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Abstract
Nanoplasmonics deals with the collective oscillation of electrons at the surface of metallic
structures at the nanometer scale. It possesses advantages including nanofocusing of
electromagnetic waves beyond the optical diffraction limit to enhance local electric field
intensity and femtosecond-level relaxation times. With the advances in the fundamental
understanding of nanoplasmonics in the past two decades as well as the development of
nanofabrication technology, nanoplasmonics has found significant practical applications in life
sciences, optical manipulations, and high-speed telecommunications. Many structures for
nanoplasmonic optical antennas are demonstrated with a focus on improving electric field
intensity and extending working wavelength range. The integration of microelectromechanical
systems (MEMS) with nanoplasmonics enables dynamically tunable nanoplasmonic
metasurfaces. Meanwhile, the introduction of nanoplasmonic metasurfaces into MEMS systems
enhances the performance of MEMS photothermal devices, absorbers, emitters, and equips
MEMS photonic device with selectivity. The accurate excitation of, and nanofocusing in
nanoplasmonics structures are realized by using photonic waveguide input, while photonic
waveguides equipped with nanoplasmonic features present higher modulation speed and
perform photodetection/sensing functions in a much smaller footprint. Future developments will
mainly involve further enhancements in concentrating the electric field, miniaturization of the
well-defined nanoplasmonic structures, and realizing the full integration of nanoplasmonics,
MEMS, photonic waveguides, and the advanced electronic system using the standard CMOS
fabrication technology toward compact micro/nano-systems. With these developments,
handheld portable sensors, compact tunable optical manipulation devices, ultra-high-speed
chip-scale modulators with high production volume and low-cost are envisaged for healthcare,
Internet-of-Things, and data center applications.
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1. Introduction

Nanoplasmonics is the study of electromagnetic (EM) phe-
nomena caused by the collective oscillation of electrons at the
surface of nanoscale metallic structures when they are subjec-
ted to EM wave excitation. The incoming EM wave displaces
the free electrons in the metal periodically with respect to the
lattice. Due to the electrostatic force which serves as the restor-
ing force, the oscillation of free electrons occurs whose quanta
is called surface plasmon (SP). Limited by the metal’s skin
depth and the nonlocality length, the SP has a length scale from
2 nm to 20 nm, showing its ability to confine light in a volume
below the optical diffraction limit [1]. The ultra-compactness
gives rise to the highly concentrated electric field, benefiting
photothermal, nonlinear, and sensing applications. In addition,
the relaxation time of the SP is on the order of 10–14 s, which is
a promising property for high speed modulation [1]. There are
fundamentally two types of SP: the localized surface plasmon
resonance (LSPR) excited on the subwavelength scale metal
nanostructure and the propagating SP excited on the thin metal
surface [2]. The latter is also commonly referred to as the sur-
face plasmon resonance (SPR).

In the past two decades, the advances of nanoplasmonics
in terms of fundamental physics including quantum plasmon-
ics [3] and nonlinear plasmonics [4] have been witnessed.
With these physical understanding, the field of nanoplas-
monics has been further developed with significant functions
found in applications including surface enhanced Raman
spectroscopy [5], surface enhanced fluorescence [6], single
molecule detection and sensing [7], nanoplasmonic photo-
voltaics [8], EM metasurface [9], and optical modulation
[10]. In recent years, the research interests also migrated
from stand-alone functional nanoplasmonic components to
integrated optical systems. Here, we categorize optical micro-
systems (>1 µm2) and optical nano-systems (<1 µm2) by the
active nanoplasmonic area. Although most demonstrations
have been focused on optical micro-systems, rapid develop-
ments in optical nano-systems are envisagedwith the advances
in fabrication technology. As illustrated in figure 1, up to
2019, nanoplasmonics-based optical micro/nano-systems
have been realized for various practical applications, mainly
including biochemical/physical sensing featuring photo-
detector/light source/nanoplasmonics integration [11, 12],
optical manipulation featuring MEMS/nanoplasmonics integ-
ration [13], and high-speed communication featuring Si
photonics/nanoplasmonics integration [14, 15].

Nanoplasmonic optical antenna (also commonly called
nanoantenna) is the major category of commonly used
LSPR structures [32]. With the advances in nanofabrication
technology, nanoantenna with a critical dimension of sev-
eral micrometers as well as nanometer gaps are achieved.
Many structures have been investigated to enhance the elec-
tric field intensity and increase the operational bandwidth.
These include nanorod antennas, circular shape nanoanten-
nas, asymmetric nanoantennas, vertical metal-insulator-metal
(MIM) nanoantennas, and complementary nanoantennas.
When numerous nanoantennas are placed in a designed order
on a surface, nanoantenna arrays are formed, performing the

function of nanoplasmonic metasurfaces for large scale sens-
ing or optical manipulation applications [33]. Traditionally,
the properties of the nanoplasmonic metasurface for LSPR
are adjusted by tailoring the structure geometry or controlling
the material properties. Thanks to the microelectromechanical
system (MEMS) technology, reconfigurable nanoplasmonic
metasurfaces can be realized with dynamic tuning capability
[34, 35]. Conversely, nanoplasmonic metasurfaces also bene-
fits MEMS bolometers, emitters, and absorbers by providing
stronger light concentration and equipping the devices with
wavelength and polarization selectivity [36, 37].

Nanoplasmonics is also integrated with photonic wave-
guides to take advantages of both individual platforms to
realize moderate loss and highly efficient optical manipula-
tion [38]. Many works focus on exciting SPR using dielec-
tric waveguides to achieve on-chip integration and nanofocus-
ing. LSPR nanostructures are also fabricated on waveguides
to enhance photo detection, sensing, and realize on-chip phase
modulation.

In this review, we focus on the nanoplasmonics-based
integrated optical micro/nano-systems, including fundamental
nanostructures used in artificially fabricated nanoplasmon-
ics, the integration of MEMS technology with nanoplasmonic
metasurfaces, and the integration of photonic waveguides with
nanoplasmonics. The fabrication methodologies involved in
this review are all based on lithography. Instead of providing
a comprehensive review of the entire field of nanoplasmon-
ics, the emphasis of this article is on the overview of applic-
ations nurtured by integrating nanoplasmonics with other
optical components which forms optical micro/nano-systems.
The applications include biochemical/physical sensors, optical
manipulation, and high-speed communication. Comprehens-
ive reviews on the physics and nanoplasmonic components for
various applications can be found in [1, 5–9]. Section 2 intro-
duces the nanostructures whose aim is to enhance the optical
confinement and achieve broadband response in nanoanten-
nas. In section 3, different MEMS tuning mechanisms are
introducedwith an emphasis onmodulating the amplitude, res-
onant frequency, and phase of nanoplasmonic metasurfaces.
Section 4 discusses the performance enhancement of MEMS
devices by incorporating nanoplasmonics into the system.
Section 5 presents the synergy between photonic waveguides
and nanoplasmonics. In section 6, a discussion on nanoantenna
for IR biochemical applications is reviewed. A summary and
outlook are given at the end of this review.

2. Nanoplasmonic optical antenna structures

In the past decades, many nanoantenna structures have been
investigated for the resonant surface enhanced infrared absorp-
tion (SEIRA) spectroscopy. In order to fabricate the nano-
scale structures, various nanofabrication techniques have been
developed such as electron beam lithography (EBL) [39],
nanostencil lithography [40, 41], colloidal hole mask litho-
graphy [42], nanosphere lithography [43–45], optical litho-
graphy [46], interference lithography [47], direct laser writing
(DLW) [48], chemical preparation methods [49], as well as a
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Figure 1. A roadmap of the development of nanoplasmonics for biochemical/physical sensing, optical manipulation, and high-speed
communication applications in the past 10 years. (From left to right, top row to bottom row) Reprinted from [23], with the permission of
AIP Publishing. Reprinted by permission from Springer Nature: Nature Photonics [24], Copyright (2012). Reprinted by permission from
Springer Nature: Nature Photonics [32], Copyright (2015). From [15]. Reprinted with permission from AAAS. Reprinted by permission
from Springer Nature: Nature [33], Copyright (2018). [27] John Wiley & Sons. Copyright © 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reprinted by permission from Springer Nature: Nature Nanotechnology [28], Copyright (2013). Reprinted from [29],
with the permission of AIP Publishing. [37] John Wiley & Sons. Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
[31] John Wiley & Sons. Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted with permission from [112],
The Optical Society. Reprinted by permission from Springer Nature: Nature Materials [33], Copyright (2012). Reprinted by permission
from Springer Nature: Nature Communications [34], Copyright (2013). Reprinted with permission from [35]. Copyright (2014) American
Chemical Society. Reprinted with permission from [36]. Copyright (2016) American Chemical Society. Reprinted by permission from
Springer Nature: Nature Nanotechnology [29], Copyright (2017). Reproduced from [38]. CC BY 4.0.

combination of these methods [28]. Since we are focusing on
the EMproperties of nanoantenna structures, fabricationmeth-
ods will not be discussed in detail in this review. In this section,
we summarize major nanoantenna structures and their prop-
erties, including nanorod antennas, circular nanoantennas,
asymmetric nanoantennas, nanoantennas with fractal struc-
tures, and vertical MIM structures.

2.1. Planar nanoantenna structures

In nanoantenna design, near-field distribution and far-field
response are two vital characteristics to be considered. Near-
field refers to the subwavelength space near the plasmonic
antenna surface. In the near-field domain, the electric and
magnetic field distribution can be tailored by changing the
geometric shape of the metallic structure which determ-
ines the charge and current kinetics along the metal sur-
face. Also, the near-field intensity plays a significant role in
light–matter interaction, which controls sensing performance
in plasmonic molecular sensors. The far-field response indic-
ates the radiation energy induced by electron oscillation in
plasmonic nanoantenna, which is reflectance and transmit-
tance in the optics field. By engineering the physical struc-
ture of the nanoantenna, different resonant modes can be
achieved to realize various near-field distribution and far-field

response accordingly. Many theoretical models have been
developed to provide an intuitive understanding of the phys-
ics in resonant SEIRA such as coupled harmonic oscillators
[11], the temporal coupled-mode theory [50], and the analogy
to Fano-resonances [51]. Additionally, elaborate simulation
approaches like finite-difference time-domain (FDTD), finite
element methods (FEM), and boundary element methods are
required to analysis plasmonic structures.

In many studies, simple linear nanorod antennas with
micrometer length and nanometer cross-sectional geomet-
ries are widely used in SEIRA [28, 52–56]. Such a nanorod
antenna has a half-wave dipole resonance mode as its funda-
mental mode. The electric field is confined at the two ends of
the nanorod structure and the magnetic field is localized at its
center region. The criteria for incident light to excite the half-
wave dipole resonance mode are to linearly-polarize light with
the electric field vector parallel to the length of the nanorod,
and also vertical illumination. One of the most important prop-
erties of a nanorod antenna is its resonant wavelength and the
corresponding resonance line shape, which are usually meas-
ured in the far-field. For a half-wave dipole antenna, the res-
onant wavelength is given in [57]

λ=
2L
m
na1 + a2 (1)
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Figure 2. Schematic of various nanoantenna structures. (a) Nanorod antenna: (i) nanorod antenna with nanogap (Reprinted with permission
from [61]. Copyright (2012) American Chemical Society.); (ii) 3D nanorod antenna (Reprinted with permission from [54]. Copyright
(2015) American Chemical Society.); (iii) multi-resonant nanorod antenna (Reprinted with permission from [56]. Copyright (2018)
American Chemical Society). (b) Circular antenna: (i) nanoring dimer antenna (Reprinted with permission from [64]. Copyright (2012)
American Chemical Society.); (ii) coaxial zero-mode antenna (Reprinted with permission from [62]. Copyright (2018) American Chemical
Society.). (c) Asymmetric nanoantenna: (i) Fano-resonant nanoantenna (Reprinted by permission from Springer Nature: Nature Materials
[26], Copyright (2012).); (ii) monopole nanoantenna (Reprinted with permission from [65]. Copyright (2011) American Chemical Society.).
(d) Modified bowtie nanoantenna (Reprinted with permission from [66]. Copyright (2012) American Chemical Society.). (e) Fractal
nanoantenna: (i) Cayley tree fractal nanoantenna (Reprinted with permission from [67]. Copyright (2015) American Chemical Society.); (ii)
complementary bowtie fractal nanoantenna (Reprinted with permission from [68]. Copyright (2016) American Chemical Society.). (f)
Vertical nanoantenna: (i) fan-shape MIM nanoantenna (Reprinted with permission from [69]. Copyright (2015) American Chemical
Society.); (ii) vertically coupled complementary nanoantenna (Reprinted with permission from [70]. Copyright (2017) American Chemical
Society.); (iii) nanofluidic hybrid MIM nanoantenna (Reprinted with permission from [71]. Copyright (2017) American Chemical Society.).

where L, m, n are the physical length of the nanorod
antenna,model number and refractive index of the surrounding
medium, respectively. The constant a1 depends on the nanoan-
tenna geometry and itsmaterial while a2 accounts for the phase
associated with the reflection at the nanoantenna end. From
equation (1), the resonant wavelength scales linearly with the
nanoantenna length L and the refractive index of the surround-
ing medium n. In 2008, Neubrech et al reported that resonant
nanorod antenna benefits SEIRA [52]. Because the coupling
between molecules and the nanorod antenna resonance causes
the change of resonance line shape when measuring from the
far-field. To improve the device sensitivity, the coupling condi-
tion can be tailored to realize different resonance line shapes
including electromagnetically induced transparency (EIT) or
Fano resonance [27]. In addition to the resonant wavelength
and the resonance line shape, another significant property of
the nanorod antenna is its coupling strength which is highly

dependent on the intensity of the near-field determined by the
nanorod design. One approach that can significantly enhance
the near-field intensity is squeezing the nanoscale gap between
two nanorod antenna (figure 2(a.i)) [28, 58–63].

In view of sensing applications, one constraint of the planar
two-dimensional (2D) nanorod antenna is its limited exposed
volume to the analytes. To overcome this limitation, a three-
dimensional (3D) nanorod antenna is developed to expose
most of the electric ‘hot-spots’ to the analytes, as shown in
figure 2(a.ii) [54]. Another constraint is that the plasmon–
phonon interaction only happens near the resonant
wavelength. To broaden the detection wavelength range,
Rodrigo et al reported a self-similar multi-resonant nanoan-
tenna array for sensing from near- to mid-infrared (NIR to
MIR) (figure 2(a.iii)) [56]. The nanorod antenna surface
consists of three nanorod antenna arrays corresponding to
three resonant peaks. To avoid the crosstalk between different
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resonant nanorod antennas arrays, the spatial arrangement of
each resonant nanorod array should be carefully designed. In
addition, each peak can be tuned individually by adjusting the
geometry of the individual resonant nanorod antenna array.
The capability of individually tuning each nanorod antenna
in the array is beneficial for detecting multiple IR absorption
peaks.

Circular nanoantenna is another category that can provide
substantial near-field enhancement [62, 64, 72]. Split ring res-
onators (SRR) is a simple structure to confine the electric
field in a small gap [72]. Figure 2(b.i) shows a gold nan-
oring dimers array with 5 nm gap [64]. By shining linearly
polarized incident light with different polarization angles, dif-
ferent resonance modes can be excited. By reducing the gap
between two dimers, the electrical field intensity of the longit-
udinal coupled bonding mode can be enhanced by one order
in magnitude. However, the high electric field intensity is only
achieved at a ‘point hotspot’ in nanoring dimers. To increase
the area of ‘hotspot’ with high electric field intensity, Oh’s
team developed CMOS-compatible coaxial zero-mode reson-
ators with sub-10 nm gaps, which is shown in figure 2(b.ii)
[62]. By etching ALD-grown alumina sacrificial layer, ‘circu-
lar hotspots’ in a 7 nm gap between resonators are formed.

Asymmetric nanoantennas are widely used to realize res-
onance line shapes and modes that are not easily achievable
in other structures [26, 65, 73]. As shown in figure 2(c.i), by
breaking the symmetry of the quadrupole nanoantenna pair, a
frequency mismatch appears in the coupling system. Thus, a
Fano-like resonance line shape can be observed in this asym-
metric structure [26]. Besides, monopole nanoantenna reson-
ance can be achieved by introducing a perpendicular nanorod
to one port of a bipolar nanorod antenna [65]. As shown in
the set of figure 2(c.ii), the dipole nanorod antenna is origin-
ally aligned in the x-direction. Another nanorod aligned in
the y-direction is placed at the left end of the dipole nanorod
antenna, serving as a wire reflector. Figure 2(c.ii) shows
the different resonant wavelengths of the monopole antenna
and the dipole antenna. The two-fold increase in the reson-
ant wavelength verifies the transformation from monopole to
dipole.

Modified bowtie nanoantenna and fractal plasmonic metas-
urface are proposed to achieve high near-field intensity and
multiple resonant peaks, which are beneficial for sensing with
regard to stronger plasmon-phonon coupling and detection
bandwidth [56, 66, 67, 70, 74–77]. As shown in figure 2(d), a
modified bowtie nanoantenna structure is developed to achieve
multiple resonance modes [66]. By shifting the trapezoidal
plasmonic antenna along the bowtie nanoantenna, higher-
order resonance modes corresponding to the different elec-
trical lengths of the separate trapezoidal structure can be
excited. At the same time, bowtie antennas also show stronger
near-field enhancement compared to the nanorod antenna
because of the more confined electric field at the sharper tip
of bowtie structures. Another approach to achieve broadband
multiple resonant peaks is to expand the nanoantenna struc-
ture to cover the whole 2D surface, which is called fractal
nanoplasmonic metasurface [67, 68, 75, 77, 78]. Fractals
exhibit similar patterns at increasingly small scales called

self-similarity, also known as expanding symmetry or unfold-
ing symmetry. Figure 2(e.i) shows the Cayley tree structure for
fractal nanoplasmonic metasurface. By increasing the fractal
order of geometric structure, high-order resonance modes are
also excited [67]. Similar results are also observed in the com-
plementary fractal bowtie nanoantenna, which is shown in
figure 2(e.ii) [68].

2.2. Vertical nanoantenna structures

The planar nanoantenna structures are limited in the 2D plane.
The third spatial direction is veiled so that the freedom of
designing nanoplasmonic structures is not fully optimized. In
order to break through this limitation, vertical nanoantenna
structures are developed. The significant advantages include
perfect absorbtance, high near field intensity, interlayer coup-
ling effect, and larger area ‘hotspot’.

Vertical MIM structures are investigated as a perfect mater-
ial absorber because it can achieve 100% absorbance [79].
Additionally, by introducing a metal mirror at the bottom
metal layer, the quadrupolar resonance mode will be excited,
which brings strong near-field confinement in the dielectric
layer. To quantitatively analyze the MIM structure, in 2013,
Adato et al utilized temporal coupled-mode theory (TCMT) to
derive an intuitive and convincing description of the coupled
plasmonic and Fano-resonance systems [50]. The absorption
is obtained by

A(ω) = 1−R =
4γaeγao

(ω−ωa)
2
+(γae+ γao)

2 (2)

where ωa, γae, γao are the resonant frequency, external loss
and internal loss of plasmonic metamaterial, respectively. Dif-
ferent line shapes of dip (EIT-like) and peak (electromagnetic
induced absorption (EIA)-like) can be achieved by engineer-
ing the ratio of external (γae) to internal loss (γao). Besides
line shapes, near-field intensity determines the overall sens-
itivity of the system. As shown in figure 2(f.i), a pair of
the fan-shape nanoantenna is developed to enhance the near-
field intensity. Compared to the bowtie nanoantenna, nanorod
antenna and nanodisk antenna in both single layer and MIM
structure, the fan-shape nanoantenna exhibits the highest near-
field enhancement thanks to the ultra-confined electric field
between two tips of two fan shape antennas [69]. Densely pat-
terned hot-spots are also realized based on vertically coupled
complementary nanoantennas, as shown in figure 2(f.ii) [70].
Meanwhile, resonance mode switching is achieved in the same
device. When the polarization direction of the linearly polar-
ized incident is parallel to the length of the nanorod, the bipolar
resonance of nanorod is excited. When the polarization angle
rotates by 90◦, the resonant nanoslit at the bottom layer is
excited. By tuning the incident polarization angle, switching
between two resonance modes is achieved to match differ-
ent molecular fingerprints. However, an intrinsic drawback
of the vertical MIM structure for molecular coupling is that
most of the hotspots are confined in the sandwiched dielec-
tric layer, which does not directly interact with molecules. To
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overcome this hurdle, Hwang et al released part of the hot-
spot by partially etching the dielectric layer under the nanoan-
tenna [80]. To further rectify this problem, Le et al proposed a
MIM nanofluidic platform by forming the nanometer air gap
using the bonding of two pieces of plasmonic chips [71]. In
figure 2(f.iii), the nanofluidic metamaterial enables the con-
trollable delivery of small molecules into the most enhanced
field arising from the quadrupole mode of the structures,
forming a plasmon–phonon coupled system. By releasing a
large area of the hotspot in the dielectric layer of the MIM
structure, it offers an ultrasensitive platform for the detec-
tion of IR absorption and molecular sensing. Furthermore, a
drastic change in the characteristic reflectance resulting from
the strong coupling between molecules and plasmonic struc-
tures indicates that particles can also be utilized as triggers
for actively switching the optical property of nanoplasmonic
metasurface.

3. MEMS tunable nanoplasmonic metasurface

As the properties of the nanoplasmonic metasurfaces are
determined by the unit cell geometry, active reconfigura-
tion of the geometry could be the most straightforward and
efficient way to realize dynamically tunable nanoplasmonic
metasurfaces. The feasibility of incorporating MEMS tun-
ing to nanoplasmonic metasurfaces lies in two aspects. First,
the size of MEMS actuator matches well with the size of
unit cells in infrared and terahertz nanoplasmonic metasur-
faces. Second, the electromechanical performances of MEMS
actuators are highly suitable for tuning the EM properties of
nanoplasmonic metasurfaces. Moreover, the advances in the
design and fabrication techniques of MEMS actuators benefit
their integration with nanoplasmonic metasurfaces. Therefore,
incorporating MEMS techniques in nanoplasmonic metasur-
faces has been a popular approach to construct dynamic-
ally tunable nanoplasmonic metasurfaces. For theoretical ana-
lysis and numerical simulations of these MEMS nanoplas-
monic hybrid devices, there are primarily three approaches.
The first approach is using commercial simulation tools. CST
Microwave Studio is the most popular. It is based on finite
integration technique (FIT) and specializes in EM field sim-
ulation. Changes in mechanical field such as displacement
needs to be taken into account by manually reconstructing the
EM model [81]. Another simulation tool is COMSOL Mul-
tiphysics which is based on FEM. Different physical fields
can be directly coupled in COMSOL Multiphysics [82]. The
second approach is utilizing equivalent circuit models. For
both MEMS and nanoplasmonic structures, there are elec-
trical, thermal and electromagnetic equivalent circuit models
[83]. The third approach involves the combination of commer-
cial simulation tools and the equivalent circuit models [84].

3.1. MEMS tuning mechanisms

Various MEMS actuation mechanisms can be applied to nano-
plasmonic metasurfaces to tune their EM properties. Electro-
static actuation is broadly employed because of its inherent

advantages including fast response, low power consumption,
and ease of fabrication. Electrostatic actuators can be util-
ized to obtain both in-plane and out-of-plane displacement.
Originating from the electrostatic actuation mechanism, the
electrostatic comb-drive actuator structure is the most popu-
lar one to provide in-plane reconfiguration. The comb-drive
actuator consists of two sets of electrodes in an interdigitated
fashion with certain lateral overlap. When a voltage is applied
across the two sets of electrode, the patterns of nanoplasmonic
metasurface connected to the moveable set of electrodes move
laterally with respect to the fixed part of the patterns of nano-
plasmonic metasurface [20, 85, 86]. For out-of-plane recon-
figuration, a released cantilever and bottom electrode together
form the SRR structure. By applying voltage between the
released cantilever and the bottom electrode, the generated
electrostatic force drives the cantilever vertically to close the
gap [87, 88].

Thermal actuation is another popular mechanism. One
commonly used configuration is the bimorph actuator, which
comprises two layers of materials. With a large mismatch in
their thermal expansion coefficients, it enables out-of-plane
deformation under temperature change. Consequently, SRR
unit cells supported by bimorph cantilevers possess tunability
[89, 90]. A single-layer material patterned into specific shapes
(such as V-shape) can realize in-plane displacement under
thermal excitation, and be integrated into SRR unit cells for
tuning [91]. Thermal actuation is suitable for achieving large
force and displacement, while its drawbacks are low response
speed and high power consumption.

In addition to electrostatic and thermal actuation, many
other actuation mechanisms, including magnetic and piezo-
electric actuation, also have promising potential in the tuning
of nanoplasmonic metasurfaces. Magnetic actuation employs
Lorentz force on current-conducting wire excited by an
external magnetic field. Valente et al proposed a nanoplas-
monic metasurface consisting of an array of gold nanowires
on chevron silicon nitride strips [92]. With applied bias, the
gold nanowires are driven by the Lorentz force in an external
magnetic field. The deformation of the gold nanowires induces
reversible transmission response of the nanoplasmonic metas-
urface. Piezoelectric actuation utilizes the generated mechan-
ical strain resulting from an applied electrical field. Piezo-
electric actuators can also be integrated with nanoplasmonic
metasurface unit cells, such as SRRs, to control the unit cell
geometry and in turn, modulates the EM response [93].

3.2. Applications of MEMS tunable nanoplasmonic
metasurfaces

The major application of integrating nanoplasmonic metasur-
faces with MEMS actuators is to modulate their amplitude,
resonant frequency, and phase.

As an example of amplitude modulation, Ou et al from
Zheludev’s group at the University of Southampton demon-
strated an electromechanically reconfigurable nanoplasmonic
metasurface operating in the near-infrared [21]. As shown
in figure 3(a), the nanoplasmonic metasurface comprises
pairses of meandering and straight gold nanowires sitting on
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Figure 3. (a) Electrostatically reconfigurable MEMS metamaterial for amplitude modulation. Reprinted by permission from Springer
Nature: Nature Nanotechnology [21], Copyright (2013). (b) Thermally tunable MEMS metamaterial for resonant frequency modulation.
Reprinted from [22], with the permission of AIP Publishing. (c) Electrostatic comb-drive actuated MEMS metamaterial for dynamic tuning
of amplitude, frequency and phase. Reproduced from [84]. CC BY 4.0. (d) Electrostatically tunable MEMS metamaterial absorber and
emitter. Reproduced with permission from [108]. The Optical Society. (e) Electrostatically tunable MEMS metamaterial with preserved
isotropy. Reproduced from [109]. CC BY 4.0. (f) Electrostatically reconfigurable MEMS metamaterial for dynamic switching of anisotropy.
[23] John Wiley & Sons. Copyright © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) Electrostatically actuated MEMS
metamaterial for active polarization control and dynamic wave front manipulation. [110] John Wiley & Sons. Copyright © 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) Plasmomechanical systems through the integration of plasmon resonators and
NEMS actuators. Reprinted by permission from Springer Nature: Nature Photonics [111, Copyright 2015. Reproduced with permission
from 112]. The Optical Society. Reprinted with permission from [113]. Copyright (2018) American Chemical Society.
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silicon nitride strings. With a driving voltage applied to the
neighboring nanowires, the attraction caused by electrostatic
force moves the nanowires in the nanoplasmonic metasur-
face plane, closing the gap between them. As a result, the
electric field becomes more localized in the gap, leading
to changes in transmission and reflection of the nanoplas-
monic metasurface. For driving voltage below critical pull-
in value, reversible modulation can be achieved with the
help of mechanical restoring force. The same group has also
reported amplitude modulation in reconfigurable nanoplas-
monic metasurfaces based on similar nanowire structures but
using thermal actuation [94], magnetic actuation [92, 95], and
electrostriction [24].

Modulating the resonant frequency of nanoplasmonic
metasurfaces is another important effect introduced byMEMS
actuators. Figure 3(b) shows an example demonstrated by
Ho et al [22]. In this design, each nanoplasmonic metas-
urface unit cell consists of an Omega-ring with an inner
disk. The nanoplasmonic metasurface is made of bimaterial
(Al and Al2O3) layers. After vapor hydrofluoric acid (VHF)
release, the Omega-rings bend upwards due to the residual
stress in Al and Al2O3 layers. When a current flows through
the Al metal lines, the device heats up and the Omega-rings
bend downwards. As the gap between the metal and the sub-
strate decreases, the effective capacitance in the nanoplas-
monic metasurface increases, leading to the drop in the res-
onant frequency. Besides thermal actuation, the device can
also be electrostatically actuated through applying potential
difference between the Omega-ring and the substrate. Vari-
ous types of nanoplasmonic metasurface with electrostatically
reconfigurable SRR unit cells were also demonstrated. Differ-
ent tuning effects on the resonant frequency were also real-
ised [96–102]. In addition to modifying the unit cell geometry,
active control of EIT has been realized through changing the
coupling between neighboring bright and dark SRR unit cells
[103, 104]. Not only the coupling between unit cells at a single
layer, but the coupling between unit cells seated on two sep-
arate layers also can be dynamically tuned [84]. As illustrated
in figure 3(c), one SRR array is on a movable silicon frame
actuated by a pair of comb-drive actuators, while the other
SRR array is fixed on a SiNx film. The actuators drive the
movable SRR array layer laterally, leading to the change in
the interlayer inductive and capacitive coupling. This change
modulates the resonant response of the nanoplasmonic metas-
urface. With increasing lateral shift, the two resonant modes
shift in opposite directions as the coupling is weakened. Along
with the resonant frequency modulation, both the transmission
amplitude and the phase at the resonant frequency are modu-
lated. A 180◦ phase shift is achieved at 1.08 THz.

Based on the fundamental functions of modulating amp-
litude, resonant frequency and phase, the integration ofMEMS
actuators with nanoplasmonic metasurfaces can be employed
formore specific applications. One of themost straightforward
applications is to implement a tunable absorbers. To enhance
the absorptivity, absorbers are typically in MIM configuration
with a metallic ground plane. For MEMS tunable nanoplas-
monic metasurfaces, the top metallic metasurface layer and its
supporting dielectric layer are suspended and spaced above the

metallic ground plane. By applying a voltage bias between the
top and bottom metallic layers, the electrostatic force attracts
the metallic-dielectric membrane towards the ground plane to
shorten the separation distance, resulting in a modification of
the absorption spectrum [105, 106]. According to Kirchhoff’s
law of thermal radiation, the absorbers can also work as emit-
ters. Therefore, by tuning the absorption, the emissions of the
absorber can be modulated without temperature change [107].
Figure 3(d) shows a reconfigurable room temperature infrared
emitter based on nanoplasmonic metasurface demonstrated
by Liu and Padilla from Padilla’s group at Duke University
[108]. Integrating the spectral radiant exitance over the range
of their IR camera, 6 µm to 16 µm, their MEMS nanoplas-
monic metasurface emitter is able to change its emitted power
density from 46 Wm−2 in the off-state to 60 Wm−2 in the
on-state. Correspondingly, in the imaging measurement result,
an equivalent temperature change of nearly 20 ◦C from room
temperature was found assuming a temperature-independent
emissivity.

Active polarization control of EM waves is of great interest
for various applications. For EM wave propagating in the
z-direction, the difference in material responses correspond-
ing to the two orthogonal linear x-polarized and y-polarized
states is termed as anisotropy. Active control of anisotropy
is important for numerous interesting applications, such as
variable waveplates, beam splitters and isolators. Pitchappa
et al demonstrated polarization-independent (i.e. isotropic)
resonance switching by integrating microcantilevers into rota-
tionally symmetric unit cell geometry [109]. As illustrated in
figure 3(e), each unit cell of the proposed isotropic MEMS
tunable nanoplasmonic metasurface consists of eight released
cantilevers forming an octagon ring. Such unit cell geometry
is symmetric along both the x- and y-directions. The can-
tilevers are actuated electrostatically along the z-direction,
i.e. the propagation direction of incident wave. As a res-
ult, the rotational symmetry of the unit cell is preserved
when the nanoplasmonic metasurface is reconfigured. Con-
sequently, the fabricated devices show nearly identical elec-
trical inductive-capacitive and dipolar resonances at both on-
and off-states for transverse electric (TE) and transverse mag-
netic (TM) modes. Thereafter, Pitchappa et al proposed aniso-
tropic digital switching through actively tuning the symmetry
of unit cell geometry [23]. As shown in figure 3(f), each
unit cell is composed of four geometrically identical T-shaped
cantilevers placed with π/2 rotational symmetry while two
are released and two are fixed to the substrate. The two
orthogonal released cantilevers can be independently actuated,
which allows four possible reconfiguration states, gaining full
control over anisotropy. The measured transmission spectra
clearly show different x- and y-polarization responses corres-
ponding to the movable cantilever in its on- and off-states.
The anisotropy defined as the intensity ratio between x- and y-
polarization was measured as 2.65 at 0.8 THz. Utilizing nano-
plasmonic metasurfaces with anisotropic response, dynamic
control of polarization can be achieved. Zhao et al demon-
strated a tunable waveplate realized by electrostatically actu-
ated microcantilever array working in the transmission mode
[81]. The resonant frequency of the x-polarized incident light
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is modulated by the tunable capacitor formed between the can-
tilever tip and the underlying pad. The y-polarized incident
light is fixed since only the wires connecting the adjacent can-
tilevers need to be considered.With a large resonant frequency
tuning range of around 230 GHz for x-polarization, the polar-
ization of transmitted light can be tuned from circular to lin-
ear at 0.81 THz, yielding a reconfigurable quarter-wave plate
operating in the transmission mode. Furthermore, the tunable
cantilever metasurface can also work in the reflection mode.
Figure 3(g) shows the metadevice proposed by Cong et al
[110]. The metadevice is in MIM configuration with a metal-
lic ground plane for reflection mode operation. The bimorph
cantilevers bend upwards in the off-state due to the residual
stress after release. By applying voltage, the cantilevers are
pulled downwards by the electrostatic force and physically
touch the spacer layer in the on state. With a careful design of
the MIM cavity, the metadevice operates in the underdamped
region with a constant 360◦ phase span in the off-state. Due
to the anisotropic design of the unit cell, there is no reson-
ance excited by the x-polarized incident light. In other words,
there is no phase change along x-polarization. The actuation
of the cantilever leads to the dipolar resonant frequency shift
for both amplitude and phase spectra excited by y-polarized
incident light. As a result, the phase difference between the
two orthogonal polarizations can be continuously modulated.
Any polarization state is achievable as the phase difference
could attain the value ranging from 0◦ to 360◦. As illustrated,
active modulation of the output polarization state from right-
handed circular polarization to linear polarization and then to
left-handed circular polarization was demonstrated. In addi-
tion to the global control of the array, the meta device also
offers freedom of columnwise (1D) and unit cell level (2D)
local control. Via 1D encoding of columns, dynamicwavefront
deflection can be realized. For normal incident plane wave, the
wavefront was deflected by±70◦ with a 90◦ phase shift using
a four-digit encoding sequence. Through further 2D encoding
of each unit cell, the real-time rewritable holographic display
was also demonstrated.

Through the miniaturization of the actuators to nano-
meter scale, nanoelectromechanical system (NEMS) actuators
broaden the working frequency range of electromechanic-
ally tunable nanoplasmonic metasurface to the shorter near-
infrared and visible range. With decreasing dimensions, both
the optical and mechanical fields are more tightly confined.
As a result, the optomechanical modulation strength increases.
The study of optomechanics at such small length scales can
potentially lead to new fundamental advances in transduction
and amplification. Aksyuk’s group at the National Institute of
Standards and Technology has demonstrated some pioneering
works in this field, as shown in figure 3(h). They firstly demon-
strated a MIM gap plasmon phase modulator (GPPM), in
which the gap size is sub-100 nmwhere the GPPM exploits the
high sensitivity of the GP phase velocity to the change in the
gap size by electrostatically actuating the top metal layer. An
average optomechanical modulation strength of 52mrad nm−1

at 780 nm, a maximum of 5 rad of phase modulation with
low insertion and excess loss was achieved [111]. Next, they
demonstrated plasmomechanical systems with localized-gap

plasmon resonators (LGPRs) embedded into NEMS canti-
levers capable of electrostatic and thermal actuation. Using
these plasmomechanical systems, various applications includ-
ing selective mechanical transduction, amplification of mech-
anical stimuli, subdiffraction spatial mapping of mechanical
modes, and broadband optical transduction, were demon-
strated [112, 113].

4. MEMS devices integrated with nanoplasmonic
metasurface

In addition to the realization of tunable nanoplasmonic metas-
urfaces, the integration of MEMS with nanoplasmonic metas-
urfaces is employed to improve the performance of infrared
and terahertz radiation detectors. As they are also MEMS
nanoplasmonic hybrid devices, the same numerical analysis
methods as described in the start of section 3 can be employed
[114–117]. Unlike photon detectors exploiting photogener-
ated carriers, thermal detectors utilize temperature-induced
changes of material physical properties when exposed to radi-
ation. As a result, thermal detectors do not require cryo-
genic cooling to prevent thermally generated carriers, mak-
ing them compact, inexpensive, and energy efficient. MEMS
technology has been employed to construct uncooled radi-
ation detectors with miniaturized footprint and high sensit-
ivity, such as microbolometers and thermopiles [118–120].
Nevertheless, conventional uncooled MEMS radiation detect-
ors still suffer from limited absorption efficiency and the
lack of wavelength selectivity. Adding nanoplasmonic metas-
urface absorbers is a promising way to enhance absorption
and realize wavelength selectivity [36]. Uncooled radiation
detectors consisting of nanoplasmonic metasurface absorbers
attached to conventional microbolometers and thermopiles
have been demonstrated, showing enhanced responsivity at
designed wavelengths [121, 122].

In addition to the above-mentioned non-resonant MEMS
structures, MEMS resonators are also utilized for radiation
sensing, It brings about several unique advantages including
high sensitivity enabled by reduced footprint and low noise
(as a result of high resolution) due to the intrinsic high qual-
ity (Q) factor. Moreover, the characteristic resonant frequency
of the sensors can be measured more accurately than other
physical parameters such as voltage and current. Hui et al
from Rinaldi’s group at the Northeastern University demon-
strated a plasmonically enhanced piezoelectric MEMS reson-
ant infrared detector, as shown in figure 4(a) [116]. From top to
bottom, the resonator consists of a gold nanoplasmonic metas-
urface, an aluminum nitride (AlN) piezoelectric nanoplate
and a platinum interdigitated transducer. The incident infrared
radiation is selectively absorbed by the designed nanoplas-
monic metasurface and heats up the resonator due to the
photothermal effect, leading to resonant frequency shift. The
resonator selectively absorbs infrared radiation at ~8.8 µm,
which is determined by the pitch and unit cell dimensions
of the nanoplasmonic metasurface. Compared with a refer-
ence AlN MEMS resonator without nanoplasmonic metas-
urface absorber, the nanoplasmonic metasurface integrated
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Figure 4. (a) Plasmonically enhanced piezoelectric MEMS resonant infrared detector. Reproduced from [116]. CC BY 4.0. (b)
Polarization-selective thermopile infrared sensors using plasmonic absorbers with 2D elliptical dimples and 1D gratings. Reproduced from
[123]. CC BY 4.0. (c) Optomechanical terahertz detector based on SRR with MEMS cantilever (Reproduced from [115]. CC BY 4.0.). (d)
Optically reconfigurable nanoplasmonic metasurface with nonlinear response. [114] John Wiley & Sons. Copyright © 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. (e) Zero-power digitized infrared detector based on plasmonically enhanced MEMS thermal
photoswitch. Reprinted by permission from Springer Nature: Nature Nanotechnology [30], Copyright (2017). (f) Integration of
nanoplasmonic metasurface perfect emitter and MEMS hotplate as MIR light source. Reprinted with permission from [117]. Copyright
(2017) American Chemical Society.

piezoelectric resonator shows four-fold enhancement in
responsivity.

Apart from wavelength selectivity, plasmonic absorbers
can also equip the conventional MEMS radiation detectors
with polarization selectivity. Polarization selectivity can be
achieved if a symmetry-breaking structure is introduced to
the two orthogonal directions in the absorber surface plane.
As illustrated in figure 4(b), Ogawa and Kimata proposed
two approaches to realize polarization selective thermopile
infrared sensors [123]. One is to change the dimple shape of
the nanoplasmonicmetasurface absorber from circle to ellipse.
Such an asymmetric 2D nanoplasmonic metasurface absorber
shows sufficient absorption when the electric field of the incid-
ent radiation is vertical to the major axis of the elliptical
dimple, but no radiation absorption with the electric field par-
allel to themajor axis. The other approach is replacing 2D peri-
odic dimples with one-dimensional (1D) gratings. In addition
to polarization selectivity, broadband absorption was realized
by increasing the grating depth. Multi-wavelength plasmonic

resonances occurring in both in-plane and out-of-plane direc-
tions produce broadband absorption. As a result, broadband
polarization selectivity was achieved.

The interaction between EM waves and nanoplasmonic
metasurfaces not only leads to photothermal effect but also
excites near-field optical forces, which can also be used for
EM wave detection. For example, Belacel et al developed a
novel device for terahertz detection utilizing both effects, as
shown in figure 4(c) [115]. The device consists of an asymmet-
ric terahertz SRR with a suspended MEMS cantilever. When
the structure is resonantly excited by an incident terahertz radi-
ation, the electric energy is strongly localized in the gap. This
results in the Coulomb force that attracts the cantilever towards
the opposite end of the gap, activating the in-plane (α) mech-
anical resonance mode. Conversely, the out-of-plane (β) mode
is excited by a photothermal force arising from the bimaterial
structure of the cantilever. The SRR is actuated by a terahertz
quantum cascade laser with its current modulated by a signal
generator at a frequency fmod. The mechanical response of the
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SRR is obtained by sweeping fmod and recorded by the lock-
in amplifier connected to the photodetector. Compared with
the photothermal force, the Coulomb force has the advant-
age of not being limited by the thermal diffusion time con-
stant. Additionally, the noise equivalent power (NEP) of the
devices based on the Coulomb interaction detection mechan-
ism is independent of the mechanical frequency.

It is also worth noting that the mechanical deformation
of the nanoplasmonic metasurface caused by photothermal
force and/or near-field optical forces can be utilized to optic-
ally reconfigure nanoplasmonic metasurface. This results in
intensity-dependent (i.e. nonlinear) response. Nonlinear nano-
plasmonic metasurfaces with significantly enhanced nonlin-
earity compared to natural materials possess promising poten-
tial in many applications such as harmonic generation and
parametric amplification [124]. Lochbaum et al demonstrated
a nanoplasmonic metasurface patterned on MEMS actuators
with significant nonlinearity [117]. As shown in figure 4(d),
the gold nanoplasmonic metasurface was fabricated on sil-
icon nitride suspended strips such that plasmonic elements
of the metamolecules were located on different strips. Upon
illumination, the structure can be reconfigured by both the
photothermal force arising from differential thermal expan-
sion in the bimorph structure, and the time-averaged Cou-
lomb and Lorentz forces acting between the currents and
the oscillating dipole charges of resonators integrated with
nanoplasmonic metasurface upon illumination. The optically
reconfigurable nanoplasmonic metasurface demonstrated in
this work exhibits the product of χ(3) nonlinearity and modu-
lation frequency that is three orders of magnitude higher than
its conventional nonlinear media counterpart.

Leveraging the delicate design of MEMS actuators, the
digitized response of nanoplasmonic metasurface absorbers to
incident radiation can also be realized. Qian et al developed a
zero-power digitized infrared detector based on plasmonically
enhancedMEMS thermal photoswitch (PMP) [30]. As presen-
ted in figure 4(e), the PMP is composed of two identical can-
tilevers facing each other. Each cantilever consists of a head,
an inner pair of bimaterial legs for actuation and an outer pair
of identical bimaterial legs for compensation, which are con-
nected by a pair of thermal isolation links. The head of one
cantilever is integrated with an infrared nanoplasmonic metas-
urface absorber and a metal tip electrically connected to one
of the device terminals. The absorbed infrared radiation heads
up and bends the actuation legs downwards, bringing the metal
tip into contact with the opposite terminal when the absorbed
infrared power exceeds the designed threshold. Thanks to the
built-in compensation mechanism, the inner and outer pairs of
bimaterial legs bend in the same direction with nearly identical
displacement in response to ambient temperature change and
residual stress, which minimizes the relative displacement of
the device contacts and preserves the designed gap dimension.
A PMP with a designed triggering spectral band centered at
~5.6 µm was fabricated. The PMP is switched on when it
is illuminated with in-band infrared radiation at 5, 5.75 and
6 µm. Otherwise, it remains in the off-state when illuminated
with off-band infrared radiation at 4µm. Themeasured current
through the PMP (red lines) in response to chopped infrared

radiation at 5 µm (red shadow) clearly indicates reversible
digitized on-off switching.

In addition to working as absorbers to enhance the respons-
ivity of MEMS radiation detectors, nanoplasmonic metasur-
faces can also work as emitters and be integrated with MEMS
heaters to construct thermal light source with narrowband
emission and high emissivity. Lochbaum et al demonstrated
an efficient narrowband on-chip thermal light sources for the
MIR wavelength range by combining MEMS hotplate and
nanoplasmonic metasurface perfect emitter (MPE), as shown
in figure 4(f) [117]. Through the geometry optimization of
the nanoplasmonic resonator, a full width at half-maximum
(FWHM) of 252 nm at the centre wavelength of 3.96 µm with
an emissivity of 0.99 are realized. Employing the MPE light
source in the proof-of-concept experiment of CO2 sensing, a
five-fold increase was observed in the relative sensitivity com-
pared to the use of a conventional blackbody emitter.

5. Waveguide integrated with nanoplasmonics

Currently, silicon photonics (SiP) is predominantly utilized for
telecommunication applications [125]. The value of silicon
photonics lies mainly in two aspects. Telecommunication
using light is not limited by the current copper interconnect
bottleneck. On the other hand, the fabrication process of sil-
icon photonics is compatible with the matured complement-
ary metal oxide semiconductor (CMOS) fabrication process
[126, 127]. Hence, mass manufacturing and low cost per unit
chip are achievable in SiP. Not only does SiP benefit tele-
communication applications, it also finds promising applic-
ations in sensing and monitoring applications for both NIR
refractometry sensing [128–132] and MIR absorption sens-
ing [133–143]. However, there is a critical dimension mis-
match between SiP and advanced electronic technology. For
instance, a typical Si waveguide working at 1550 nm has a
dimension of (H = 220 nm × W = 400 nm) while the elec-
tronic counterparts have 10 nm linewidth. This will hinder the
integration of SiP with the existing advanced electronic cir-
cuits to realize an integrated system. Plasmonic waveguides
stand out as a promising alternative due to their capability of
confining and guiding EM waves below the diffraction limit
[38, 144]. While SiP waveguides help in exciting surface plas-
mons, plasmonic structures integrated on SiP waveguide also
improves the performance of SiP.

5.1. Waveguide for nanoscale surface plasmon excitation

The excitation of surface plasmons is a crucial step towards
the implementation of plasmonic functions in the integrated
nanoplasmonics-photonics system. A common solution is
to excite SP using the dielectric waveguide. Furthermore,
such integration of photonic waveguide and plasmonic wave-
guide offers the ability to tune the loss-confinement trade-
off. Compared with photonic resonators, plasmonic reson-
ators suffer from high intrinsic ohmic loss. Although there
have been research efforts optimizing the plasmonic reson-
ator to reduce the optical loss, the theoretical limit of the
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Figure 5. (a) Excitation of the SP by a photonic waveguide using a horizontal configuration. Reproduced with permission from [148]. The
Optical Society. (b) The monolithic integration of plasmonic waveguides into a CMOS and photonic compatible platform. Reprinted from
[160], with the permission of AIP Publishing. (c) Self-aligned locally oxidized hybrid silicon-plasmonic waveguide. Reprinted from [162],
with the permission of AIP Publishing. (d) Focusing into a MIM plasmonic waveguide from a SiP waveguide. Reprinted from [163], with
the permission of AIP Publishing. (e) Nanofocusing into a nanoplasmonic tip on a SiP platform. Reprinted with permission from [164]. The
Optical Society. (f) 3D nanofocusing. Reprinted by permission from Springer Nature: Nature Photonics [17], Copyright (2012). (g)
Wafer-scale production of nanoplasmonics-photonics systems using the standard CMOS fabrication technology. Reproduced with
permission from [154]. The Optical Society. (h) Mach–Zehnder modulator embedded in SiP platform. (i) False-color SEM image; (ii)
modulation speed more than 70 GHz; (iii) eye diagram. Reprinted by permission from Springer Nature: Nature Photonics [18], Copyright
(2015). (i) Low loss nanoplasmonic modulator integrated with SiP showing more than 110 GHz modulation speed. (i) False-color SEM
image; (ii) loss improvement comparison; (iii) eye diagram. Reprinted by permission from Springer Nature: Nature [19], Copyright (2018).
(iv) Schematic of opto-electro-mechanical switch. Reproduced with permission from [165]. The Optical Society.
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thousand-level Q factor in plasmonic resonators is far inferior
to the million-level Q factor in photonic resonators. A Q factor
of around 1400 which is close to the theoretical limit was
achieved byMin et al in 2009 using a disk plasmonic resonator
[145]. An optimized Q factor of around 400 was demonstrated
in a Fabry–Perot plasmonic resonator for laser [146]. In integ-
rated nanoplasmonics-photonics systems, the photonics part
could be used to generate high Q factor resonance after which
the high Q factor signal can be transferred to the plasmonic
part for strong optical confinement.

For the integrated nanoplasmonics-photonics system, a the-
oretical framework was proposed in 1995 [147]. The proposed
device features a vertical structure consisting of a strip wave-
guide beneath a multilayer nanoplasmonic structure. The light
is input from the lossless single-mode waveguide, transforms
to the SPP, and couples back to the single-mode in the lossless
waveguide. In 2004, the horizontal structure was experiment-
ally demonstrated by Hochberg et al showing that integration
of dielectric waveguide and SPP devices can be constructed
horizontally in a single layer by using planar circuit fabrica-
tion technique [148]. In the device, a gold pad is placed closely
side by side to the silicon waveguide as shown in figure 5(a).
A 3.4 dB insertion loss was achieved while −1.2 dB µm−1

propagation loss was measured in the plasmonic waveguide.
There are other later works studying the coupling between
dielectric waveguides with plasmonic waveguides using both
the vertical [149–151] and horizontal [152–154] configura-
tion. Both telecommunication band [155] and visible spectrum
[156] were studied. Devices including waveguide couplers
[156, 157], Y-junction splitters [158] and ring resonators [159]
were demonstrated. It is noteworthy that the monolithic integ-
ration of plasmonic waveguides into a CMOS and photonic
compatible platform was reported in 2010 [160]. As shown in
figure 5(b), in this work, the compact and well-defined metal
structure (5 nm Cr followed by 50 nm Au) is directly depos-
ited on the silicon waveguide without any spacing in between.
This process requires a high alignment precision during fab-
rication. The propagation distance and coupling efficiency are
found to be 2 µm and 38% respectively. Both straight and
s-bend plasmonic waveguide transitions are presented. Fol-
lowing this work, a metal-insulator-semiconductor (MIS)
nanoplasmonic distributed Bragg reflector resonator was
achieved using the similar fabrication technique in 2013,
with a compact size of 1.5 µm2 and a quality factor of 64
[161]. To ease the stringent requirement on alignment preci-
sion, Goykhman et al demonstrated a self-aligned approach
in 2010 [162]. The approach is CMOS-compatible featur-
ing local oxidation of silicon (LOCOS). Silicon nitride (SiN)
is patterned on the silicon-on-insulator (SOI) wafer. Next,
the whole device undergoes thermal oxidation followed by
SiN removal. The Si covered by SiN is unaffected while
the remaining area is oxidized. Finally, a rib waveguide is
formed with a well-defined trench right on top of the wave-
guide (figure 5(c)). The metal pattern can be easily depos-
ited on top of the waveguide thanks to the pre-formed trench.
Using this method, nanoscale confinement of light in the MIS
plasmonic waveguide with ~100 µm propagation length is
achieved.

Since the value of nanoplasmonics lies in its capability
of confining and guiding light below the diffraction limit to
realize ultra-compact devices with nanometer-scale, research
efforts are spent on focusing light into nanoscale plasmonic
structures [166]. The nanoplasmonic structure usually adopts
planar MIM structures where the insulator slot has a width
of few nanometers to tens of nanometers. The input dielec-
tric waveguide is tapered from hundreds of nanometers to a
dimension comparable to the MIM slot width [16, 163, 167].
An example is presented in figure 5(d). In 2011, Desiatov
reported experimentally the construction of an integrated
nanoplasmonics-photonics on-chip nanofocusing device in Si
platform [164]. While the spot size is around 50 nm, an order
of magnitude enhancement of field intensity can be observed.
The corresponding device schematic and the simulated electric
field intensity are demonstrated in figure 5(e). A vertical nano-
focusing scheme was also proposed in 2011 [168]. An optim-
ized design with over 50 times increase in the electric field
intensity in a focal region of around 20 nm× 20 nm× 7 nm is
theoretically achievable. In late 2012, Choo et al demonstrated
experimentally the achievement of highly efficient nanofocus-
ing in an MIM plasmonic waveguide using a meticulously
engineered 3D taper [17]. The device schematic and SEM
image are shown in figure 5(f). Compared with the previous
works based on nanofocusing in planar platform, this work
realizes structural tapering in three dimension so that the mode
size of the SP can be greatly suppressed. An experimental elec-
tric field intensity enhancement of 400 within a 14 × 80 nm2

area was reported while the simulation suggests enhancement
of 30 000 within 2 × 5 nm2 area.

It is alsoworth noting that the hybrid plasmonicwaveguides
based on metal-insulator-silicon-insulator-metal (MISIM)
fabricated from an 8 in wafer using the standard CMOS fab-
rication technology were experimentally demonstrated [154].
The MISIM waveguide has a silicon photonics waveguide
input and presents 0.3 dB µm−1 loss at the telecommunica-
tion wavelength. A symmetric coupler was also demonstrated
with 0.5 dB excess loss. This work shows the feasibility of
fabricating silicon nanoplasmonics-photonics systems using
the mass manufacturing technology so that high volume and
low-cost devices are envisaged. One of the most important
applications enabled by the waveguide integrated with nano-
plasmonics is the high-speed modulator for telecommunica-
tion. Due to the subwavelength optical confinement enabled
by the nanoplasmonic structure, the light signal can be con-
centrated in a compact area, resulting in high modulation
speed and low consumption power. In an integrated optical
system, light propagates in the dielectric waveguide with low
propagation loss. Light is coupled to the nanoplasmonic mod-
ulator only when modulation is needed. Hence, the overall
excess loss in the integrated system is acceptable. In 2015,
Haffner et al from Leutthold’s group at ETH demonstrated a
high-speed Mach–Zehnder (MZ) modulator [18]. The device
comprises dielectric waveguide input and output connected
by an MZ nanoplasmonic modulator with 10 µm length as
shown in figure 5(h.i). The modulator exhibits more than
70 GHz modulation speed (figures (5(h.ii) and (h.iii)) with a
low power consumption of 25 fJ bit−1. However, one major
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drawback of this modulator is the nontrivial insertion loss.
In order to solve this problem, Haffner et al proposed an
improved device structure [19]. The false-color SEM image
is shown in figure 5(i.i). The structure features a nanoplas-
monic resonator on top of the bottom feeding waveguide.
The light will only be coupled from the Si waveguide to the
nanoplasmonic resonator in the off-state where strong atten-
uation is desired. In the on-state where lossless transmission
is required, the light is not coupled to the nanoplasmonic res-
onator and ohmic loss is prevented. The new device presents
significant loss improvement compared to the previous design
as shown in figure 5(i.ii). More than 110 GHz modulation
speed is achieved (figure 5(i.iii)). And power consumption
of 12 fJ bit−1 is expected at 72 Gbit s−1. Recently in 2019,
the same group demonstrated a sub-V opto-eletro-mechanical
switch [165]. The device structure is similar to [19]. On the
contrary, instead of using nonlinear material as filling, tuning
is achieved by applying an electrostatic force that attracts the
suspended metal disk to the bottom dielectric disk to form the
hybrid plasmonic mode (figure 5(i.iv)). This work shows the
feasibility of complex hybrid MEMS/photonics/plasmonics
optical system.

5.2. Nanoplasmonic enhanced waveguide devices

On the other hand, SiP helps in routing light into
nanoplasmonic structures to excite SP and to focus light into
nanoplasmonic waveguides with sub-nanometer scale. On the
other hand, integrating nanoplasmonic structures to SiP can
enhance the performance of SiP by amplifying local electric
field intensity and enable or improve advanced applications
such as light shaping, photo detection, and sensing. These
are usually realized by constructing artificial metallic nano-
plasmonic structures on dielectric waveguides. The number
of metallic nanoparticles ranges from one to many which
forms a nanoparticle chain. There are some early theoret-
ical works investigating the effect of metallic nanoparticle on
dielectric waveguide. It was reported that the transmission
of the dielectric waveguide can be significantly modified by
the short metallic nanoparticle chains [169]. Plasmon-induced
transparency (PIT), which is similar to the counterpart EIT,
can be achieved in an ultra compact metallic nanochain pair
with a tunable response accompanied by high quality factor
[170]. In 2008, Pyayt et al demonstrated the excitation of a
chain of nanoplasmonic silver nanowires by a single polymer
waveguide. The coupling strength can be modulated by tailor-
ing the light polarization [171]. Coupling efficiency strength
of more than 73% between an individual plasmonic nanorod
and a dielectric micro ring resonator is theoretically predicted
by Chamanzar and Adibi in 2011 [172]. In 2012, Dagens’
group demonstrated a giant coupling effect between metal-
lic nanoparticle chain and dielectric waveguide where the
optical energy can be completely transferred back and forth
between the dielectric waveguide mode and the plasmonmode
[173]. The device images and the simulated light propagation
are shown in figure 6(a). As the distance between each nan-
oparticle increases, the nanoparticles become uncoupled and
the chain serves as a Bragg grating instead of a nanoplasmonic

waveguide for power transfer [174]. Based on the giant coup-
ling effect, the group further utilized the device for sensing
applications. A detection limit of 0.26 attoliter of octade-
canthiol (ODT) molecule was experimentally demonstrated
[175]. In order to investigate the near-field of the nanoparticle
chain, apertureless scanning near-field optical microscopy was
employed to measure the eigenmode amplitude and phase (fig-
ure 6(b)) [176]. A spatial resolution of less than 30 nm was
achieved, providing a significant experimental platform for
near-field investigation in the coupling between dielectric
waveguides and nanoplasmonics.

An important application of integrating nanoplasmonic
structure with waveguides is in situ light routing and light
shaping. In 2012, Arango et al demonstrated nanoantennas
hybridized with dielectric waveguides [177]. The scattering
properties of both single nanorod antenna and nanoantenna
arrays were both investigated. Directionality was achieved
by positioning hybridized Yagi-Uda nanoantennas on the
waveguide as depicted in figure 6(c). The antenna helps to
guide light propagating in the dielectric waveguide to out-
of-space and vice versa, which operates similarly to a grat-
ing coupler but with a much smaller footprint. The radi-
ation pattern of a single nanorod antenna on waveguide was
systematically theoretically studied in terms of wavelength,
polarization, nanowire size, and material [178]. In 2017,
Li et al further advanced the technology by demonstrat-
ing a meticulously designed plasmonic nanoparticles array,
which serves as a phase-gradient nanoplasmonic metasur-
face, on dielectric waveguide (figure 6(d)) [179]. Photonic
functions such as waveguide mode conversion, polariza-
tion rotation, and asymmetric power transmission were all
demonstrated.

Integrating nanoplasmonic structures with waveguides can
amplify the local electric field intensity for more efficient pho-
todetection and sensing in a small footprint. Goykhman et al
demonstrated silicon-graphene plasmonic Schottky photode-
tector which achieved a responsivity of 0.37 A W−1 at 1.55
um under 3 V reverse bias [180]. The high responsivity is
attributed to the electric field intensity enhancement enabled
by the nanoplasmonic structure and avalanche photogain. In
2017, Li’s group at the University of Minnesota achieved
a black phosphorus (BP) photodetector on a photonic grat-
ing coupler with an intrinsic responsivity of 10 A W−1 and
150 MHz response speed using plasmonic photo carrier col-
lectors on BP [181]. The device schematic, optical image,
and electric field profile are shown in figure 6(e). On-chip
surface enhanced Raman spectroscopy (SERS) also benefits
from plasmonic integration. An enhancement of 8× 106 com-
pared to the free space Raman scattering was demonstrated
in 4-nitrothiophenol detection by integrating bowtie shape
nanoantenna array on waveguide [182]. However, such a dir-
ect integrated SERS platform is static and relies on molecule
bindings where surface cleaning and recycling of the device
are limited. To solve this issue, Crozier’s group from Har-
vard University proposed a dynamic SERS platform [183].
The photonic platform consists of a feeding waveguide to a
photonic crystal cavity. The working mechanism of this plat-
form is depicted in figure 6(f.i). Due to the strong resonance
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Figure 6. (a) Giant coupling between a nanoplasmonic chain and photonics waveguide. Reprinted with permission from [173]. Copyright
(2012) American Chemical Society. (b) Apertureless scanning near-field optical microscopy developed for near-field analysis. Reprinted
with permission from [176]. Copyright (2013) American Chemical Society. (c) Nanoantenna hybridized with SiP waveguide for light
directing. Reprinted with permission from [177]. Copyright (2012) American Chemical Society. (d) Nanoplasmonic structures on SiP
waveguide for light shaping. Reprinted by permission from Springer Nature: Nature Nanotechnology [179], Copyright (2017).
(e) Nanoplasmonic electrodes integrated with the SiP platform for efficient photo carrier generation and collection. Reprinted with
permission from [181]. Copyright (2017) American Chemical Society. (f) Surface-enhanced Raman spectroscopy enhanced by
functionalized plasmonic nanoparticles with self-cleaning capability. Reprinted with permission from [183]. Copyright (2013) American
Chemical Society. (g) Waveguide integrated compact nanoplasmonic sensor for MIR spectroscopy. Reprinted with permission from [60].
Copyright (2018) American Chemical Society.

in the nanocavity, the gradient electric field produces enough
optical force to trap the silver nanoparticle bonded with ana-
lyte for SERS.When the light is turned off in the feedingwave-
guide, resonance stops so that the trapped silver nanoparticle
is flushed away. Turning the laser on helps in trapping a fresh
silver nanoparticle for device recycling. SERS enhancement
caused by cumulative trapping of a functionalized silver nan-
oparticle is clearly observed as shown in figure 6(f.ii). MIR
sensing is also demonstrated. The MIR region contains the

vibrational molecular fingerprints of many molecules in their
gaseous or liquid form. As light travels through the analytes,
power is absorbed at the characteristic wavelengths. Integ-
rating nanoplasmonic structure on the waveguide enhances
the light–matter interaction [184]. In 2018, Chen et al
reported the detection of a thin poly(methyl methacrylate)
(PMMA) film and an ODT monolayer in an integrated
nanoplasmonics-photonics platform with footprint of 2 µm2

(figure 6(g)) [60].
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Figure 7. Nanoantenna for biochemical sensing applications. (a) Protein sensing using Fano resonant structure. Reprinted by permission
from Springer Nature: Nature Materials [26], Copyright (2012). (b), (c) Dynamic monitoring of protein (b) and lipid (c) biochemical
process using microfluidic integrated nanoantenna platform. (b) Reprinted by permission from Springer Nature: Nature Communications
[27], Copyright (2013). (c) Reprinted with permission from [29]. Copyright (2016) American Chemical Society. (d) Detection of protein
secondary structure using nanoantenna. (Top) Reprinted with permission from [29]. Copyright (2016) American Chemical Society. (Bottom)
Reprinted by permission from Springer Nature: Light: Science & Applications 189], Copyright (2017). (e) Multi-resonant nanoantenna for
dynamic monitoring of protein bio-process. Reproduced from [31]. CC BY 4.0. (f) Liquid sensing using nanofluidic integrated metamaterial
absorber. Reprinted with permission from [201]. Copyright (2018) American Chemical Society. (g) Fingerprints barcoding using
all-dielectric metamaterial resonators. From [202]. Reprinted with permission from AAAS. (h) Wavelength imaging using all-dielectric
metamaterial resonators in an integrated system. Reprinted by permission from Springer Nature: Nature Photonics [203], Copyright (2019).

6. Nanoplasmonics for infrared biochemical
sensing applications

In section 2, we introduce the mechanism of using nanoanten-
nas for molecular sensing. When introducing molecules into
the nanoplasmonic resonance system, the plasmon-phonon
coupling will happen, which produces different resonant
line-shapes in the far field, including EIT, EIA or Fano
resonance. These changes in the resonance spectrum help
improve the sensitivity of nanoantenna sensors. Moreover,
because the MIR region encompasses the fingerprints of most

of the chemical bond, SEIRA shows great benefits for sensing
different molecules in the IR fingerprint region. In this sec-
tion, we summarize the works based on biochemical sensing
application in SEIRA spectroscopy based on nanoplasmonics.

PMMA thin films [44, 75, 185–187] and ODT thin films
[70, 80, 188] have been commonly used to characterize nano-
plasmonic sensing performance in the past decade as they have
strong absorption peaks in the IR spectrum and are easy to
functionalize on nanoplasmonic metasurfaces. During the last
ten years, many works were published utilizing various thin
film of protein [74, 189], lipid [29], DNA [187, 190–193] and

16

https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 53 (2020) 213001 Topical Review

other biomolecules [26, 80, 194–197] for diversified applica-
tion. Sincemost of the biomolecular processes take place in the
aqueous environment, feeding the desired biomolecules to the
sensing region in fluids is a critical step to complete the sens-
ing platform. Micro/nanofluidics is developed for this purpose
in SEIRA bio-sensing applications based on nanoplasmonics
[193, 198–200]. Leveraging micro/nanofluidic, the dynamic
monitoring of biochemical process can be achieved.

In 2012, Wu et al proposed a Fano-resonant asymmet-
ric nanoplasmonic metasurface for ultrasensitive spectroscopy
and identification of molecular monolayers, as well as for
detecting chemical bonding of target antibodies to recognize
desired proteins, which is shown in figure 7(a) [26]. Later
in 2013, Adato and Altug monitored protein immunoassays
in-situ in real-time via microfluidic integrated nanoplasmonic
metasurface (figure 7(b)) [27]. Leveraging microfluidic tech-
nology, Limaj et al and Etezadi et al achieved real-time
monitoring of lipid membranes and protein secondary struc-
ture in 2016 and 2017, respectively (figures 7(c) and (d))
[29, 189]. However, the IR fingerprints region cover a wide
range of wavelength from about 5.5 µm to 20 µm, which is
much broader than the resonant wavelength range covered
by a single nanoantenna array. Therefore, multiple reson-
ant structures are highly advantageous for detecting multiple
fingerprint peaks for molecule identification and dynamic
monitoring [56, 66, 67, 70, 74–77]. From figure 7(e), multi-
resonant nanoantenna integrated with microfluidic is used to
monitor lipid membrane processes dynamically [31]. In the
multi-resonant nanoantenna sensor, one resonant wavelength
is located at around 3 µm for the detection of methylene
bond. The other resonant wavelength is located at around
6 µm for the detection of amide bond. Therefore, compre-
hensive dynamic sensing of multiple fingerprints on different
molecules can be achieved. Based on this platform, monit-
oring of peptide-induced neurotransmitter cargo release from
synaptic vesicle mimics is achieved. To further enhance the
sensitivity, the nanofluidic technique was presented by Le et al
in 2017 [201]. As shown in figure 7(f), by utilizing nanofluidic,
the analyte solution is filled in the ‘hotspot’ generated in
the nano-gapped MIM structure with high near-field enhance-
ment, which results in strong light–matter interaction. Lever-
aging advantages of the MIR fingerprint region, Tittl et al pro-
posed a hyperspectral imaging system using the all-dielectric
nanoplasmonic nanoantenna sensor array, which enables bar-
code identification of each type of molecules [202]. As shown
in figure 7(g), incident IR light transmits through a beam split-
ter and shines on the nanoplasmonic sensor array. Reflec-
ted light carrying sensing data is collected by an IR camera
sensor array, and a hyperspectral bar-code image is produced
by the algorithm. The nanoplasmonic sensor array covers
broadband IR wavelength range by varying the geometric
size. Each sensor works for a narrow bandwidth near its res-
onant wavelength. By increasing the size of each nanoan-
tenna pixel, the nanoplasmonic sensor array covers an ultra-
broadband wavelength range from 5.5 µm to 7.5 µm. There-
fore, at wavelengths which perfectly match the absorption
peaks of the amide bond, the reflectance of each nanoantenna
pixel will drop dramatically after functionalization. Because

of the unique fingerprint of distinct molecules, a signature bar-
code map is generated for identification. Besides, by using lin-
ear decomposition, recognition of mixed molecules bar-code
image can also be achieved. Further advances were demon-
strated in terms of CMOS sensor array integration and relev-
ant data analysis algorithms. Yesilkoy et al applied the same
hyperspectral image concept on refractometry recently [203].
As shown in figure 7(h), light is transmitted through the
nanoplasmonic sensor and collected by a CMOS sensor pixel
array. To avoid the use of the spectrometer, they developed
an algorithm to convert transmittance intensity data to reson-
ance vector so that the wavelength shift caused by the refract-
ive index change of molecules is shown as an image. As this
system only uses incident light at a single wavelength, it paves
the way for portable nanoplasmonic sensors for diagnostic
applications.

7. Conclusion and outlook

In the nanoantenna design, many structures have been invest-
igated to enhance the concentrated electric field intensity and
increase the operation bandwidth, including nanorod anten-
nas, circular shape nanoantennas, asymmetric nanoantennas,
vertical MIM nanoantennas, and complementary nanoanten-
nas. Leveraging micro/nanofluidic technology, different kinds
of biochemical sensing are demonstrated, such as the iden-
tification of PMMA, ODT, DNA, protein, lipid, as well as
the dynamic biochemical process. In the future, optimiza-
tion of nanoantenna structure aiming at more confined electric
fields and broader operation wavelength ranges will enhance
the performance of nanoantenna sensors for ultra-low con-
centration detection and molecule identification. Additionally,
portable nanoantenna sensors with integrated IR sources and
detectors will stimulate more interests in healthcare, envir-
onmental monitoring, and other Internet of Things (IoT)
applications.

In MEMS tunable nanoplasmonic metasurfaces, various
types of MEMS actuators, e.g. electrostatic actuators, thermal
actuators, magnetic actuators, etc, have been utilized to
dynamically modulate nanoplasmonic metasurfaces response
in terms of resonant frequency, amplitude as well as phase,
which enables advanced applications such as reconfigurable
emitter, tunable waveplate, active wavefront manipulation,
logic operation and so on. Future efforts in MEMS tunable
nanoplasmonic metasurfaces could be the miniaturization of
the actuators to nanometer scale. Nanoelectromechanical sys-
tem (NEMS) actuators will broaden the working frequency
range of electromechanically tunable nanoplasmonic metas-
urface to the shorter near-infrared and visible range. Another
promising direction could be the improvement of unit cell
level control, which sets higher requirements on the unit cell
design of nanoplasmonic pattern and MEMS actuator, sys-
tem integration, and also the packaging process. The realiz-
ation of unit cell level control will enable various functions
such as dynamic beam focusing and steering, holographic ima-
ging, and orbital angular momentum generation, in a single
device.
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As reported, nanoplasmonic metasurface absorbers have
been applied to MEMS radiation detectors based on vari-
ous mechanisms. Significant improvements in responsivity
and selectivity were achieved. Employing delicate designs
of MEMS actuators, functional nanoplasmonic metasurface
responses such as nonlinear and digitized responses can be
realized, laying a foundation for on-chip signal processing.
Moreover, an on-chip light source has been demonstrated
through the integration of MEMS heater and nanoplasmonic
metasurface emitter. Future efforts could be the integra-
tion of MEMS nanoplasmonic metasurfaces with different
designs to realize high-performance sending (emitter), receiv-
ing (absorber) and processing (modulation) of optical signals
on a single on-chip microsystem for the booming field of IoT
smart sensor applications.

Regarding the integration of photonic waveguide with
nanoplasmonics, photonic waveguides have been utilized as a
platform to accurately excite SP. As such, light can be con-
trolled and guided to a nanoscale area for nanofocusing to
generate higher electric field intensity. Horizontal and ver-
tical integration configuration are both demonstrate, as well
as 3D nanofocusing. Due to the ultra-short relaxation time of
SP, high-speed modulators more than 100 GHz are achieved
using the integrated nanoplasmonics-photonics system. It is
envisaged such a system can realize mass manufacturing and
low-cost through leveraging the CMOS fabrication techno-
logy. Fabricating nanoplasmonic structures on photonic wave-
guides is also a growing field. This integration helps in dir-
ecting, focusing, and shaping of light in situ as it propag-
ates in the photonics waveguide. Though similar functions
can be achieved in the photonic waveguide itself, nanoplas-
monics helps to shrink the device footprint so that integrating
with the advanced electronics circuit is foreseen. Moreover,
as the working wavelength migrates from NIR to MIR or even
far-infrared, the expected critical dimension of the nanoplas-
monic patterns scales up. It will pose less stringent require-
ments on the fabrication processes to improve the fabrication
tolerance.

Lastly, the power of nanoplasmonics does not lie in itself
alone, nor the sole integration with MEMS or waveguide tech-
nology. The integration of nanoplasmonics, MEMS, wave-
guides, and even advanced electronic circuits using the stand-
ard CMOS fabrication technology will allow the synergy
between these approaches to realize compact multifunctional
optical micro/nano-systems. Devices such as handheld port-
able sensors, compact tunable optical manipulation devices,
ultra-high-speed chip-scale modulators with high production
volume and low-cost are anticipated for healthcare, IoT, and
data center applications.
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Bartenlian B, Lourtioz J-M and Dagens B 2012 Integration
of short gold nanoparticles chain on SOI waveguide
toward compact integrated bio-sensors Opt. Express
20 17402–10

[176] Apuzzo A, Février M, Salas-Montiel R, Bruyant A,
Chelnokov A, Lérondel G, Dagens B and Blaize S 2013
Observation of near-field dipolar interactions involved in a
metal nanoparticle chain waveguide Nano Lett.
13 1000–6

[177] Arango F B, Kwadrin A and Koenderink A F 2012
Plasmonic antennas hybridized with dielectric waveguides
ACS Nano 6 10156–67

[178] Arnaud L et al 2013 Waveguide-coupled nanowire as an
optical antenna J. Opt. Soc. Am. A 30 2347–55

[179] Li Z et al 2017 Controlling propagation and coupling of
waveguide modes using phase-gradient metasurfaces Nat.
Nanotechnol. 12 675–83

[180] Goykhman I et al 2016 On-chip integrated, silicon-graphene
plasmonic schottky photodetector with high responsivity
and avalanche photogain Nano Lett. 16 3005–13

[181] Chen C, Youngblood N, Peng R, Yoo D, Mohr D A,
Johnson T W, Oh S H and Li M 2017 Three-dimensional
integration of black phosphorus photodetector with silicon
photonics and nanoplasmonics Nano Lett. 17 985–91

[182] Peyskens F, Dhakal A, Van Dorpe P, Le Thomas N and Baets
R 2016 Surface enhanced raman spectroscopy using a
single mode nanophotonic-plasmonic platform ACS
Photonics 3 102–8

[183] Lin S, Zhu W, Jin Y and Crozier K B 2013 Surface-enhanced
Raman scattering with ag nanoparticles optically trapped
by a photonic crystal cavity Nano Lett. 13 559–63

[184] Mohr D A, Yoo D, Chen C, Li M and Oh S-H 2018
Waveguide-integrated mid-infrared plasmonics with
high-efficiency coupling for ultracompact
surface-enhanced infrared absorption spectroscopy Opt.
Express 26 23540–9

[185] Hasan D, Ho C P, Pitchappa P, Yang B, Yang C and Lee C
2016 Thermoplasmonic study of a triple band optical
nanoantenna strongly coupled to mid IR molecular mode
Sci. Rep. 6 22227

[186] Wan W, Yang X and Gao J 2016 Strong coupling between
mid-infrared localized plasmons and phonons Opt.
Express 24 12367–74

[187] Hasan D, Ho C P, Pitchappa P and Lee C 2015 Dipolar
resonance enhancement and magnetic resonance in

cross-coupled bow-tie nanoantenna array by plasmonic
cavity ACS Photonics 2 890–8

[188] Paul J, De La Rue R M and Johnson N P 2016 Gold
asymmetric-split ring resonators (A-SRRs) for proteins
sensing Proc. SPIE 9883 98831C

[189] Etezadi D, Warner I V J B, Ruggeri F S, Dietler G,
Lashuel H A and Altug H 2017 Nanoplasmonic
mid-infrared biosensor for in vitro protein secondary
structure detection Light Sci. Appl. 6 e17029
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