
waveguides which will be the spacer region height in case
of HPWG, c is the speed of light, L is the length of the
waveguide, k is the wave vector, and U = ngPL/c is the
total energy stored in the optical mode. The formation of
HPWG results in strong energy localization in the spacer
region, and as a result, HPWG can exhibit optical forces
which are orders of magnitude higher than these guides, as
has been theoretically predicted by Yang et al. [91], and
analyzed further in [92, 93]. H. Li et al. has recently mea-
sured the magnitude of optical forces in the HPWGs [92].
They implemented a HPWG which is formed by separating
a free standing section of silicon waveguide from a metal by
a small air gap. By using a Mach-Zehnder interferometer

they verified the existence of significant optical forces in the
HPWG. For a gap size of 20 nm, the measured optical force
per unit length was approximately 100 pN/µm.mW, which
is 200 times larger than that of a silicon nanowire coupled to
a silica substrate. Because of its small size and large optical
force, HPWG can be very useful for various applications
including reconfigurable optical circuits, mechanical mem-
ory operation, and all optical signal processing.

Due to the diffraction limited size of optical beams,
it is very difficult to manipulate nano size objects using
conventional optical traps. As pointed by Yang et al. it is
very difficult to trap nanoparticles of size less than 14 nm
with 1.5 watt optical power for a single beam gradient
optical trap [91]. Optical trapping force on a nanoparticle
is given by

F = −
nm

2
α∇E2 (3)

Here, nm is the refractive index of the medium sur-
rounding the particle, α is the polarizability of the particle
and E2 is the square of the magnitude of the electric field.
The large energy concentration in the spacer layer of the
HPWG and the large field gradient in this region make
the HPWG very attractive for optical trapping application.
Yang et al. have carried out a theoretical investigation of
the possibility of using the HPWG for optical trapping [91].
According to their calculation, for a polystyrene particle of
5 nm diameter, the optical force in a HPWG with a cir-
cular cross section of the high index medium, the optical
trapping force can be 435 fN/W whereas the force is only
11.6 fN/W in the photonic mode. In addition, as one crosses
the center point along the horizontal direction, the sign of
the force is reversed, which indicates that a nanoparticle
should be trapped exactly underneath the waveguide. This
phenomenon can be used to implement optical tweezers for
various nanoscale applications.

4.4. Nonlinear devices

Plasmonic waveguides have a number of features which
are very beneficial for nonlinear effects. Using a plasmonic
guide, one can achieve very high field intensity on the
metal surface which will enhance nonlinear effects sig-
nificantly. In addition the properties of plasmonic modes
are also highly sensitive to the dielectric properties near the
metal surface. Thus it is possible to use a control beam to
modify the properties of a material on the metal surface,
which in turn controls the propagation of a signal beam
Additionally the response of plasmonic signal can be on
the order of few femtoseconds which offers the possibility
of ultrafast signal processing. Because of these advantages
nonlinear plasmonics has been a very active area of research
[94]. Many promising applications of nonlinear plasmon-
ics are ultimately limited by the large loss of plasmonic
modes. Since HPWG offers a combination of low loss and
high power density, it has attracted a lot of attention for
various nonlinear applications, including second harmonic

www.lpr-journal.org C© 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER

&PHOTONICS

REVIEWS

404 M. Z. Alam, J. S. Aitchison, M. Mojahedi: A marriage of convenience: Hybridization of surface plasmon and dielectric modes

generation, parametric amplification and phase regenera-
tion of optical signals [95–101].

Y. Su has analyzed a step-structure HPWG for applica-
tion in nonlinear optics [95]. The structure is similar to the
one proposed by Dai et al. [27], with the exception that in
addition to a metal cap above the high index ridge, it also has
a metal cladding which extends on both sides. With these
extra degrees of freedom, this structure can attain a good
compromise between loss and confinement. The optimized
structure can confine light to a mode area of (λ/180)2 and a
propagation distance of 172 is µm. By filling the gap spacer
region by the highly nonlinear polymer region regular poly
3-Hexy 1 Thiophene (RR-P3HT), the achieved nonlinearity
can be 2 to 3 orders larger than that of conventional silicon
waveguide. For a 0.5 watt input power, this structure acts
as a parametric oscillator with a peak gain of 14 dB and the
3 dB gain bandwidth covers the entire C, L and S bands.

Lu et al. have investigated the second harmonic genera-
tion efficiency of a HPWG consisting of a Lithium Niobate
slab separated from a silver film by a small air gap [96].
The air gap here plays the dual role of reducing propagation
loss and increasing field confinement, which enhances non-
linear interactions. The fundamental mode of this structure
(1.55 µm wavelength) is a hybrid mode and concentrated
in both high index medium (Lithium Niobate) and air gap.
Power for the second harmonic (775 nm) is concentrated
in the high index layer. For 1 watt input power, the second
harmonic generation efficiency can be around 1.3% and the
maximum of second harmonic is reached over a distance
of 1 mm in this case. Although the overlap between the
fundamental and second harmonic modes are slightly less
than those of purely plasmonic guides, the reduced loss of
the HPWG greatly increases the second harmonic gener-
ation efficiency in the former case. The second harmonic
generation efficiency of the HPWG described in Lu. et al. is
on the order of a few percentage whereas that of a dielectric
loaded SP guide is only 0.024%.

J. Zhang et al. have investigated the phase relation be-
tween the signal and pump wave in a symmetric HPWG
[97]. Their numerical analysis showed that when the phase
of the incoming signal wave is around π but not differing by
more than π /2, it stabilizes to π after propagating through
HPWG in presence of the pump wave. If on the other hand,
the phase of the signal wave is around zero but not different
by more than π /2, then it stabilizes to zero. They proposed
to use this phase squeezing phenomenon to regeneration
of phase shift keyed (PSK) signal. The use of HPWG for
phase regeneration has two advantages: It can regenerate
phase over a very short distance (less than 200 µm) and
the characteristics of the phase regenerator can be tuned
by controlling the phase of the pump wave. Such a device
can be very useful for all-optical signal processing in future
nanophotonic circuits.

4.5. Biosensor

The energy of surface plasmon waves is highly concen-
trated at a metal/dielectric interface and as a result such

waves are very sensitive to any change near the metal sur-
face. Since the hybrid mode provides a higher concentration
of power near the metal surface as compared to surface plas-
mons [14], it also offers a higher sensitivity to changes on
the surface [102–106]. Zhou et al. investigated a HPWG
sensor based on the microring configuration [102]. The
predicted sensitivity of their device is 580 nm/RIU which
is much larger than those of dielectric waveguide resonator
(163 nm/RIU) and dielectric slot waveguide (298 nm/RIU).
The radius of the HPWG microring resonator is also much
smaller (1 µm) as compared to the slot waveguide (5 µm).
Such a sensor can be very useful for lab-on-chip biosensing
system.

Although plasmonics has established itself as the dom-
inant technology for affinity biosensing, it suffers from a
number of limitations. Since a conventional plasmonic sen-
sor only supports a TM mode, the number of linearly in-
dependent measurements that such a sensor can carry out
is limited. For example, for conventional plasmonic sen-
sor, it is very difficult (if not impossible) to determine both
adlayer index and adlayer thickness and one of these two
is usually assumed known. It is also difficult to differenti-
ate between the bulk and surface changes and such sepa-
ration requires an additional reference channel. Since the
HPWG supports both TE and TM modes, the number of
independent measurements it can provide is twice the con-
ventional plasmonic sensors. As a result a HPWG sensor
can be used to simultaneously detect the adlayer thick-
ness and index. Furthermore, to separate the bulk and sur-
face changes a HPWG sensor does not require a reference
channel (i.e. it can perform a self-referenced measurement)
[103, 104].

4.6. Gain medium and laser

Although losses associated with the HPWG are lower than
many plasmonic guides, further reduction of losses will
make the HPWG more attractive for many applications.
One way to reduce the propagation losses (or even make
the waveguide lossless) is to incorporate a gain medium
in the HPWG [107–110]. Depending on the geometry and
material properties, the gain required for lossless propaga-
tion can be greatly different. Dai et al. have investigated the
gain requirement for a HPWG consisting of an inverted top
metal rib separated from a high index rib structure [107].
According to their calculation, the loss can be completely
compensated when using a low index medium with gain
176 dB/cm. If the high index region is the gain medium, the
gain required is about 200 dB/cm. Zhang et al. have inves-
tigated a HPWG consisting of a silver cladding layer with
a semi-cylindrical bump on top of an InGaAsP nanowire.
The gain required for lossless propagation in this case is
approximately 1223 cm−1 [108]. Gain required for loss-
less propagation in a HPWG similar to the one described
in [30] was investigated by L. Gao et al. [109]. In this
case, power confinement is relatively low, and as a re-
sult gain requirement for lossless propagation is also lower
(3.8 cm−1). Very recently almost 100% loss compensation
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Figure 14 (a) Schematic of the HPWG formed

by dye doped PMMA sandwiched between a

silver film and ZnO nanowire. Photolumines-

cence (PL) image in the inset shows emission

from dye molecules excited at the center of the

waveguide (marked by dashed circle) coupling

to deep subwavelength mode and scattering to

far field at the ends of the waveguide. (b) Vari-

ation of spontaneous emission (β) and PL en-

hancement with gap thickness (g). Reproduced

from [112].

for a CdSe nanobelt/Al2O3/Ag guide was experimentally
demonstrated [110].

4.7. Other applications

Although the previous subsections summarizes some of the
major areas of HPWG research, the list is far from complete.
For example, Luo et al. have designed an on-chip HPWG
light concentrator [111]. Using a taper of submicron length
on a gold-silica-silicon nitride structure, they achieved a
field concentration factor of above 13.

The high level of localization of light achievable in the
HPWG makes it very attractive for fluorescence enhance-
ment as has been experimentally demonstrated by Sorger
et al. In their experiment they fabricated a ZnO semicon-
ductor nanowire on a PMMA coated silver surface [112].
The PMMA contained oxazine dye molecules and as a re-
sult the dye molecules in the spacer region experience the
high field intensity resulting from formation of the hybrid
mode [Fig. [14](a)]. Sorger et al. have measured a reduction
in emission life time up to 60 times relative to the intrinsic
lifetime of dye molecules over the spectral bandwidth of
emission. About 85% of the molecular emission couples to
the HPWG mode, and the photoluminescence is enhanced
by five times (Fig. 14(b)) [112]. Such a structure is promis-
ing for applications in transfer of quantum information and
efficient light extraction beyond cavity limited bandwidth.
Efficient coupling of dielectric and HPWG waveguides is
important for most applications. A number of works to
achieve this have been reported [113–117].

5. Perspective and challenges

Although hybrid plasmonics is a relatively new area of re-
search, the activity in this field has been truly impressive.
Many devices including polarizers, modulators, couplers,
lasers, light concentrator, nonlinear devices and biosen-
sors have been proposed and experimentally demonstrated.
However, other areas where the HPWG can find useful ap-
plications remain relatively unexplored. Most HPWG de-
vices are designed for silicon on insulator platform. Al-
though there has been some theoretical investigation of

HPWGs on other semiconductors such as AlGaAs and InP,
there is a scarcity of experimental work in this area. More
work in this area may result in useful and novel devices; for
example, compact and highly efficient nonlinear devices.

The concept of HPWG can also be used to implement
very compact devices at longer wavelengths. Since at longer
wavelengths, there are more choices for materials with high
index of refraction, there is potential for new types of de-
vices at these wavelengths.

Another relatively less studied area is sensors and
biosensors based on the HPWG platform. The high inten-
sity optical fields achieved by HPWGs can be used to make
novel and more sensitive sensors. For example, metal nano-
particles can be placed in the spacer region of a HPWG to
improve the sensitivity of Raman spectroscopy.

Finally, as it is the case with any practical field, when
designing a new device it is important to carefully con-
sider the limitations of the technology being used. It is also
important to choose the proper figure of merit when com-
paring the performances of devices designed for different
purposes.
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H. Schmid, C. A. Ramos, Í. M. Fernandez, J. Lapointe, M.

Vachon, S. Janz, and D.-X. Xu, Opt. Lett. 37(3), 365–367

(2012).

[63] J. Zhang, M. Yu, G.-Q. Lo, and D.-L. Kwong, IEEE J. Sel.

Top. Quantum Electron. 16(1), 53–60 (2010).

[64] L. Chen, C. R. Doerr, and Y.-K. Chen, Opt. Lett. 36(4),

469–471 (2011).

[65] J. N. Caspers, M. Z. Alam, and M. Mojahedi, Opt. Lett.

37(22), 4615–4617 (2012).

[66] J. N. Caspers, J. S. Aitchison, and M. Mojahedi, Opt. Lett.

38(20), 4054–4057 (2013).

[67] J. Wang, X. Guan, Y. He, Y. Shi, Z. Wang, S. He, P. Holm-

ström, L. Wosinski, L. Thylen, and D. Dai, Opt. Exp. 19(2),

838–847 (2011)
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