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Highly Desirable Photodetectors Derived from Versatile 
Plasmonic Nanostructures

Hongyu Chen, Longxing Su, Mingming Jiang, and Xiaosheng Fang*

With unique ability to concentrate and manipulate light at nanoscale, surface 
plasmon resonance technologies create additional opportunities for fabri-
cating superintegration photodetectors with desirable functionalities. To 
gain an insight into the state-of-the-art of plasmonic photodetectors, recent 
advances in novel devices as well as potential building blocks are presented 
herein. The article focuses particularly on understanding the enhancement 
mechanism of different architectures such as nanoparticles, gratings, wave-
guides, antennas, and microcavities. Meanwhile, challenges and potential 
design schemes are proposed in this inspiring field.

DOI: 10.1002/adfm.201704181

1. Introduction

As a momentous component of information technology (IT), 
photoelectric sensor technology has attracted considerable 
attention owing to its tremendous application potentials in 
many domains with regard to industry, agriculture, environ-
ment and medical care. In particular, cooperated with com-
munication technology and computer technology, versatile 
photoelectrical sensors provide us great abilities to understand 
and change the world.[1–4] For example, thanks to the visible 
and infrared (IR) sensors on a meteorological satellite, one can 
update the actual weather whenever and wherever possible; 
owing to the IR night vision, drivers could see much better 
on dark road; and ultraviolet (UV) sensors play an important 
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role in monitoring ozone hole,[5] air/
water purifcation and so forth; moreover, 
the high resolution imaging sensors in 
the endoscope of da vinci surgical system 
not only bring faster and more accurate 
clinical diagnosis by 3D view of inside 
the internal organ, but also make the sur-
gical therapy more convenient and effec-
tive, etc.[6] Therefore, further research and 
development of photoelectrical sensor 
technology will be of great significant both 
in human health and social progress.

Generally, in the photoelectrical 
sensor system, a photodetector offers 

the ability to convert light into electrical signals, whose per-
formance and architecture will directly affect the design of 
post-stage readout and amplifying circuits. Hence, it is no 
doubt that making a future roadmap of photodetector is still 
at the heart of developing next generation photoelectrical 
sensor technology. At the same time, to make the integrated 
photoelectric conversion system operate with desirable per-
formance, the size of photodetector should be small enough 
which is compatible with the constantly developing super-
integrated circuits. As shown in Figure 1a, it is the evolu-
tion of metal-oxide-semiconductor field-effect transistor gate 
length in production-stage integrated circuits in conjunction 
with international technology roadmap for semiconductors 
(ITRS) targets figured in 2010.[7] It is not hard to find that 
the gate lengths of the transistor exponentially decreased as 
time went on. Correspondingly, number of transistors per 
processor chip increased exponentially. And following ITRS 
target, it is believed that the gate length will be shrunk from 
30 to 7.4 nm in ~15 years. However, IBM realized the target 
at an alarming rate—a decade ahead of ITRS schedule! They 
announced their successful production of 7 nm test chips at 
its joint research lab at State University of New York (SUNY) 
polytechnic institute in 2015 (Figure 1b).[8] It is no doubt that 
scaling down the size of optoelectronic cell has enabled the 
complexity of integrated optoelectronic devices with high 
performance and multifunctionality. However, shrinking 
down the size of photodetectors along with their post-stage 
circuits will face tremendous challenges. As an example, to 
realize high photoelectric conversion efficiency, most active 
materials in the photodetectors need necessary size for suf-
ficient optical absorption. If the active area of optoelectronic 
device is decreased, it will result in a degraded sensitivity 
of ptotodetection. Moreover, when their sizes are reduced 
down to subwavelength scale, conventional devices will 
suffer from optical diffraction limit and start to misbehave. 
Hence, to develop superintegrated photodetectors with high 
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performance, design solutions which could decrease the size 
of single photodetector and increase its photoelectric conver-
sion efficiency at the same time are emergency needed.

Fortunately, it is delighted to find that plasmonic nano-
structures share a unique capability to concentrate, route, 
and manipulate light at nanoscale. It provides us a promising 
approach to bridge the gap between the world of nanoscale 
electronics and microscale photonics.[9,10] And some prominent 
experimental and technological applications were obtained in 
sensor, solar cell, light-emitting diode, laser, and so on.[11–13] 
Especially, experimental results demonstrate that incorpora-
tion of plasmonic nanostructures in photodetectors not only 
has the potential to overcome the problem of light trapping at 
subwavelength scale, but also could suppress photon-gener-
ated carrier recombination.[3] Although many operating mecha-
nisms of present plasmonic photodetectors are not very clear, 
versatile photodetectors have been designed and fabricated in 
conjunction with various metallic and graphene nanostruc-
tures such as nanoparticle,[14–16] grating,[17–19] waveguide,[20,21] 
antenna,[22,23] and microcavity,[24–28] etc. These results demon-
strated that photodetectors involvement of surface plasmon 
resonance have great potential to be applied in more domains 
with higher performance and greater functionality (Figure 1c). 
Briefly, in addition to enhance the quantum efficiency, signal-
to-noise, and bandwidth of photodetectors, properties inherent 
to surface plasmon resonances are also exploited to pro-
vide additional characteristics to photodetectors including 
polarization, angular, and spectral selectivity, etc.[29–32]  
Up to now, albeit extensive researches on plasmonic photo-
detectors were reported, review of plasmonic photodetectors 
involving potential plasmonic materials and building blocks is 
still lacking.

Herein, current literatures on photodetectors enhanced by 
surface plasmon resonance technique are demonstrated sys-
tematically in this paper. Briefly, a comprehensive description 
of photodetection mechanisms in these plasmonic photodetec-
tors is proposed at first, and then a few representative appli-
cations of the state-of-the-art plasmonic photodetectors as well 
as some promising plasmonic building blocks are described 
before outlining the challenges and opportunities in this 
exciting area.

2. Operating Mechanisms of Plasmonic 
Photodetectors

A plasmonic photodetector is a kind of photoelectric device 
with the capability to detect surface plasmons or involving sur-
face plasmon resonances in their photodetection process.[31] To 
understand how surface plasmon resonance can be applied for 
enhancing the performance of photodetectors, it is essential 
to gain insight into both the nature of surface plasmon reso-
nances and photodetectors at first. Because the design schemes 
and working mechanisms of various photodetectors have been 
fairly demonstrated in previous reviews,[4,33,34] they will not 
be presented here. As such, some basic knowledge of surface 
plasmon resonances will be briefly outlined, followed by three 
working mechanism of present plasmonic photodetectors in 
this section.

2.1. Basic Knowledge of Surface Plasmon Resonances

Surface plasmon is a kind of hybrid electromagnetic wave arising 
from the collective oscillations of free electron gas within the 
metal, which could propagate along the interface between a metal 
and a dielectric (Figure 2a).[35] With the unique ability to route 
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and manipulate light at nanoscale beyond diffraction limit, it has 
been of significant interest in the development of nanophotonic 
devices.[36] Nowadays, the family of their associated materials 
has grown up from insulator throughout semiconductor even 
zero-band-gap semiconductor (i.e., graphene) to metal, which is 
an important component of fascinating nanophotonics. How-
ever, surface plasmons were not considered viable for photonic 
elements for a long time because of the significant propagation 

losses arising from the metal absorption. Thankfully, further 
researches demonstrated that surface plasmons components 
are significantly smaller than the propagation length.[37] These 
important discoveries open the way to integrate surface plas-
mons components into photoelectronic devices with low losses. 
In addition, the excitation and propagation of a suitable surface 
plasmon resonance mode at the desirable wavelength need the 
ability to control a complex condition consisting of plasmonic 
nanostructures’ shape, size, composition, as well as their dielec-
tric environment. Therefore, to design and fabricate plasmonic 
photodetectors with desirable performance, integration of an 
appropriate surface plasmon mode is of paramount importance.

According to the propagation length of surface plasmons, the 
mode of surface plasmon can be classified into two main cate-
gories: localized surface plasmons (LSPs) and surface plasmon 
polaritons (SPPs). As illustrated in Figure 2b, LSPs are non-
propagating excitations of the conduction electrons of metallic 
nanostructures which could be coupled to the electromagnetic 
field. The resonance frequency and bandwidth of this mode is 
mainly determined by the metallic nanostructure’s shape, size, 
and environment. Generally speaking, small particles such as 
islands, spheres, and rods supported LSPs, and the phenomena 
of light trapping or scattering by small particles have a long 
and interesting history in physics and materials. Fabricating 
high performance photodetectors within random or regular 
morphology of metallic nanostructures have been reported for 
a long time, specific description of this type devices will be pro-
posed later in Section 3.1.1. By contrast with LSPs, SPPs could 
propagate along the interface between a metal and a dielectric. 
As such, they are also known as propagating surface plasmons. 
They can be supported on a variety of metal–dielectric struc-
tures including metal nanoparticles,[14–16] hybrid plasmonic 
waveguide consisting of metal and dielectric films,[20,38] metal 
gratings,[17–19] antennas,[22,39] and microcavties.[25–27] Similar 
to LSPs, SPPs are sensitive to the surrounding environment 
in the vicinity of metal/dielectric interface. It is also worth 
pointing out that the excitation of SPPs is beneficial to com-
pensate missing momentum, which would be very conducive 
to guide and trap light into the active layer of photodetectors.

Albeit multifarious plasmonic photodetectors are explored, 
relationship between the performance of photodetectors and 
the nature of the surface plasmon modes are still need to be 
further categorized and clarified. Hence, summary of their 
operating mechanisms is vital for the further development of 
this type of devices. In the following paragraph, three main 
working principles of photodetection enhanced by LSPs and 
SPPs will be sketched at first, then applications of surface 
plasmon in photodetectors will be deferred to Section 3.

2.2. Working Principle of Photodetection Enhanced by  
Surface Plasmons

Generally, detecting optical signals via a semiconductor photo
detector is mainly through three-step photoelectric conversion 
processes: (1) carriers generation by incident light; (2) carriers 
transportation (as well as carriers multiplication if current-gain 
mechanism is present); (3) carriers extraction as the output 
electric signal.[40] Therefore, to fulfill the increasing demand 
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Figure 1.  a) Trends in digital electronics figured at 2010. Evolution of 
MOSFET gate length in production-stage integrated circuits and ITRS 
targets. Reproduced with permission.[7] Copyright 2010, Macmillan Pub-
lishers. b) IBM announced their successful production of 7 nm test chips 
at the SUNY Polytechnic Institute in 2015. Reproduced with permis-
sion.[8] c) A roadmap of next-generation photodetectors based on surface 
plasmon techniques.
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of high-speed and sensitive photodetectors, fabricating novel 
photodetectors by using the flourishing surface plasmon tech-
nologies, systematically studies these photoelectric conversion 
processes are vital. Hence, we will lift the veil on the remark-
able advantages of plasmonic photodetectors vividly starting 
from this perspective.[2,3,29,41] First, in the process of carriers 
generation by incident light, thanks to the increased resonance 
absorption without consideration of optical diffraction limit, 
it shrinks the physical dimension of photodetectors without 
changing optical dimension. And then, in the process of car-
rier transportation, the resonating electromagnetic fields are 
significantly enhanced compared to the illuminating fields. 
The enhanced electromagnetic field surrounding the plasmonic 
nanostructures may accelerate the separation of electron–hole 
pairs in the active layer. Furthermore, a lower device capaci-
tance is benefit for obtaining a fast carriers transition time, 
which is promising to realize high-speed detection. At last, in 
the process of carrier extraction, the enhanced electromagnetic 
field would reduce the operation energy for generating elec-
trical signals.

In addition to aforementioned promising results of surface 
plasmon resonance technique used in conventional photo
detectors (Figure 3a), an emerging surface plasmons technique 
enable to detect photons with energies lower than the interband 
threshold of the semiconductor via generating hot carriers. 
The underlying physical principle is presented in Figure 3b, 
c. In these two configurations, resonant surface plasmons can 
decay either radiatively or nonradiatively through the genera-
tion of excited carriers, typically referred to as hot carriers.[42–44] 
After this type of surface plasmon resonance is photoexcited, 
additional carrier–carrier scattering and relaxation of the high-
energy carriers would generate photocurrent which is no 
longer limited to the bandgap of semiconductor, but rather 
extended to Schottky barrier height or tunnel junction. There-
fore, these new discoveries would break the limits of semicon-
ductors’ bandgap for exploring new photodetectors. Moreover, 
it will provide a novel approach to modulate the junction and 
inject more photon-generated carriers for output current, even 
without bias voltage. As such, owing to plasmon excitations are 
most taken placed in metallic nanostructures, hybrid system of 

Adv. Funct. Mater. 2017, 27, 1704181

Figure 2.  a) Decay length of surface plasmon into metal and dielectric. b) Classification of the surface plasmon polarizations. Reproduced with permis-
sion.[35] Copyright 2013, Wiley-VCH.
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metal–semiconductor would be an excellent building block for 
manipulating the emission of hot carriers, as well as a prom-
ising platform for fabricating plasmonic photodetectors with 
dual-function.

3. Excitation of Surface Plasmon Resonance  
in Photodetectors

Through above descriptions, quite a few potential advan-
tages of the surface plasmon resonance technique for the 
further development of next generation photodetectors have 
been witnessed, and it is believed that the progression of 
plasmonic photodetectors would be toward smaller, faster, 
and more efficient in near future. However, both of LSP and 
SPP modes are difficult to be efficiently excited, which bring 
about many challenges in designing and fabricating this kind 
of devices. For this reason, exploring an effective method that 
can remarkably harness surface plasmon excitations is par-
ticularly critical at present. In this section, existing methods 
for exciting the surface plasmon resonances in terms of 
single LSP modes, SPP modes, and coexistence of two modes 
in the photodetectors will be described in detail. We hope 
these available technologies may offer some new opportuni-
ties for exploring next generation plasmonic photodetectors.

3.1. Photodetectors Enhanced by Single Surface Plasmon Mode

To better stimulate surface plasmon polaritons and achieve 
their better applications in photodetection, various plasmonic 

nanostructures have been explored, which attracted many inter-
ests in past few years. Under the impetus of rapidly developed 
chemical synthesis techniques and physical micro–nano fabri-
cation technologies, versatile metallic nanostructures such as 
rods,[45,46] shells,[47,48] rings,[21,49] rings/disks,[50,51] cubes,[52,53] 
array of subwavelength slits,[54,55] or holes[56,57] in metal films, 
etc. as well as graphene[58,59] are fabricated successfully. With 
different plasmonic characteristic and functions, they played an 
important role in enhancing the performance of photodetectors. 
In order to explain the profound physical mechanisms behind 
these different structure devices in a simple way, background 
knowledge of surface plasmon modes (LSPs and SPPs) with the 
typical examples will be demonstrated firstly.

3.1.1. Photodetectors Enhanced by LSP Excitation in  
Metallic Nanoparticles

As mentioned above (Section 2.1), LSPs cannot propagate 
freely, they are usually confined in the vicinity of metallic nano-
particles, where the excited electromagnetic field is strongly 
enhanced compared with the incident optical field. For this 
reason, incorporation of LSP technique in photodetectors may 
be a promising pathway to enhance quantum efficiency by addi-
tional light trapping and resonance field enhancement, and this 
has been confirmed by many experimental results.[14–16,60–62] 
Therefore, with the purpose of taking full use of metallic 
nanoparticles in plasmonic photodetectors, getting insight 
into the principle of launching surface plasmons from metallic 
nanoparticles seems particularly important. As illustrated in 
Figure 4, these modes arise naturally from the scattering effect 
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Figure 3.  Plasmon detection mechanisms of a) standard semiconductor photodetectors, b) tunnel junction detectors, and c) Schottky diode 
photodetectors. Reproduced with permission.[44] Copyright 2013, Wiley.

Figure 4.  Sketch of a) charge distributions and b) corresponding electric field distributions of the metallic nanoparticles for the two different  
polarizations.
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of a small, subwavelength conductive nanoparticle in an oscil-
lating electromagnetic field.[36] When LSPs generated, electrons 
(take the simplest spherical particles as an example) would 
oscillate coherently with the incident light field. If the dimen-
sion of particles is compared to the wavelength of incident light, 
the fundamental resonant mode of these particles is mainly 
dipolar charge distribution at the surface. These resonant fea-
tures could be characterized by their extinction (scattering and 
absorption) spectra. In theory, the experimental results outlined 
above exhibit a reasonably good approximation with Mie theory 
for small spherical and ellipsoidal particles in visible and near-
infrared region. Generally speaking, in the condition of quasi-
static limit (r ≫ λ : r is the radius of the nanosphere, λ is the 
wavelength of incident light), the extinction cross-section Cext 
can be calculated from Equation (1)

ext sca absC C C= + 	 (1)

where Cabs and Csca are the absorption and scattering cross-sec-
tions of the small metallic nanosphere, respectively 
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and α is the sphere’s polarizability, given by the following 
expression for the case of dipolar resonant mode 
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In Equation (4), εm, εd, and r are the permittivities of the 
metal and surrounding dielectric, the radius of the nano-
sphere, respectively. From the above formulas, it would be easy 
to conclude that absorption dominates a main component of 
extinction in the case of a small sphere (the size of the metallic 
particle is much smaller than the wavelength of incident light), 
and they absorb energy mainly through three following mecha-
nisms:[63] (i) collective excitations of “free” electrons by surface 
plasmon resonances, (ii) interband transitions, and (iii) surface 
dispersion or scattering of “free’’ electrons if their mean free 
path (Table 1) is comparable to the dimension of nanoparticles. 
When the size of nanoparticles increases, the radiation effects 
become more and more important, which dominate a main 

component of extinction. If the dimension of particles is larger 
than their mean free path, higher order resonant modes will 
appear and the quasi-static approximation will break down due 
to retardation effects.[64] Owing to the complexity of multipolar 
surface plasmon induced by controlling the size, structure, and 
coupling interaction (e.g., Fano interference) of nanoparticles, 
photodetectors enhanced by multipolar surface plasmons are 
scarce until now, and it is not be discussed herein.

Therefore, present plasmonic photodetectors with metallic 
nanoparticles may operate as following: owing to metallic 
nanoparticles, optical energy is scattered by one nanoparticle, 
and collected by its neighboring one as plasmons instead 
of decaying as free-space light. In this way, incident light is 
trapped and localized in the plane of nanoparticle array, and 
then create additional electron–hole pairs in the semiconductor. 
Additionally, the improved localized optical field would accel-
erate the separation of electron–hole pairs, therefore lead to a 
great enhancement of optical field and photocurrent.

Based on aforementioned working mechanisms, photo-
detectors enhanced by LSPs were realized by simple random 
dispersed metallic nanoparticles deposited onto the surface of 
devices.[66–70] Furthermore, it is found that in addition to the 
size of the nanoparticles, special morphology such as trilat-
eral, cube nanoparticles would also play an important role in 
the redistribution of metallic nanoparticles’ surface charges 
for determining the resonance wavelength of the surface 
plasmons.[15,71–75] As an example, Figure 5a is a Se microtube 
photodetector with a broadband responsivity enhancement 
from 300 to 700 nm by tailored the sputtering time of disperse 
Au nanoparticles.[14] And the following theoretical simulations 
and analyses demonstrate that the intensity of surface plasmon 
resonance is mainly attributed to the interaction between Au 
nanoparticles and Se microtube. It is believed that this work 
would provide us an additional opportunity for fabricating sur-
face plasmon enhanced broadband photodetectors with high-
performance. As illustrated in Figure 5b, it is a AlGaN-based 
plasmonic photodetector with strongest field enhancement by 
the sharp tips of Al nanoparticle.[15] The peak responsivity of 
the device is enhanced more than 25 times than that of without 
size-controlled and well-ordered Al nanoparticles, which offers 
us a low-cost and high efficient approach to achieve plas-
monic enhanced deep UV optoelectronic devices with excellent 
performance.

3.1.2. Photodetectors Enhanced by Propagating Surface Plasmons

Albeit LSP technique is a convenient way to enhance the 
optical absorption of semiconductors and photocurrent of 
photodetectors, an important issue for such devices should 
be considered, LSP field would attenuate rapidly owing to 
high loss in the metal.[36] Hence, to compensate the missing 
momentum, and guide, trap light into the active layer of pho-
todetectors with high efficient, the abilities to convert incident 
light into a propagating SPP mode, and incorporate such plas-
monic circuits into photodetectors are of important. As illus-
trated in Figure 6a, albeit constructing the structure supporting 
propagating surface plasmons is not difficult, and the sim-
plest way is to build an optical semi-infinite dielectric/metal  
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Table 1.  Values of the electron–electron mean free path. The data is 
reproduced from ref. [65].

Materials L  
[nm]

lp  
[nm]

le  
[nm]

le,t  
[nm]

Au (electrons) 74 ≤50 >200 40.6

Au (holes) 55 ≤50 >200 52

Ag (electrons) 44 10 ≤ lp ≤ 60 70 ≤ le ≤ 750 57

Cu (electrons) 5 < L < 20 10 ≤ lp ≤ 80 ≤ 25 42.1

Pd (electrons) 17 10 ≤ lp ≤ 80 15 ≤ le ≤ 40 11
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interface.[36] The propagation of transverse electromagnetic 
waves is forbidden inside the metal when ω is smaller than ωsp 
(Figure 6b). Therefore, it is an important challenge for surface 
plasmons to be launched directly on a smooth metal surface, 
because βSP (the propagation constant of surface plasmon) of 
the SPP is greater than that of a free-space photon at the same 
frequency. To figure out this intractable issue, approaches in 
terms of prism coupling, a periodic corrugation in the metallic 
surface such as gate, and waveguide for coupling between 
light and SPPs are well performed in several coupling photo-
detectors in order to compensate the missing momentum.

To enhance the momentum of incident light, prism cou-
pling for optical excitation of SPPs by using Kretschmann and 
Otto configurations are the first two frequent methods for con-
structing SPPs based photodetectors.[76] By introducing into 
the totally reflected system, the incident light could be totally 
reflected at the base of prism when it passes through a high 
refractive index prism. What is more, the in-plane component 

of the free-space photon propagation constant kx (kx = ksin θ, θ 
is the angle to the surface normal) at the metal–air interface is 
smaller than the SPP propagation constant β, even at grazing 
incidence, prohibiting phase-matching. This means that SPPs 
could be excited along the interface with the new propaga-
tion constant adjusted by controlling the angle of incidence as 
following

2
sin( ) Re{ }p SPn

π
λ

θ β= 	 (5)

where θ is incidence angle, np denotes the refractive index of 
the prism (np > nd), and βSP denotes the propagation constant 
of the SPPs.

To descript the effect of prism coupling in photodetector 
vividly, a typical device is described below. In these prism 
coupling photodetectors, Otto coupling is more popular than 
Kretschmann coupling in experimental work. As sketched 
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Figure 5.  a) Scheme illustration of Se–MT photodetector enhanced by randomly distributed Au nanoparticles (top). Spectral responsivity of single 
Se–MT photodetectors with various Au sputtering times (bottom). Reproduced with permission.[14] Copyright 2016, Wiley-VCH. b) Spectral response 
of AlGaN-based metal–semiconductor–metal (MSM) detectors with and without size-controlled and well-ordered Al nanoparticle arrays. Reproduced 
with permission.[15] Copyright 2015, AIP Publishing.

Figure 6.  a) Spatial distribution of the magnetic intensity for a surface plasmon at the interface between gold and a dielectric in the direction perpen-
dicular to the interface. b) The dispersion relation of the free electron gas. Electromagnetic wave propagation is only allowed for ω > ωp. Reproduced 
with permission.[36] Copyright 2007, Springer.
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in Figure 7a, a GaAs–A1As–GaAs–Au Schottky structure 
photodetector based on an Otto coupling geometry explored 
by Daboo et al. In this work, the incident p-polarized radia-
tion could couple to the SPP at the Au–GaAs interface, and 
concentrate high E-fields arising from the excitation of SPPs 
at the GaAs–Au Schottky interface.[77] Thanks to a strong 
enhancement of the internal photoemission photocurrent 
across the Schottky barrier, an enhancement factor of 20 have 
been achieved.

SPP excited by an optical waveguide is developed from the 
bulk prism-based plasmonic devices. Unlike diffraction-limited 
dielectric waveguides, metallic waveguides can be fabricated at 
subwavelength dimensions. Benefitting from the same proper-
ties of optical signal transmission, they can be used for both 
optical and electrical signal transmission. Albeit the process 
of exciting SPPs in waveguide structure is similar to that of in 
attenuated total reflection prism coupler, photodetectors inte-
grating with optical waveguides not only allows miniaturiza-
tion of the photodetection system, but also provides a simple 
approach to control the optical path by the increased design 
constraints. As shown in Figure 7b, when the incident light 
is concentrated in the waveguiding layer, it evanescently pen-
etrates through the metal layer. If the coupling condition for the 
guided mode and the surface plasmon is fulfilled as

Re{ }mode SPβ β= 	 (6)

where βmode denotes the propagation constant of the wave-
guide mode. SPPs will be excited at the outer interface of the 
metal.[78]

Benefitting from the additional design waveguide integrated 
in devices, a variety of SPPs photodetectors in terms of fiber 
waveguide, symmetric/asymmetric metal strip waveguide, 
double metal strip waveguide based photodetectors with 
improved performance have been explored.[20,77,79–84] In order 
to better understand the effects of such SPPs waveguide struc-
ture in photodetection, a typical asymmetric structure wave-
guide Schottky Si photodetector would be demonstrated herein, 
because the asymmetric structure waveguide is the simplest 
structure among these devices. As shown in Figure 7b, this 
asymmetric structure waveguide Schottky Si photodetector is 
fabricated by thin Au stripes of finite width cladded with asym-
metrical dielectric (lightly doped Si and air) to launch SPP.[81] 
By tailoring the thickness of Au strips, the coupling efficiency 
of 18% enhancement is achieved, and significant enhance-
ment in quantum efficiency (the responsivity increases from 
0.61 to 15.2 mA W−1) is observed for a thin metal stripe due 
to multiple internal reflections of excited carriers. However, 
the performance of this kind of photodetector still need to be 
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Figure 7.  a) The experimental arrangement used to measure the reflectivity and photocurrent. The diagram on the left indicates how pressure was 
applied to ensure optical coupling between the prism and the sample. The diagram on the right shows a blown-up view of the sample indicating the 
thicknesses and doping of each layer (top). Relative photocurrent enhancement as a function of angle for p-polarized 1152 nm incident light. The two 
angular ranges show the enhancements due to surface plasmons being excited at the Au–air (26 ≤ 7 < 28°) and GaAs–Au (70° ≤ 7 < 85˝3 interfaces 
(bottom). Reproduced with permission.[77] Copyright 1991, Elsevier. b) Front view of the photodetector structure on n-Si. The Au/n-Si interface serves 
simultaneously as part of the waveguide and as a Schottky barrier diode (top). Energy band diagram showing the internal photoemission process 
(middle). Perpendicular electric field distribution of the asbb

0 mode (bottom). Reproduced with permission.[81] Copyright 2009, American Institute of 
Physics. c) Scanning electron microscope image of the planar integrated plasmonic lens MSM photodetector (top). Photocurrents of lensed and regular 
devices as a function of wavelength (bottom). Reproduced with permission.[85] Copyright 2009, American Institute of Physics.
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improved compared with the symmetric metal stripe operating 
in the long-range SPPs. Because only a small portion of the 
incident light can be coupled into SPPs by end-fire excitation 
relying on spatial mode-matching rather than phase-matching, 
most of the incident light is reflected. Phase-matching to SPPs 
can be achieved in metal/dielectric multilayer thin film geom-
etries such as insulator–metal–insulator (IMI) heterostructures 
sustain confined SPPs, this allows coupling SPP modes in con-
ventional dielectric waveguides with high efficiency. In spite of 
these, there are three main techniques by which the missing 
momentum can be compensated up to now. First, making use 
of prism coupling to enhance the momentum of the incident 
light is a potential way. Second, a subwavelength protrusion or 
hole would provide a convenient way to generate SPPs locally. 
Third, making use of a periodic corrugation in the metal’s sur-
face is a promising method.[37] Because some techniques men-
tioned above involved the excitation and investigation of hybrid 
plasmons in metallic nanostructures, it will be presented in 
detail in Section 3.2.1.

Another approach to realize optical excitation of surface plas-
mons is based on the diffraction of light in a corrugated grating 
coupler. As illustrated in Figure 7c, the incident optical wave 
is diffracted and multipled to form a series of beams directed 
away from the surface at a variety of angles in this periodically 
distorted metal–dielectric interface. If the momentum of dif-
fracted light parallel to the grating surface is equal to the propa-
gation constant of the surface plasmon[78]

2
sin

2
Re{ }d

SPn m
π
λ

θ π β+
Λ

= ± 	 (7)

the diffracted light can couple to a surface plasmon, where m 
is an integer and denotes the diffraction order, Λ is the grating 
period. Benefiting from integrating a nanoscale metallic 
grating into its contacts, the photoelectric conversion efficiency 
of photodetectors is enhanced. As an example, Figure 7c is a 
MSM photodetector, in this photodetection system, SPPs are 
sensitive to the incidence angle, polarization, and wavelength of 
incident light through the equation as following[31,85]

L G SPPK mk Kx x+ = 	 (8)

where LKx  is the x-directed component of KL, m is an integer, 
and SPPKx  is the SPP wave number. And the nanocorruga-
tions play an important role for the additional momentum Δk 
required for the collective resonant coupling between incident 
photons and the electrons
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2
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π∆ = = 	 (10)

where k∥ is the component of the incident light wave vector 
parallel to the device surface, c is the speed of light, and θ is 
its angle of incidence, kSP is the surface plasmon wave vector, 

and εd and εm are dielectric constants of air and metal, respec-
tively. In this work, in addition to retain the MSM advantages 
of simplicity, planarity, and monolithic integrability, the inte-
grated plasmonic lens photodetector with a high signal to 
noise ratio exhibits both a photocurrent enhancement and 
responsivity increase of about 90% at the design wavelength 
in comparison to other identical MSM photodetectors without 
integrated nanoscale gratings. Albeit with a drawback for such 
grating-based SPP photodetectors could only operate in a 
specified wavelength range, accurate control of the thickness of 
plasmonic active metal layer is not required in these devices, 
their compatibility with mass production makes the grating 
coupler an attractive approach for fabricating low cost SPP 
photodetectors.

3.2. Hybrid Plasmonic Photodetectors

In the plasmonic photodetectors, LSP mode, which provides 
large near-field enhancement factors and strong scattering, will 
gradually attenuate owing to losses arising from the absorption 
in the metallic materials. SPP mode is very conducive to guide 
and trap light into the active layer of photodetectors by com-
pensating the missing momentum. Although the SPP mode 
could be used for light trapping, but the gains are modest 
because SPP waves only can be excited at specific angles and 
with one linear polarization state of incident light. Therefore, 
for the development of plasmon-enhanced photodetectors, 
activating SPP mode is very important for obtaining a high 
quantum efficiency. To cover the breadth of hybrid plasmonic 
photodetectors available at the present time with suitable 
classification, avenues will appear in these sections in terms 
of nanoantennas, hybrid gratings, and various microcavity 
architectures.

3.2.1. Plasmonic Photodetector Based on Optical Antenna

Followed by widely use of conventional radiowave antenna, 
optical antenna (nanoantenna) is a new intensively studied sub-
ject in physical optics. Albeit the working principle is quite dif-
ferent from classical antenna theory, the purpose of an optical 
antenna is similar to that of a conventional antenna: collect light 
over a broad space area and focus it on an ultrasmall area, and 
vice versa.[86] Up to now, various patterned metallic structures 
fabricated by electron-beam lithography with their minimum 
feature sizes in tens nanometers, which are the specific archi-
tectures allowed them to function as optical antennas. Hence, 
combined with the favorable attributes of LSPs and SPPs, 
optical antenna configurations possess a powerful capability of 
concentrating, manipulating, and controlling optical radiation 
at subwavelength scales. It means that if an appropriate optical 
antenna structure could be incorporated into a photodetector, 
surface plasmonic modes can be modified and transmitted over 
long distances, and the incident optical radiation would be con-
verted into the nanoscale active region with a higher efficiency. 
In addition, similar to grating coupler-based SPR system men-
tioned above (Section 3.1.2), optical antenna can be integrated 
with photodetectors to generate hot electrons, which provides 
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additional opportunities for photodetection at subwavelength 
region. Furthermore, the response peak of a photodetector 
could be selected by periodic optical antenna arrays owing to 
their extraordinary transmission properties. Therefore, scheme 
of fabricating nanostructure photodetector based on plasmonic 
antenna is quite fantastic. In this section, several representa-
tive nanoantenna architectures and important issues will be 
reviewed and discussed.

In several designs, dipole antenna is one of promising archi-
tecture to enhance the photocurrent of an ultrasmall photo-
detector with high wavelength and polarization selectivity. As 
an example depicted in Figure 8a, it is a subwavelength MSM 
detector equipped with a half-wave Hertz dipole antenna.[22] 
In this device, the resonant half-wave Hertz dipole antenna is 
made of two metallic nanowires, and the active region of this 
photodetector is 150 nm × 60 nm × 80 nm, which is two orders 
of magnitude smaller than previous photodetectors at such 
wavelengths in the range of 1310–1480 nm. In this device, 
owing to the dipole antenna, the incident light could be effi-
ciently collected from a large area and concentrated into the 
small subwavelength region of the Ge, which allowed optical 
field and photocurrent to gain a great improvement with high 
polarization selectivity. As shown in Figure 8a (bottom), com-
pared with the measured photocurrents for light polarization in 
y and x direction, a polarization contrast of 20 in the resulting 
photocurrent is found at a very low bias voltage. Addition-
ally, the cutoff frequency of this device is estimated to be over 
100 GHz, which suggests the photodetector possessing a great 
potential to operate with a high-speed. Therefore, although 
more precise techniques in the nanofabrication process are 
required, schemes of fabricating high performance nano-
structure photodetectors assisted by optical antenna is indeed 
attractive.

Subsequently, thanks to the electron-beam lithography (EBL) 
and electromigration techniques, Shi et al. achieved a wave-
length and polarization sensitive photodetector in individual 
sub 10 nm gold nanogap antenna in 2011.[87] As shown in 
Figure 8b, the device consists of a graphene constriction posi-
tioned within gap between two gold electrodes. Owing to the 
nanogap antenna, only a symmetric photocurrent is obtained 
at the narrowest region (≈10 nm) of the break junction device 
and the antisymmetric heating signal is suppressed when a Ti-
sapphire tunable continuous wave laser scans along the dotted 
centerline of the electrodes. Moreover, polarization sensitivi-
ties of the photodetector could be achieved as large as 99%, 
and the largest photocurrent enhancement could be achieved 
around two orders of magnitudes. Subsequently, to further con-
firm the important role of nanogap antenna in the photodetec-
tion, the authors studied the photocurrents both on Au break 
junctions without graphene and graphene nanoconstrictions 
without nanogap gold electrodes, respectively. They found that 
the device without graphene do not produce any measurable 
photocurrent. And the device without nanogap Au electrodes 
only generate a antisymmetric heating-type signal which is inde-
pendent of a resonant wavelength. This indeed confirms that 
the photocurrent enhancement originates from the coupling 
effect of Au nanogap electrode and graphene nanoconstriction. 
Therefore, this nanogap antenna holds promise for high perfor-
mance detection at the nanoscale.

As mentioned above, benefiting from the focus ion beam 
(FIB) and electron beam lithography manufacturing processes, 
the size of optical antenna could be shrunken down to the 
nanoscale even sub-10 nm, In spite of this, photodetectors inte-
grated with these optical antennas could operate with a high 
responsivity and broad bandwidth. Although photodetectors 
based on optical antenna are still at an early stage of 
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Figure 8.  a) Top view of the open-sleeve dipole antenna consisting of a dipole antenna oriented in the y direction and two line electrodes (sleeves) in 
the x direction (top). Measured photocurrents for light polarization in y and x directions (bottom). Reproduced with permission.[87] Copyright 2011, 
American Chemical Society. b) Reflected light image of a typical device. The dashed line denotes the centerline of the Au electrodes (top). Photocurrent 
response at 780 nm as a function of laser position. Scale bar is 3 µm (bottom). Reproduced with permission.[22] Copyright 2008, Nature Publishing 
Group. c) DTTM active antenna structure on a Si-based device (top). Testing image constructed based on the existence or absence of a photocurrent 
during the point-by-point scanning of the DTTM device under low-intensity light at the wavelengths of 1310 (yellow) and 1550 (red) nm (bottom). 
Reproduced with permission.[23] Copyright 2014, Macmillan Publishers Limited. d) Hexagonal hole array of the quantum dot infrared photodetector 
(top), Infrared responsivities of the photodetectors with different periodic metal hole arrays (bottom). Reproduced with permission.[89] Copyright 2007, 
American Institute of Physics.
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development, various optical antenna architectures were 
reported sequentially. Recently, in addition to planar antennas, 
a novel kind of photodetector based on a 3D cavity antenna 
fabricated by a conventional I-line lithography technique is 
proposed. As an “active” optical antenna, this deep-trench/
thin-metal (DTTM) architecture (Figure 8c) can combine the 
functions of surface plasmon resonance, 3D cavity effects, and 
large-area Au/Si junctions within the same structure. And the 
responsivity is two orders of magnitude higher than those of 
LSP-based active nanoantennas with a broad bandwidth and 
polarization-insensitive. Moreover, as shown in Figure 8c, 
owing to the hot electrons could be generated and collected 
effectively in this architecture, the photocurrent reconstructed 
image of the letters “NTU” could be observed even at the wave-
length of 1310 and 1550 nm, respectively. It demonstrated that, 
similar to surface-plasmon detector integrated with a metal 
waveguide (Section 3.1.1), this dual functional device could 
operate beyond the optical absorption regime of the Si mate-
rial as well. Additionally, it is worth noting that the hole arrays 
with the same width and period as the DTTM structure were 
also studied in this work. Although the degree of near-field 
enhancement in these holes was much lower than that of in 
DTTM nanoantennas, sub-micrometer metal hole arrays can 
also act as the antenna to convert light into surface plasmons by 
providing the necessary momentum conservation for the cou-
pling process. Besides that, sub-micrometer metal hole arrays 
exhibited extraordinary optical transmission phenomena with 
high electromagnetic fields in previous studies.[88] These fasci-
nating features allowed them to integrate with a photodetector 
as a wavelength-tunable filter by tailoring the period and size of 
these holes.

Another interesting characteristic of optical antenna is wave-
length selectivity. By controlling the geometric parameters of 
periodic metal hole arrays, extraordinary optical transmission 
could be obtained from the excitation of surface plasmons. 
As for this, Chang et al. proposed such a wavelength selective 
photodetectors in region of 3–5 and 8–12 µm, which are two 
transmission windows for electromagnetic radiation propaga-
tion in atmosphere. Briefly, it is a ten layer In0.1Ga0.9As/InAs/
In0.1Ga0.9As/GaAs quantum dot infrared photodetector inte-
grated with optical antenna like periodic Ag metal hole arrays 
(Figure 8d).[89] At first, the authors tailored the lattice constant 
and diameter of hexagonal ordered Ag hole arrays on the 
GaAs wafer to make the transmission peaks of spectra locate 
roughly at 5 and 9.9 µm, respectively. Subsequently, quantum 
dot infrared photodetectors without and with aforementioned 
periodic metal hole arrays were fabricated, respectively. Com-
paring with the responsivities of these samples (Figure 8d), it 
is not difficult to find that the response of pristine quantum 
dot infrared photodetector is broadband ranging from 2.5 to 
12 µm (sample A), while the peak response of photodetectors 
with Ag metal hole arrays (sample B and sample C) are very 
narrow, and the operating wavelengths of the photodetector are 
consistent with that of aforementioned transmission spectra. 
Thus, it demonstrates that the wavelength selective photo
detector could be modulated by the extraordinary transmission 
of metal arrays.

Apart from optical field enhancement and confinement by 
extraordinary absorption or transmission induced by plasmonic 

resonances, nanoantenna arrays can provide a phase shift and 
bend the path of light in unusual ways.[90,91] In addition, many 
other different optical antenna geometries have been studied, 
such as monopole antennas,[92,93] particle antennas,[94,95] cross 
antennas,[96,97] and patch antennas[98,99] and so forth, which pro-
vides us a plenty of powerful platforms for concentration and 
manipulation of light on small length scales.[86,100] Albeit studies 
of optical antennas are still in the initial stage most of them can 
only operate on a “light-in, light-out” basis, it is believed that 
the ability to convert optical radiation into photocurrent with a 
high-efficiency assisted by optical antennas would open addi-
tional opportunities for fabricating photodetectors with high 
performance or multifunctions.

3.2.2. Photodetectors Supported by Versatile Metallic  
Grating Waveguides

In previous section of Section 3.1.2, optical excitations of SPPs 
excited by grating or prism coupling were discussed. However, 
as for a standard grating construction, it usually launches SPPs 
from normally incident light in opposite directions simultane-
ously, and then only a small portion of the incident light can 
be coupled into SPPs, while most of incident light is reflected. 
Consequently, an important challenge for a standard grating 
construction is the coupling efficiency which is fundamentally 
limited. In spite of this, how to design a grating construction 
which could generate SPPs effectively with a controllable direc-
tion is another challenge. Therefore, to achieve high-efficiency 
excitation of SPPs from free-space beams, one should consider 
to explore novel grating structures for better mode-matching 
with the incident beam in terms of wavelength, angular range, 
and polarization. Fortunately, various hybrid metallic grating 
waveguides such as island-waveguide, dislocated double-layer 
metal gratings, double-grating-gate, resonant-cavity with double 
high-index-contrast grating mirrors, and metallic gratings cou-
pled with photonic crystals have been proposed up to now. In 
the following sections, these promising photodetectors as well 
as potential building blocks will be discussed in detail.

To couple the incident light into the waveguide modes of 
detector efficiently, Stuart and Hall proposed an island-wave-
guide coupling configuration.[101] As shown in Figure 9a, this 
structure is composed of a metal island film, a thin absorbing 
layer, and an intermediate spacer layer. And the strength of 
interaction between islands and waveguide could be controlled 
by tailoring the thickness of intermediate spacer layer. Ben-
efiting from this configuration, the incident light could be scat-
tered with multiple internal reflections before escaping, and 
then a strong enhanced-absorption of the device is obtained. 
In addition, these metal islands can function as microscopic 
antennas, they could collect incident radiation and transfer 
the energy into nearby waveguide in all directions. Owing to 
the omnidirectional coupling, the waveguide modes of photo-
detector with copper islands gets a factor of twelve fold photo-
current enhancement in contrast to that of the pristine one. In 
addition to the metal island-waveguide, 1D metallic grating is an 
another strategy to generate SPPs for enhancing the light trap-
ping. However, in this configuration, SPPs can be excited at spe-
cific angles and polarizations. It means that only less than 50% 
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of unpolarized broadband light is available for this application. 
To address this problem, Hall et al. proposed that coupling a 1D 
metallic grating with a 1D photonic crystal instead of the homo-
geneous dielectric material was an effective way to decrease 
angular sensitivity[17] (Figure 9b). And their experimental results 
confirm that, benefiting from the additional 1D photonic crystal 
structure, the incident light could be trapped more efficiently. 
Because multiple SPPs can be activated by both incident p- and 
s-polarized light even when the wave vector of the incident light 
is wholly perpendicular to the grating lines. Hence, it suggests 
that this novel building block possesses tremendous potential 
for fabricating plasmonic photodetectors in near future.

To achieve a strong absorption and a competitive respon-
sivity for a photodetector, a theoretical research demonstrates 
that an asymmetry double-grating gate is another candidate. 
In this configuration, the plasmon modes with both odd and 
even indexes could be excited well for terahertz detection.[19] 
Figure 9c gives a sketch of the strong asymmetry double-grating 
gate field-effect transistor. The double-grating gate is formed by 
two one-periodic coplanar metal subgratings, which are later-
ally shifted. And two successive slits between the fingers are 
of different widths. Because the asymmetry double-grating 
gate structure can function as an aerial matched antenna, the 
responsivity of this transistor could be achieved as high as 
8 kV W−1. This value is an order of magnitude greater than that 
of other uncooled plasmonic terahertz detectors.

In some cases, it is necessary to detect the light in a very 
narrow spectrum range. Thus, the ability to operate with 
high spectrum selectivity are essential for a photodetector. 
For this reason, Learkthanakhachon et al. proposed a novel 
resonant-cavity enhanced photodetector based on two 
high-index-contrast grating mirrors (Figure 9d).[102] Thanks 
to high reflectivity of two high-index-contrast gratings, the 
absorption of this photodetector is greatly enhanced only at 
wavelength of resonance in the optical cavity with a narrow 

linewidth smaller than 0.38 nm. These experimental results 
demonstrate that this hybrid grating-cavity structure is expected 
to be applied to design plasmonic photodetectors. And the 
details associated with photodetectors based on microcavity will 
be discussed in Section 3.2.3.

To take full advantage of the surface plasmon resonance 
energy in design a photodetector, launching surface plasmon 
polaritons in a desired direction may be an effective scheme to 
enhance the light absorption of the active area. As shown in 
Figure 9e, it is a novel dislocated double-layer metal grating 
structure which is composed of a slanted dielectric grating 
sandwiched and two gold gratings.[18] Due to the dislocation-
induced constructively or destructively interference of the dif-
fracted light from upper and lower gold gratings, the unidirec-
tional coupling is achieved in this work. It is worth pointing 
out that, unlike the previous unidirectional couplers based 
on aperiodic structures, this coupler can be tailored flexibility 
by tuning the spacing and dislocation between two gratings. 
Therefore, this dislocated double-layer metal grating structure 
will provide an additional opportunity for fabricating a plas-
monic photodetector with a high efficiency.

In brief, in spite of integrating plasmonic photodetectors 
with hybrid waveguides is still in its initial stages, many struc-
tures have been explored for fabricating photodetector. It is 
believed that taking advantage of their many attractive prop-
erties to excite coherent surface plasmon efficiently with low 
losses will lead to potentially fast, sensitive, and ultra-compact 
photodetectors.

3.2.3. Opportunities and Challenges for Microcavity-Based 
Plasmonic Photodetectors

In addition to nanoantenna and hybrid metallic grating waveguide 
mentioned above, fabricating photodetectors by using optical 
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Figure 9.  a) Island-waveguide coupling configuration (top). Measured the photocurrent of the device with the islands compared to that without the 
islands (bottom). Reproduced with permission.[101] Copyright1996, American Institute of Physics. b) Scheme illustration of 1D metallic grating coupled 
to a 1D photonic crystal (top). Density plots of absorptance as a function of θ and λo for incident p-polarized light obtained by theory and experiment 
(bottom). Reproduced with permission.[17] Copyright 2013, American Chemical Society. c) Plasmonic terahertz detection by a double-grating-gate field-
effect transistor structure with an asymmetric unit (top). Calculated responsivity of the detector as a function of THz frequency and the asymmetry 
factor (bottom). Reproduced with permission.[19] Copyright 2011, American Institute of Physics. d) Cross-sectional profile of the proposed tunable 
resonant-cavity-enhanced photodetector with double high-index-contrast grating mirrors (top). Absorption efficiency as a function of wavelength 
(bottom). Reproduced with permission.[102] Copyright 2013, SPIE. e) Schematic of launching unidirectional SPP from normally incident beam by a 
dislocated double-layer metal grating. Inset is the geometric parameters of the structure (top). A schematic description of the interference model. 
Reproduced with permission.[18] Copyright 2014, American Chemical Society.
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microcavities is another alternative avenue to enhance the perfor-
mance of device. By taking advantage of interference, diffraction 
or total reflection at the interface of two mediums, optical reso-
nant cavity can transfer light energy from free space into desired 
small volumes by resonant recirculation. Incident light field can 
be confined in the cavity to increase the absorption efficiency of 
active layer. Hence, in conjunction with an appropriate resonant 
microcapacity on the photodetector is an appealing approach to 
increase the interaction length between incoming light and active 
materials. Up to now, some traditional optical microcavities such 
as Fabry–Pérot microcavity and whispering gallery cavity have 
been explored to enhance the photoelectric conversion efficiency 
of photodetectors with a high wavelength selectivity. However, it 
is still rather difficult to decrease the size of traditional optical 
microcavities down to subwavelength scale. Therefore, to further 
develop microcavity-based nanostructured photodetectors with 
high performance, a reinforcement of techniques is urgently 
needed. Fortunately, with the continuous development of micro–
nanofabrication technology and semiconductor technique, photo-
detectors based on novel plasmonic resonant microcavities such 
as hybrid microcavities and photonic crystal defect cavities offer 
us a new possibility. In the following, the opportunities and chal-
lenges for these devices will be described.

As shown in Figure 10a, it is a typical Fabry–Pérot micro-
cavity integrated with graphene photodetector.[27] By using the 
geometry design of Fabry–Pérot microcavity, more than 60% 
(for graphene without cavity, absorption coefficient is only 
2.3%[103]) of the light is absorbed in the graphene, and the 
reflect spectral width ∆λ is only 9 nm at the cavity resonance 
wavelength. Hence, Fabry–Pérot microcavity causes a 26 fold 
absorption enhancement by confine the light wave inside the 
cavity, and 6.5 fold enhancement of electric field amplitude 
is obtained. Compared to a conventional bilayer graphene 
detector without cavity in the same geometrical dimensions, 

the responsivity of device with Fabry–Pérot microcavity is more 
than an order of magnitude stronger. Albeit the size of photo
detectors proposed in this work is still too large to operate at 
subwavelength scale, Fabry–Pérot microcavity structure pro-
vide us an additional opportunity for fabricating plasmonic 
photodetectors with high photoelectric conversion efficiency 
and excellent wavelength selectivity.

Recently, Schmidt et al. developed a hybrid nanoparticle–
microcavity-based plasmonic nanosensor.[25] As shown in 
Figure 10b, it is a nanoparticle–microcavity consisting of a 
single subwavelength metallic nanoparticle and a micrometer-
thick film type cavity. In this hybrid system, Fabry–Pérot micro-
cavity is formed of a high index thin film between low index 
substrate and air, which can be regarded as a wavelength filter 
or mode selector, and gold particles act as an optical antenna 
which can effectively concentrate the electromagnetic energy 
into the Fabry–Pérot microcavity. For the hybrid mode created 
by dipolar plasmonic resonance of single metallic nanopar-
ticle and narrow bandwidth resonance of optical microcavity, 
the sensing figure-of-merit is boosted up to 36 times. There-
fore, this kind of hybrid nanosensor combines the advantages 
of plasmonic nanoparticles with Fabry–Pérot microresonators, 
providing interesting features of incident-angle independent 
resonances, lateral ultrasmall sensing volume, and strongly 
improved detection resolution.

Aside from Fabry–Pérot microresonators, whispering gal-
lery resonant microcavity is another candidate to store light of 
specific wavelengths. By continuous total internal reflection 
in circular orbits,[104] they possess the ability to enhance the 
absorption and responsivity of a photodetector. As an example, 
Figure 10c is an optical fiber sensor coupled with silica whis-
pering gallery resonant cavities.[105] In this hybrid sensor, the 
photons can have more additional interaction time and proba-
bility of detection owing to the resonance microcavity structure. 
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Figure 10.  a) Fabry–Pérot microcavity-integrated graphene photodetector (top). Calculated dependence of optical absorption in a single-layer graphene 
sheet on the reflectivity of the top mirror. Inset: Measured reflectivity of the AlAs/Al0.10Ga0.90As bottom mirror (bottom). Reproduced with permission.[27] 
Copyright 2012, American Chemical Society. b) Hybrid nanoparticle–microcavity-based plasmonic nanosensors, intensity distribution of a cross section 
of the particle-cavity system at an excitation wavelength of 616 nm (bottom). Spatial mapping of the photocurrent at the three areas. Reproduced with 
permission.[25] Copyright 1996, American Institute of Physics. c) Whispering-gallery microcavity sensors (top). Transmission spectrum for a quality 
factor measurement and Lorentzian fit (dashed red line). Reproduced with permission.[105] Copyright 1996, American Institute of Physics. d) Photonic 
crystal linear cavity integrated graphene photodetector. FDTD simulation of a localized resonant mode inside the PPC cavity (bottom). Reproduced 
with permission.[28] Copyright 2013, AIP Publishing.
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Moreover, the resonant wavelength is determined by geometry 
sizes as well as device materials. Changes of these parameters 
will cause a detectable signal that can be used to determine 
the UV light exposure dose. From experimental measurement 
by scanning across a series of wavelength using tunable laser 
centered at 765 nm, resonant wavelength of the whispering 
gallery microcavity is determined to be 773.31 nm and the 
quality factor (Q) is extremely as high as 9 million. From the 
experimental results, the silica microcavity-based UV detector 
range with very linear performance in both forward and reverse 
directions, which demonstrates the reusability and reproduc-
ibility of the device. As a result of the inherently low nonlinear 
characteristic of silica, the device has a very high signal to noise 
ratio in ambient. Additionally, the response time of the micro-
cavity integrated sensor is much faster than that of the polymer-
coated fiber device, and the life time of microcavity integrated 
sensor is much longer. These indicate that the sensor based on 
optical fiber integrated with inorganic structure microcavity 
could operate with high performance.

Coincidentally, numerous micro–nano materials naturally 
possess whispering gallery microcavity structure, which makes 
the fabricating process more friendly and economically. Up to 
now, various novel whispering gallery microcavities based on 
microsphere,[106,107] microdisk,[108–110] microrod,[111,112] micro-
cylinder,[113,114] microring/disk[115,116] have been explored. And 
they received considerable attention due to their appealing 
properties such as small volume, low-cost, and simple manu-
facturing processes and so forth. However, similar to the tra-
ditional Fabry–Pérot microcavity, the dimension of above men-
tioned whispering gallery microcavity is still as large as several 
tens of micrometers. Therefore, to obtain their nanoscale detec-
tion ability, it is believed that innovative approaches in conjunc-
tion with plasmonic technology are worthwhile to be further 
researched.

Unlike those two kinds of traditional microcavities men-
tioned above, photonic crystal defect microcavity is formed by 
dot defect or line defect in photonic crystal.[117–119] Therefore, 
it is one of the most promising architecture to shrink the size 
of plasmonic photodetectors down to the nanoscale up to now. 
Theoretically, when the intrinsic cavity loss rate kc is equals 
to the loss rate into active material, kcm, the cavity evanescent 
field strongly couples to the active material and enhancing the 
light–matter interaction in active material for generate photo-
current. As illustrated in Figure 10d, the planar photonic crystal 
(PPC) cavity integrated with graphene active layer is designed 
by Shiue et al.[28] Bounded cavity mode is produced by fabri-
cating a linear defect in the center of PPC lattice. Finite-differ-
ence time-domain (FDTD) numerical simulation of the PPC 
cavity exhibits that the optical field is strongly localized in the 
line defect. A vertical cross-polarization confocal microscope 
with broad band excitation source (continue wavelength laser) 
is used to characterize the properties of PPC cavity.

Without graphene layer on top, multiple peaks between 1520 
and 1550 nm correspond to the resonant modes within PPC 
cavity bandgap are found. However, due to the strongly cou-
pling absorption of graphene, the peaks are lowered and broad-
ened as graphene transfer on to the PPC cavity. For wavelength 
below 1550 nm, the input light is strongly enhanced in the 
line defect, which significantly increasing the absorption and 

the photocurrent in graphene. In addition, a spatial mapping 
of photocurrent shows that the photocurrent is mostly gener-
ated in the middle of the graphene channel, above the cavity 
line defect. Comparing with single pass graphene absorption, 
the absorption efficiency can reach as high as 95% by coupling 
the graphene with photonic crystal linear defect cavity, and the 
photocurrent is up to eight-fold enhancement.

In general, due to increase the interaction between inci-
dent light and active materials by resonance, photodetectors 
integrated with optical microcavities have shown significant 
enhancement in detection performances. In addition to the 
surface plasmon resonance, the resonant wavelength can also 
be tailored by the geometry of microcavities, such as length of 
Fabry-Pérot microcavity, the radius of whisper gallery micro-
cavity, dimensions lattice and the defect of photonic crystal 
defect cavity. In spite of design and fabricating plasmonic 
resonant microcavities is still in its infancy, for the tendency 
of ultrasmall size integrated photodetector, applications of 
optical microcavity integrated in plasmonic photodetectors is 
promising.

4. Conclusions and Perspectives

It is no doubt that the merging of nanotechnology and optical 
technology will lead to remarkable development of sur-
face plasmon resonance technology. Especially with getting 
deeper insights into the interaction between light and matter 
at nanoscale, versatile plasmonic nanostructures exhibit 
intriguing extraordinary absorption or transmission with a high 
direction and polarization controlled field enhancement and 
confinement. And many great achievements of plasmon inte-
grated photodetectors are witnessed in the past few decades. 
Briefly, fabricating photodetectors in conjunction with plas-
monic building blocks not only allows us to shrink device size 
down to the nanoscale without consideration of optical diffrac-
tion limit, but also provides us a powerful approach to enhance 
the photoelectric conversion efficiency at specific wavelength 
region without sacrificing speed and bandwidth.

In view of the basic scientific research and potential tech-
nological applications, advances in surface plasmon enhanced 
photodetectors as well as potential building blocks for fabri-
cating plasmonic photodetectors are discussed herein. And 
these theory and experimental evidences demonstrate that 
plasmonic technique is indeed a promising pathway to fabri-
cate nanostructured photodetector with desirable capabilities. 
However, studies on this field are still in infancy up to now, 
and many important issues are waiting for solving. Of course, 
every challenge is an opportunity. Therefore, for the further 
development of plasmonic photodetectors in the future, the 
following aspects may be become the focuses. First, the pri-
mary problem is that how to design and fabricate a plasmonic 
photodetector with a high resonance field enhancement and a 
low metal absorption loss. Therefore, the shape, size and sur-
rounding dielectric medium of metallic nanoparticle placed on 
or close to the active region of a photodetector should be care-
fully considered. In spite of this, to avoid the issues of metal 
absorption loss, exploring other kind of materials such as gra-
phene or heavy doping semiconductor function as a plasmonic 
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building block in a photodetector is promising.[120–127] Further-
more, because of the resonant plasmon field enhancement 
can also be modified by geometry of optical component, make 
efforts to integrate photodetector with hybrid optical antenna, 
waveguide, and microcavity is an alternative approach to figure 
out this puzzle. Second, according to the energy match prin-
ciple, most of surface plasmon enhanced photodetectors can 
only work in the visible or IR range up to now, it is means that 
another challenge is exploring a high direction, polarization 
controlled plasmon integrated photodetector at the short wave-
length region. To overcome this tough issue, getting insight in 
the mechanism of coupling interaction among metal nanopar-
ticles and design appropriate plasmonic clusters such as Fano-
resonant plasmonic clusters may be a possible solution.[128–134] 
Third, how to bring these type of photodetectors out of lab 
to an industrial fabrication is worth looking forward to. Ben-
efiting from FIB or EBL manufacturing processes, dimensions 
of the plasmon nanostructure could be accurately controlled 
in the range from tens to hundreds nanometer which has 
already led researchers to explore the underlying science and 
design a more reasonable device structure. However, both of 
them are complicated and expensive. Therefore, exploitation of 
a new nanofabrication technique with low costs and scalable-
production is essential to the further development of these 
photodetectors.

In summary, as a new class of subwavelength photonic 
devices, surface plasmons with many amazing properties show 
great potential for fabricating nanostructure photodetectors 
with desirable abilities. Nowadays, there is still plenty of room 
to be taken full advantage of this technology. It is believed that 
with deeper understanding of their intrinsic physical mecha-
nisms via further development of nanofabrication technologies, 
plasmonic photodetectors will possess a bright future in this 
industry 4.0 era.
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