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Abstract  Nanoplasmonics is a developing field that offers attractive optical, electrical, and thermal properties for a

wide range of potential applications. Based on the compelling characteristics of this field, researchers have shed light

on the possibilities of integrated photonics and biosensing platforms using nanoplasmonic principles. Single and unique

nanostructures with plasmons can act as individual transducers that convert desired information into measurable and

readable signals. In this review, we will discuss nanoplasmonic sensors, especially those in relation to photodetectors

for future optical interconnects, and bioinformation sensing platforms based on nanoplasmonics, thus providing a viable

approach by which to create sensors corresponding to target applications. In addition, we also discuss scalable

fabrication processes for the creation of unconventional nanoplasmonic devices, which will enable next-generation

plasmonic devices for wearable, flexible, and biocompatible systems. 
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I. Introduction

A sensing platform is a device that can transform the

desired information into useful and readable signals. These

platforms can detect changes in targeted environments by

converting the relevant change to a measurable form of

energy, namely, a transduction [1]. To realize such sensing

platforms, there are several types of transduction

mechanisms [2], including the electrical [3,4], mechanical

[5, 6], optical [7-9], chemical [10], acoustic [11], and

thermal types [12]. Specifically, optical transduction

principles based on photonic equipment have been studied

extensively due to the development of ultrafast femtosecond

and picosecond lasers, especially those used for laser-

induced breakdown spectroscopy (LIBS), coherent Raman

spectroscopy, and terahertz (THz) spectroscopy [13,14].

Optical waveguiding techniques are used for the excitation of

fluorescent dye [15] to detect stained cells or target

molecules. Photodetectors for sensing light-emitting reporters

are also facilitated by a commercialized photomultiplier tube,

an avalanche photodiode, and by charge-coupled devices

[16]. These high-level conventional photonic approaches are

also integrated into various fields, such as IT, energy, and

biosystems, by means of the generation, modulation,

manipulation, and detection of the associated radiation. 

For areas beyond the classical concept of photonics

and its sensing applications, the emerging field of light-

matter interaction presents promising key words of a new

approach [17-19]. This refers to a type of nanophotonics,

specifically nanoplasmonics that has been researched

rigorously, focusing on the confinement of electromagnetic

radiation in sub-wavelength-scale metallic nanostructures

[20]. The interaction between light and a nanostructure

leads to movement of a free-electron gas in a size-confined

metal nanostructure and creates charges moving at opposite

displacements with respect to the lattice ions. The opposite

displacements of the charges create the restoring force with

oscillation known as the surface plasmon (SP). The

oscillation frequency of an electromagnetic wave can be

determined by the restoring force and the effective mass of

an electron [21]. When the incident wave matches the

resonance frequency of the oscillation in a metal, the

electric fields around the structure are tremendously

enhanced, behaving as an electromagnetic dipole and

emitting a photon at the same frequency [22]. The re-

emitted photon can be seen around the nanostructure and

can be tuned by the change of the refractive index around

the nanostructure [23-25]. In more detail, the size, shape and

materials of the nanostructure are the key factors to consider

when tuning the operating wavelength and determining its

compatibility with the proposed application [18]. There are

various target applications of nanoplasmonics [21], ranging

from practical applications such as those in biodiagnosis

[26,27], therapeutics [28,29], and cloaking applications

combined with metamaterials [30], to security systems for
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the generation of encryption keys and for anti-counterfeiting

[31,32], information processing, and computing [33-35]. 

In this review, we discuss the recent development of

nanoplasmonic sensing approaches, specifically ranging

from optical interconnects to bioapplications. We also

discuss the two major transduction mechanisms based on

nanoplasmonics. First, the optical signal can be translated

into an electrical signal via a nanoplasmonic effect. This

transduction mechanism is not only affected by the

radiative damping of the nanoplasmonics, but it also relies

on non-radiative damping, which can be explained by the

change of the photocurrent. In the second approach,

biomolecular information can be transduced to an optical

read-out signal in beautiful colors. This colorimetric

sensing approach, linked by proteins, DNA and RNA, is a

powerful concept for home-built point-of-care diagnostic

testing (POCT). The final point is that all sensing

prototypes stemming from the beauty of nanotechnology

require scalable fabrication methods for mass production

and integration with other emerging devices by means of a

flexible platform. Therefore, we review the unconventional

printing techniques of stencil lithography, transfer printing,

and imprinting for nanopatterning. 

II. Optical Information Transduced to an 
Electrical Signal by Nanoplasmonics

With ever increasing amount of information and data

processing in electronics communication, there is a need

for ultra-fast and low-power links between electronics,

such as the chip-to-chip and board-to-board interconnects.

Conventional and classical interconnections are composed

of electrical interconnects [36,37]. Due to the bandwidth

limitations in these interconnects, it is necessary to develop

a new approach for interconnection with high bandwidths,

high responsivity and for straightforward integration with

small-scale electronics [38,39]. The successful form of an

interconnect which enables a higher processing speed is an

optical interconnect for short-range communication that

can be combined with electronics to benefit from both

super-wide bandwidth of optics and ultra-compact

electronics. An optical interconnection between chips and

boards requires various photonic components, one of them

being an integrative photodetector to translate light into

electrical signals. However, optics classically utilize

refractive optics and micro-scaled devices, thus introducing

the issue of dimensional compatibility when attempting to

merge nano-scaled modern electronic devices and

conventional photonic components [40]. 

Overcoming the issues related to photonic integrated

circuits, nanoplasmonics offers a novel approach for

integrative photodetectors providing good size compatibility

with electronics [41-43]. As the approach can couple light to

a sub-wavelength nanostructure by forming a resonant mode

in femtoseconds [44], this new concept of plasmonic

photodetection also enables a rapid detection.

The plasmonic photodetector essentially relies on photo-

excited electrons, also known as hot electrons, which can

induce a photocurrent in the nanostructure. There are two

pathways for energy relaxation of these excited electrons

within a femtosecond or picosecond, as shown in Figure 1

[45,46]. An excited electron confined in a nanostructure

creates a strong electric field when the resonant mode

occurs. The first method of the relaxation of hot electrons

is the re-emitting of photons with the same frequency

(Figure 1(a)). The emitted photons can be seen in the form

of a color of a frequency identical to that of the resonant

mode. This relaxation mode is termed a radiative damping.

The other mode is called a non-radiative damping. Non-

radiative decay, known as Landau damping, refers to the

transition of an electron in the intraband within a

conduction band or an interband transition from the d band

to the sp band [18]. This transition mode generates the

electron-hole pair within a femtosecond and excited

phonon vibration within a picosecond, as illustrated in

Figure 1(b). The additional hot electrons and phonons,

called hot carriers, cause electron-electron scattering and

electron-phonon scattering within the nanostructure when

the relaxation mode occurs. All of the scattering reduces the

conductivity of the metal nanostructure, thus decreasing the

Figure 1. Schematics of (a) radiative damping and (b) non-radiative damping.
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photocurrent, known as a negative photocurrent. Shape and

structure dependent characteristics of surface plasmons led

to the development of various types of plasmonic

photodetection. For example, corrugated metal gratings

have been combined with a semiconductor structure [47-

49]. A nanowire structure was also demonstrated in the

form of a metal-semiconductor-metal (MSM) detector for

high-speed operation [44,50]. Moreover, single-hole or

single-slit-shaped detectors have been developed for good

responsivity due to the light collection capabilities of these

devices [51]. All of these examples wholly depend on the

surface plasmon polariton (SPP) along a metal and

semiconductor, thus enabling the creation of electron-hole

pairs (EHPs) in semiconductors when the incident light is

absorbed while generating a photocurrent in the device

scheme [52]. Another example of such a mechanism

depends on the internal photoemission (IPE), which occurs

in three steps: the generation of hot carriers by the

absorption of light, the transportation of the carriers to the

Schottky contact (from the metal to the semiconductor),

and the emission of the carriers in the semiconductors.

These SPP-based photodetectors have been used to

construct a photodetector in the subwavelength regime

compared to the traditionally larger photonic-based

detectors. However, there remain challenges, such as the

high losses of metallic waveguides, resulting in a very

weak plasmon wave, and the decay of the plasmon wave

immediately at the interface of the dielectric medium [18,

19,38]. Therefore, new photodetectors have been developed

utilizing the localized surface plasmon resonance (LSPR)

within small nanoparticles, and the metal nanowires

combined with two-dimensional materials. A recent paper

written by Kim et al. demonstrated nanoridge-plasmon-

based photodetectors for broadband detection with high

photoresponsivity and low power consumption [53]. 

The unique nanoridge structure can confine the

broadband wavelength of light in a tapered shape. Figure 2

(a) illustrates nanoridge arrays (NRAs) with photocurrents

measured using a probe station and an incoherent halogen

lamp with a low power of 0.2-3.5 mW in a visible range

spectrum of 400-700 nm. When light is irradiated onto the

nanoridge, the current passing through the wire at low bias

voltage is greatly reduced owing to the scattering of hot

electrons and phonons in the confined wire. This

photocurrent is calculated as follows:

The scattering is caused by the localized surface plasmon

resonance for broadband wavelength of visible light due to

the ridge shape of the nanowire. Figure 2(c) shows the

broadband detection using a gold nanoridge array as

measured by dark-field microscopy. The characteristics of

the colors are determined by the focused point of the

microscopy ranging from the top (blue scattering) to the

bottom (red scattering) of the nanoridge cross-section. As

the approach offers broadband photodetection with high

photoresponsivity and ultrasmall dimension compatible

with integrated electronics, the on-chip nanoplasmonic

photodetector provides interesting pathway for integrated

photonic interconnection and sensing applications. 

Another study was recently carried out by Miao et al.

using a two-dimensional material and a nanoplasmonic

structure, as shown in Figure 3 [54]. A MoS2 layer is

combined with a surface plasmon-enhanced gold array to

overcome the low photoresponsivity of MoS2 due to its

low light absorption (Figure 3(a)) [55,56]. With the help of

plasmonics, the light is effectively localized in the gold

nanoparticles, thus enhancing the electric field around the

structure while also improving the light absorption

IPhotocurrent IOff IOn–=

Figure 2. Nanoplasmonic photodetector: (a) Schematic of electrical detection of a photocurrent using nanoridge arrays (NRAs);
the bottom figure shows an atomic force microscopy image of the NRAs. (b) Schematic and current response of the NRAs when
the light is turned on and off, (c) Optical response of the NRAs showing broadband photodetection as measured by dark-field
microscopy and spectrometry (Parts a, b, and c reprinted with permission from 52. Copyright (2015) American Chemical
Society).
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properties. Figure 3(b) shows the absorption intensity

corresponding to the wavelength and thickness of the gold

layer. The thickness of the gold layer is important to

maximize the absorption of light. Due to the coupling of

excited plasmons on the atomically thin MoS2 layer, an

improved photocurrent is generated for the given bias

voltage and optical power (Figures 3(c)-(d)). According to

the results, merging 2D materials and nanoparticles provides

high photoresponsivity and a selectable wavelength in MoS2

that is also compatible with silicon-based electronics. In

addition, it is possible to extend this method with strong

plasmon resonance to flexible optoelectronic devices such

as image sensors or biosensor arrays. 

In conclusion, based on an advanced optical transduction

mechanism using nanoplasmonics, highly efficient on-chip

photodetection will enable the integration of photonic and

electronic systems providing low power, wavelength

selectivity, and high responsivity.

III. Bioinformation Transduced 
into Optical Signal by Nanoplasmonics

There are many research schemes to detect biomolecules

for diagnostics and therapeutics. The conventional

biosensor, which can transduce biomolecule information

into a measurable signal, works via the polymerase chain

reaction (PCR) [57] and the enzyme-linked immunosorbent

assay (ELISA) [58,59]. These batch-type approaches have

high sensitivity and high throughput, but they are expensive

to operate, time-consuming and need skillful researchers to

prepare them. Another major challenge is the high operating

power. These hurdles must be overcome to extend these

methods to various applications, such as point-of-care

testing (POCT) in developing countries with low resources

[60,61]. Nanoplasmonics is a promising means of

overcoming the conventional biosensing approach. Single

nanoparticles can act as small transducers that convert the

biomolecules information into visible signals [62-65].

Fundamental sensing is carried out by radiative damping, as

was discussed already. The attachment of biomolecules can

change the refractive index of the surrounding nanoparticles,

thus dramatically changing the optical responses. 

The optical responses with the re-emitting of colors

shown as a LSPR spectral peak can be tuned by the type

of the biomolecules, its concentration, and the molecular

conformation [66]. The shift of the LSPR peak from the

particles is approximately described as

where m is the sensitivity factor (expressed as nm per

refractive index unit (RIU)), n absorbate and n medium are

respectively the RIU values of the absorbate molecules and

the medium surrounding the environment of the particles,

d is the thickness of the absorbed layer and l is the

electromagnetic field decay length. The spectral red shift is

Δλ m nabsorbate nmedium–( ) 1 e
2d l⁄–

–( )  ,≈Figure 3. (a) Schematic of few-layer MoS2 phototransistors:
(b) Absorption characteristics of Au nanoparticles on glass as
measured by a UV-Vis spectrophotometer. (c) Photocurrent
response corresponding to the voltage with or without Au. (d)
Photocurrent response corresponding to the illuminated laser
power intensity (λ = 632 nm). (Parts a, b, c, and d reprinted
with permission from 53 © Wiley).

Figure 4. Illustration of (a) gold nanoparticles on glass as
functionalized by biotin, and binding of streptavidin and HRP,
leading to the precipitation reaction on the surface. The
images and discrete wavelengths are shown using dark-field
microscopy combined with a tunable narrow-band-pass liquid
crystal filter. (b) The calibration curve for the amount of HRP
per nanoparticle corresponding to its concentration (Parts a,
b, c, and d reprinted with permission from 72, © American
Chemical Society).
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easily controlled and maximized by considering the proper

selection of the nanoparticle shape and size, and the

attachment of large biomolecules on the target nanoparticles

[67-69]. The major advantage of the approach of

nanoparticle sensing compared to the use of fluorophores is

that it offers a label-free method with stable photon

extinction without blinks or bleaching of the particles [66].

Given the advantages of nanoparticle-based sensing, the

initial concept of colorimetric detection is demonstrated

with examples such as a binding event of molecules [70,

71], the detection of the chirality of a protein [72], and the

precipitation of an immunoassay-based reaction [73,74].

The representative approach for the colorimetric detection

of the protein level was devised by Chen et al. [75]. In this

method, nanoparticles are applied to ELISA with single-

molecule sensitivity, and are functionalized by biotin and

streptavidin-horseradish peroxide (HRP). Attachment onto

the nanoparticles is achieved via biotin-streptavidin

interaction, as shown in Figure 4(a). The spectral imaging

technique serves to detect a localized precipitation reaction

from the HRP enzyme, which can amplify the shift of the

LSPR scattering wavelength corresponding to the change

of the refractive index. In Figure 4(b), the estimated

amount of attached HRP per nanoparticle at the lowest

concentration is investigated to convert the single-particle

peak shifts depending on the amount of HRP. From this

experiment, the accurate single-molecule level detection

can be determined using single gold nanostructure arrays. 

To amplify the colorimetric sensing of the nanoparticles,

the plasmonic coupling effect is demonstrated by forming

a dimer and assembly structure between the nanoparticles

[76-78]. The assemblies were created by controlling the

gap distance and the satellite particle sizes. The shift of the

scattering wavelength depending on the distance between

the particles is calculated by [79]:

In this equation, λ is the plasmonic wavelength of the

single nanoparticles, and Δλ denotes the change in the

plasmonic resonance wavelength of the nanoparticle when

the dimer or small particles are attached. In addition, s is

the gap size between the particles, and the D is the size of

the single particles. Here, τ is the exponential coupling

decay length of the coupled particles, and A is a pre-

exponential fitting factor. Depending on the equation, the

red-shift wavelength is quantitatively measured. The

coupling is strongly influenced by the gap distance, as

noted in the equation; hence, the individual ‘plasmonic

ruler’ approach is shown to control the length of the gap

and the type of functionalization [80,81]. There are very

different peak shifts depending on the change of the gap,

ranging from 2.5 nm to 0.5 nm, while a slight peak shift

occurs based on the type of functionalization. Thus, the

selection of the proper gap size within the visible range and

the appropriate functionalization type are the important

factors for the concept of plasmonic ruler. Considering

these factors, Park et al. recently demonstrated the

colorimetric detection of miRNA based on a core-satellite

assembly [82]. They showed remarkable change of the

scattering color and spectra at the picomolar level of

biomolecules with high sensitivity, as illustrated in Figure

5. The green color of the 50-nm gold nanoparticles changes

when the target molecules are attached onto the

nanoparticles while linking the assemblies via specific

probe molecules (Figure 5(a)). In Figure 5(b), the dark-

field microscopy images show the changes of the

nanoparticle color corresponding to the concentration of

the miRNA with strong shift to red-scattering. In addition,

the relative intensity of the scattering wavelength increases

when the concentration of the miRNA increases (Figure 5

(c)). This approach represents the label-free and on-chip

colorimetric detection of miRNA via targeted assemblies.

This colorimetric detection method is based on a

hybridizing method involving the mixing of APTES and

OTMS. When optimally controlling the density of the

APTES: OTMS, the core gold nanoparticles become stably

attached while emitting the green color and the color shifts

to red for core-satellite nano-assemblies hybridized with

miRNA. This hybridization step and corresponding color

change in the visible range is very important for

colorimetric detection. The unique core-satellite assemblies

which enhance the nanoplasmonic effect can be extended

Figure 5. (a) Illustration of the formation of a core-satellite
assembly on a glass substrate, (b) dark-field microscopy
images corresponding to the concentration of target miRNA,
and (c) changes of the spectral shift and relative intensity
depending on the concentration (Parts a, b, c, and d reprinted
with permission from 79 © Royal Society of Chemistry).
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to the lab-on-a-chip platform, especially as POCT for low-

resource environments. 

IV. Scalable Fabrication of 
Nanoplasmonic sensing Platform

With the help of nanotechnology, the highly sensitive

detection of optical information and target biomolecules by

nanoplasmonics is investigated with various and unique

nanostructures. This sensing approach wholly depends on

the nanofabrication process, whether it relies on a focused

ion beam (FIB) [83,84], e-beam lithography [85, 86], or

extreme ultraviolet lithography (EUV) [87] to realize top-

down nanopatterning and a self-assembly layer for the

attachment of nanoparticles [88] using electrostatic or van-

der Waals force. However, these patterning processes have

various problems. When making a pattern of a large

dimension, a considerable amount of time is required to

complete the process, and the cost associated with creating

the purposed nanoscale pattern can be high. In addition,

controlling the electron, ion, and light beam sizes

uniformly in nanoscale can be quite challenging especially

for large area. The target substrates also cause problems

related to electron charging on an insulating substrate such

as glass or polymer. Therefore, more scalable approach is

desired for nanoscale patterning. Nanoscale printing

techniques such as nanostencil printing [89], nanoimprint

lithography [90,91], or nanosphere or colloidal lithography

[92,93] as well as contact transfer printing methods [94] have

been demonstrated and found to be cost-effective methods for

large scale printing on unconventional substrates. 

With the help of these unconventional printing

techniques, the emerging nanoplasmonic devices can feasibly

provide new capabilities for optical devices, integrated

circuits, and sensing platforms. Nanostencil lithography, as

shown in Figure 6, achieved a high throughput process,

producing low-cost flexible plasmonic and metamaterials

[89]. This process provides a simple and eidetic method using

a stencil in the role of a mask for the patterning process. The

resolution limitation of the stencil patterning is a gap size of

25 nm with sub-100 nm dimension on an unconventional

substrate. Another repeatable printing method is the direct

imprinting process, which can be extended to flexible

devices with simple fabrication processes [95]. Researchers

have also fabricated complex structures such as flowers by

means of chemical modification with trans-1,2-bis(4-

Figure 6. Flexible plasmonics on (a) stretchable, (b) flexible, and (c) non-planar substrates by means of stencil lithography (Parts
a, b, and c reprinted with permission from 86, © Wiley).

Figure 7. Contact transfer printing of flexible nanoplasmonics: (a) TEM image of a master mold functionalized by FOTS, gold,
and a biofunctional group, (b) high-resolution TEM images of the master mold, (c) photographic image of the transferred
nanostructures on a flexible substrate, and (d) SEM image of gold nanostructure array (Parts a, b, and c reprinted with
permission from 93, © Wiley).
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pyridly)ethylene (BPE) [96]. This chemical serves to

connect the adjacent gold to pyridyl nitrogen to create a

nanoscale gap without additional patterning. This method is

a scalable fabrication scheme for the realization of various

structures by combining top-down imprinting and bottom

up-chemical linkage approaches. Recently, Lee et al.

demonstrated a flexible nanoplasmonics sensing platform

using a scalable contact transfer printing method as shown

in Figure 7 [97]. Using a release layer of trichloro(1H, 1H,

2H, 2H-perfluorooctyl)silane (Figures 7(a)-(b)), stable

contact transfer printing of the nanostructure is achieved on

a flexible substrate. Also, biofunctionalization is included

on the side-edge of the target nanostructure for the

enhancement of the electric field, thus the sensing signals.

The scattering color shown in the photographic image of

Figure 7(c) is red from the nanoplasmonic arrays as shown

in the magnified scanning microscopy image in Figure 7

(d). Careful integration of the contact transfer printing and

a chemical functionalization process enabled the noise-free

sensing with pre-functionalization and the side-edge

enhancement of the electric field for bioapplications on a

flexible platform. 

Unlike traditional fabrication methods, these fabrication

processes allow an adequately scalable and reliable process

for the fabrication of high density arrays of nanostructures in

large dimension, thus enabling next-generation plasmonic

devices for flexible, wearable, and biocompatible applications.

V. Conclusions

In this review, we have discussed nanoplasmonics as an

enabling platform, especially for integrated sensing

capabilities among various aspects of this technology. For

the applications in integrated photonic interconnection,

nanoplasmonic photodetectors based on a uniquely shaped

metallic nanostructure provides the size compatibility with

electronics while also demonstrating high responsivity, low

power operation, and the broadband detection. With

the advancements in nanophotonics, the future optical

interconnects will migrate into more integration with CMOS

electronics requiring further compatibility in fabrication.

Therefore, emeging nanoplasmonic components will need

more compatible alternative materials such as conventional

metal nitrides, semiconductors, transparent conducting

oxides, and 2D materials [98-100]. 

In terms of the sensing capability for biomolecule

detection, the enhancement of the sensitivity and good

selectivity for the detection of protein levels and nucleotide

levels is achievable using a single nanoparticle or core-

satellite nanoparticle assemblies based on nanoplasmonics.

A combination of microfluidics and high resolution

spectroscopy from plasmonic sensing devices can push

beyond the hurdles of practical bioapplications. Moreover,

new chemical and biological quantification techniques,

investigations of binding kinetics, molecular identifications

for multiplexing diagnostics with therapy in what is known

as theranostics represent remaining research areas in

relation to novel biosensing applications [101-103].
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