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ABSTRACT

Localized surface plasmon resonance (LSPR) is an intriguing phenomenon
that can break diffraction limitations and exhibit excellent light-confine-
ment abilities, making it an attractive strategy for enhancing the light
absorption capabilities of photodetectors. However, the complex mecha-
nism behind this enhancement is still plaguing researchers, especially for
hot-electron injection process, which inhibits further optimization and
development. A clear guideline for basic physical model, enhancement
mechanism, material selection and architectural design for LSPR photode-
tector are still required. This review firstly describes the mainstream
understanding of fundamental physical modes of LSPR and related
enhancement mechanism for LSPR photodetectors. Then, the universal
strategies for tuning the LSPR frequency are introduced. Besides, the state-
of-the-art progress in the development of LSPR photodetectors is briefly
summarized. Finally, we highlight the remaining challenges and issues
needed to be resolved in the future research.

Keywords localized surface plasmon resonance, photodetector,
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1 Introduction

With Moore’s law approaching its limit, silicon-based
photoelectric integration has become an important direc-
tion for the development of semiconductor materials and
technologies in the future. Semiconductor micro-nano
photodetectors with small size, low power consumption
and high sensitivity are regarded as the keys to the core
detectors of the silicon-based photoelectric integration.
Photodetector has promised an unprecedented class of
optoelectronic devices due to its unique ability to absorb
photons and convert them into electrical signals. Extensive
efforts have been made to pursue various applications of
photodetectors, including camera imaging [1], bio-sensing
[2, 3], spectrometer [4], night vision [5, 6], and communi-
cation systems [7, 8]. Commercial photodetectors are
generally manufactured by semiconductor bulk materials,
such as Si for visible-light photodetectors and InGaAs/
HgCdTe for infrared photodetectors. However, these
materials are usually fabricated under high temperature
and vacuum by molecular beam epitaxy or metal-
organic chemical vapor deposition methods, which are
costly and complicated. Also, with the increasing
demand for next generation multi-functional photodetec-
tors, these traditional semiconductor bulk materials are
close to the limitation for further reducing the size,
weight, and power consumption [9], improving their
performance, and compatibility with flexible devices.
Thus, it is urgent to break these bottlenecks with a new
materials system. Due to the excellent light-harvesting,
carrier transport, and flexibility, low-dimensional semi-
conductors, such as two-dimensional nanosheets (MoSa,
graphene, etc. [10-14]), one-dimensional nanowires/
nanoribbons (Si, ZnO, GaN, etc. [15-21]) and zero-
dimensional quantum dots (CdSe, PbS, HgTe, etc.
[22-25]), have been greatly developed for achieving high
photodetector performance in terms of high responsibi-
lity, fast response speed, and broad response range.
However, the reduced size of devices leads to inefficient
light absorption due to the physics limitations, resulting
in relatively low photoelectric conversion efficiency.
Therefore, it is important to develop an effective localized
field control method for achieving high-performance low-
dimensional photodetector.

Surface plasmon, i.e., a special light—matter interaction
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Fig. 1 Schematic, enhancement mechanism and applications
of LSPR.

that can achieve efficient light concentration at
subwavelength [26], offers a promising strategy to get
over the dilemma of the low-dimensional photodetectors
because of its unique capability of concentrating, routing,
and manipulating light at the nanoscale [27]. Surface
plasmon is a collective oscillation formed by the interaction
of free electrons and photons on the interface region
between metal/semiconductor and a dielectric medium
(such as a metal layer in the air). Once excited by direct
illumination, a non-propagating excitation of the
conduction electrons is localized on the material’s
surface, known as localized surface plasmon resonance
(LSPR). The LSPR can induce near-field effect and hot-
electron injection. The near-field effect significantly
enhances the surface electric field intensity of LSPR
materials, allowing light to surpass the diffraction limit
and achieving efficient light focusing. Hot electron injection
process converts the energy of electromagnetic waves
into plasmonic resonances of electrons, then the hot elec-
trons are transferred to the absorption layer of photoelectric
devices, which effectively enhances the utilization of
light by photonic devices. These excellent characteristic
has attracted great interest in a wide range of fields,
including optoelectronics [28, 29], photocatalysis [30-32],
spectroscopy [33-35], single-molecule sensing [36-38],
surface-enhanced Raman scattering (SERS) [39, 40], and
optical-switch [41]. Thus, lots of works have demonstrated
the validity of enhancing the device performance of low-
dimensional photodetectors via LSPR effects [42-44]. By
well designing the size and geometry of plasmonic materials
structures, the LSPR effects can cover a broad window
ranging from the UV to infrared region. Furthermore,
plasmonic materials can be fabricated by a simple
process according to the dimensions of the photodetector.
These excellent properties of LSPR effects make plasmonic
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Fig. 2 (a) Schematic of the physical model of surface plasmon polaritons (SPPs) at the interface of two medias. The elec-
tromagnetic wave propagates along the z direction of the surface. These vectors (Hy, E,») represent the direction of the electric
and magnetic field. The orange area illustrates the field intensity distribution, which reveals that the field is focused around
the surface and decays exponentially along the z direction. (b) Schematic of the physical model of LSPRs in nanoparticles.

Reproduced from Ref. [48].

photodetectors promising candidates for new generation
photoelectric detection.

In this review, we will give a systematic description of
the physical model of LSPR, underlying the mechanisms
of LSPR enhanced photodetectors, and summarize the
recent progress on LSPR enhanced photodetectors. We
will first introduce the basic physical models of surface
plasmon, illustrating two kinds of excitation modes, i.e.,
surface plasmon polaritons (SPPs) and LSPR. Then the
mechanisms of LSPR effects on enhancing photodetec-
tors’ performance will be elucidated. In the next part,
we will summarize the recent progress on photodetectors
enhanced by LSPR effects in the past few years. Finally,
we will present the existing challenges and the future
opportunities in the field of LSPR enhanced photodetec-
tors.

2 Physical mode of surface plasmon

Plasmon is a collective oscillation of electron gas with
respect to the fixed positive ions in a metal under
applied driving force. When excited by incident light,
the plasmon is confined at the surface of metal struc-
tures, defined as a surface plasmon. According to the
propagation length, surface plasmon excitation modes
can be divided into SPPs and LSPRs [46, 47]. SPP is a
transverse-magnetic surface wave that exists at the
interface between a dielectric and a conductor with
negative real permittivity. Under the SPPs mode, electrons
will distribute as a rippling wave pattern in space due to
the coupling of the electromagnetic field with the
conductor’s plasma [Fig. 2(a)]. However, SPPs mode is
only excited under a special excitation setup, like a gold
film-coated prism [48], to satisfy the momentum conser-
vation and phase-matching conditions, limiting its use in
low-dimensional photodetectors. Different from SPPs,
LSPR is a non-propagating excitation of the conduction
electrons that exists in the sub-wavelength metallic

nanostructures, which could be coupled to the electro-
magnetic field [Fig. 2(b)] [48]. At the resonance
frequency, the light can be confined at the nanoscale,
resulting in an enhanced electromagnetic field. The
enhancement factor is typically on the order of 10?-10°.
Thus, LSPR mode provides a promising strategy for
improving the device performance of low-dimensional
photodetectors. In this section, we will derive the LSPR
frequency equation from the Drude-Lorentz model and
the dipole model, which are the fundamental theories for
LSPR and served as guides for the development of plas-
monic materials and devices.

2.1  Drude-Lorentz model

Drude—Lorentz model is a classical theory, which is used
to describe the behavior of electrons in a solid material
when subjected to an external electromagnetic field.
Drude model assumes the electrons in a metal behaving
like a gas of free particles moving through a lattice of
positive ions. Lorentz oscillator model describes the
response of electrons to an electromagnetic field. It
regards the electrons as being bound to their atoms by
springs and responding to the field with a characteristic
resonant frequency. Thus, we derive the Drude—Lorentz
model to define the interaction between free carriers of
materials and the incident light. The motion equation of
an electron in the material under an external electric
field, while ignoring the lattice potential and
electron—electron interactions, can be described as

(1)

where m is the mass of the electron, © and & are the first
and second order derivatives of z (displacement of the
electron), separately. The damping constant caused by
electrons collisions is defined as v = 1/, 7 is the relaxation
of free electrons gas which is typically on the order of
10 ' s at room temperature. The function of 2(t) can be
described as follows under driving field E(t):

m& +myx = —ekE,
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E (t) = Egel“t, (2)
z(t) = P pEEd (t). (3)

Ey and w are the intensity and frequency of the external
field, respectively. The combination of Eq. (3) and
polarization formula P = —enxz can export complex
dielectric function of material:

£ (w) =€ (w) +ie" (w), (4)

w2
g =€o — w?ijfy?’ (5)
2
1 wp7
— L 6
Sy (6)
2
Nee
Wp = EOSW’ (7)

where ¢ and ¢” represent the real and imaginary parts
of the dielectric function, respectively. e, is the high-
frequency dielectric constant of materials (usually
1 < £ < 10). wp is defined as the plasma frequency of
free electron gas, which plays a significant role in deter-
mining the frequency of the LSPR. n. is the density of
free carriers. M is the effective mass of carriers. Equa-
tions (4)—(7) are used to discribe the Drude-Lorentz
model, illustrating the relationship between the incident
light frequency and the dielectric function of materials.
This is necessary for the two kinds of surface plasmon
excitations which we will discuss in the next two parts.

2.2 Surface plasmon polariton

SPP is one of the surface plasmon excitations that exists
at a planar interface of bulk materials with negative real
permittivity. In this section, we will derive the propagation
conditions of SPPs modes and showcase the applications
based on SPPs photodetectors.

Figure 3(a) illustrates the propagation of SPPs wave
along a metal-dielectric interface and the field energy
decays exponentially in the zaxis, which means that
SPPs wave is a kind of evanescent wave. Boundary
condition requires the dielectric function of the metal
and dielectric (air) for transverse magnetic (TM) mode
incident light as follows:

k1 €1

P (8)
ki = k., (i = 1,2) is the »direction propagation attenuation
constant in the two media, which is a real positive
number. So Eq. (8) requires Rele)] < 0 if 5 > 0. Simi-
larly, for transverse electric (TE) mode, the boundary
condition requires

Az (k1 + ko) = 0. (9)

According to Eq. (9), the condition can only be fulfilled
when A; = 0. Therefore, no surface modes exist for TE
polarization. Overall, SPP is always excited by TM
wave and only exist under the conditions, in which the
permittivity of one of the materials is negative and the
other one is positive.

The dispersion relation of SPPs mode can be derived
from Maxwell’s equation and illustrated in Fig. 3(a),

1

w E1€2 2

kspps = — .
c\€1+¢&r

kspps is the SPP propagation constant [Fig. 3(b)]. Dispersion
curve corresponds to the SPPs excitation (y=0) lying
on the right hand of the propagating photon, indicating
that the free-space photon has less momentum than
SPPs mode at the same frequency [Fig. 3(a)]. So SPPs
mode could not be excited by incident light directly due
to the momentum mismatch. To break this mismatch,
artificial coupling structures such as prism or grating are
designed. Kretschmann [51] is the most widely used
prism coupling structures at present [Fig. 3(b)]. The
beam reflected at the interface between the metal and
prism will give the metal an in-plane momentum of
k. = k\/esinf, which is sufficient to excite SPPs at the
interface between metal and air. Utilizing this theoretical
framework, SPPs photodetector has been designed and
developed. Echtermeyer et al. [52] coupled graphene
with a metal plasmonic gating to achieve 400% enhance-
ment of responsivity. Seo et al. [53] engineered a
photodetector based on SPPs by incorporating Ag
nanowires (NW) with graphene. In this device, the SPPs
propagate along the interface between the Ag NW and
the glass substrate, while graphene serves as an ideal
medium for detecting the evanescent electric field. In
this review, the section on SPPs is merely an introductory
overview, not the focal point of our discussion. Zhang
et al. [54] gave a detail review about SPP, including the
excitation progress, basic properties and recent publica-
tions.

(10)

2.3

Localized surface plasmon resonance

LSPR is another fundamental excitation of surface plas-
mon. When an electromagnetic field is applied to a
metallic nanostructure with its size smaller than incident
light, a collective oscillation of electrons occurs, resulting
in a remarkable near-field enhancement and enhanced
optical absorption at LSPR frequency. LSPR frequency
is determined by multiple parameters, including the
density of free electrons, the effective electron mass, size,
geometry and distribution of the metal nanoparticles.
We can deal with the optical response for subwavelength
nanoparticles by quasi-static approximation, which
regards the electromagnetic field as an electrostatic field
due to the negligible phase change in nanoparticle’s
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Fig. 3 (a) Dispersion relations for propagating photon (dashed navy line), bulk plasmons (top left blue branch) and SPPs

on a metal-vacuum interface (bottom right blue branch) [49].

(b) Prism coupling of SPPs: Kretschmann configuration.

(c) Ilustration of momentum mismatch in Kretschmann configuration. (d) Schematic of a homogeneous nanosphere in an
electrostaic field. (e) Extinction spectrum calculated via Eq. (12) for a sliver sphere (black curve) and a silica sphere (gray
curve) in air [50]. (a) Reproduced from Ref. [49]. (b—e) Reproduced from Ref. [50].

spatial volume. In this section, we will discuss how to
obtain the LSPR frequency and cross section in quasi-
static approximation based on a homogeneous and
isotropic nanosphere by electrodynamics [Fig. 3(d)].

Firstly, electric potential distribution can be deduced
by solving Laplace equation V2® = 0. The general solution
for spherical symmetry field can be described by Legendre
Polynomials P;(cos ) [55],

o

d(r,0) =

{Alrl + Blr_(l“)] P (cos®), (11)

=0

where [ is the order of Legendre Polynomials, ¢ is the
angular between vector P and zaxis. From the boundary
condition at r — oo and r = a, where a is the radius of
the sphere. So electric potential inside and outside are
determined separately:

3e
d;, = 7€+2n;m Eqrcoso, (12)
Doy = —Eorcosl + — " | a3c050 (13)
out — 0 e+ 25m 0 ’1“2 .

®,, is the superposition of the applied field and dipole
field excited in the nanosphere. ¢(w) and ¢, are the
dielectric function of particle and dielectric, respective-

ly. E, is the magnitude of applied electric field.
Equation (13) can be rewritten by dipole moment p:

pr

Doy = —FEgrcost + —,
Adregemr

(14)

3 €—€m

= 4mege _
b 7r0ma€+25m

Ey. (15)

Therefore, the polarizability a is defined by the relationship
between dipole moment and electric field p = egenaEp:

g—e
o =4rad —2 . 16
g €4 2em (16)
It is obvious that o tends to be infinite when

Rele(w)] = —2em, representing a resonance, which is called
Frohlich condition. Hence, we can deduce the LSPR
resonance frequency (wy,) by combining Eq. (16) and
Eq. (5):

2

nee 9

Wigp = 4| ———————— — 2. 17
Isp \/6077’1;* (Eoo+26m) Y < )
Equation (17) illustrated that the LSPR frequency can
be adjusted by controlling the electron density. This
implies that the LSPR frequency can be manipulated by
adjusting the n, of materials, which represents the most
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common tuning methods for semiconductor plasmonic
materials. Besides, the minimum carrier concentration
limitation existed for keeping the materials with negative
permittivity:

*
Timin = % (w2 ++2). (18)
Cross section is widely applied to express the optical
properties of nanoparticles. Plasmonic nanoparticles
have a larger scattering cross section than their real
spatial volumes, which is the key for breaking the
diffraction limits. The scattering cross section Ci, and
absorption cross section Cg, for the nanosphere can be
expressed as follows:

E* 5 8w e—em |2
Csea = —|af” = —k*al| ——— 19
s = grlol = ket ma (19)
Cabs = kIm [a] = 47ka®Im ETm (20)
e+ 2em |’
Cow = 92632V e (21)
- c " (e1 + 25m)2 +e1"?

where C. is the total excitation cross section, which is
equal to Cy 4+ Caps. Since Cyey x a8 and Cyps o @, light
scattering effect is dominant in larger NPs, while
absorption effect is dominant for smaller NPs conversely.
The typical extinction spectra of sliver and silica
nanospheres in air calculated by Eq. (21) are shown in
Fig. 3(e) [50].

All in all, LSPR mode excited in quasi-static particles
can be interpreted as an electric dipole. Frohlich condition
is the frequency requirement for incident light to achieve
the highest resonance peak. Additionally, Mie’s theory is
valid for describing particles with larger dimensions
where the quasi-static approximate is not effective. For
a more complex nanoparticle structures like cubes, core-
shell or other geometries, the calculation of cross-section
would be more complicated and abstract. Some numerical
methods have been developed with notable examples
including the discrete dipole approximation (DDA) [56],
the finite difference time domain (FDTD) method [57],
and the finite element method (FEM) [58].

3 Plasmonic materials and tunability of
LSPR frequency

Based on the introduction in Section 2, we have gained
an understanding of the generation principles and
related theoretical foundations of LSPR. Building upon
this theoretical foundation, various plasmonic materials
and corresponding modulation methods have emerged.
In this section, we primarily focus on the modulation
methods and influencing factors of LSPR peaks in
metallic and semiconductor plasmonic materials. We

summarize the differences in LSPR peaks of metallic
nanoparticles with different shapes and analyze the
reasons for the generation of different peaks theoretically.
For semiconductor nanocrystals, we summarize different
carrier modulation methods such as doping, chemical
post-treatment, and photo-doping, which lay the founda-
tion for better understanding of plasmonic materials.
The corresponding the fabrication method will also be
introduced.

According to Eq. (17), the localized surface plasmon
frequency is proportional to the density of free carriers.
Hence, adjusting the electron density is the main
approach to tuning the LSPR frequency of plasmonic
materials. Noble metals, such as gold, silver, copper and
aluminum, are the most applied plasmonic materials
with LSPR frequency ranging from UV to visible region
because of their high free electron density of ~10%3 cm 3.
The plasmonic properties of noble metals can be engineered
by controlling their size, geometry, crystal structure,
composition, arrangement and surrounding medium. For
the particles with their size much smaller than the
wavelength of incident light, the LSPR peak tends to be
in the longer wavelength range with size increasing due
to the better charge separation. Evanoff et al. [59]
reported the size dependent LSPR peaks in silver
nanospheres and nanotubes [Fig. 4(a)]. When the particle
size is comparable to the resonance wavelength, the
uniformed electric field distribution along with the
spatial volume of particles leads to the excitation of
multipolar plasmon oscillation and multi LSPR peaks.
The geometry of metal nanostructure also has a strong
effect on LSPR properties. Rycenga et al. [60] summarized
the experimental and calculated extinction spectra of
different Ag nanostructure. Calculated results based on
Mie theory for 40 nm Ag nanospheres were almost the
same as experimental results, in which the peak
wavenumber and intensity fit the Mie simulation very
well. While the calculated results based on DDA method
for nanocube, nanooctahedron or bipyramid were not as
good as nanosphere, in which some shoulder peaks were
missed compared to experiment result. Amendola et al.
[61] summarized the LSPR spectrum of gold nanoparticles
with different geometries, including nanospheres,
nanorods, core-shells, nanotriangles, nanocubes, etc.
[Figs. 4(b)—(d)]. Wiley et al. [62] calculated the extinction
spectrum of silver nanoparticles with different shapes by
discrete dipole approximation (DDA) method and
concluded that LSPR peaks tended to be multi-peaks
accompanying by the decrease of shape symmetry. Link
et al. [63] reported the absorption spectra of gold
nanorods with an aspect ratio from 2.6 to 3.6 [Fig. 4(e)].
The gold nanorods exhibited two LSPR peaks simulta-
neously which were transverse mode at the short axis
and longitudinal mode at the long axis.

Moreover, they also demonstrated that longer oscillation
displacement at the long axis leaded to the lower resonance
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Fig. 4 (a) Extinction spectra of silver nanoparticles of 20 difference diameters (from 6 nm to beyond 70 nm). And the
peak shift rapidly to longer wavelength as the particles size increases. (b—d) Optical extinction spectrum of Au NPs
(nanospheres, nanotriangles and nanocubes). (e) The calculated absorption spectrum of elongated ellipsoids with varying
aspect R which is defined as A/B. A and B are the long axis and short axis separately. Inset shows the function of resonance
maximum wavelength An.y and aspect ratio R [63]. (f) Extinction cross section of a 20 nm Au NP in a non-absorbing media
with the refractive index increasing from ny,; = 1 to n,s = 2, calculated by Mie model [61]. (a) Reproduced from Ref. [59].
(b—d) Reproduced from Ref. [61]. (e) Reproduced from Ref. [63]. (f) Reproduced from Ref. [70].

frequency and the resonance wavelength was proportional
to the aspect ratio. Zeng et al. [64] reported an obvious
blue-shift of LSPR peaks of Ag nanoplates from triangular
to sphere with the corner sharpness decreasing, which
was due to the dramatic near-field enhancement and
high increasing factor by sharp corner. Alloying or
constructing the core/shell structures based on metals
could also tune the LSPR frequency. Ag-Au [65], Ag-Pt
[66], and Ag-Pd [67] alloyed metals exhibited obvious
different plasmonic properties from pure Ag nanocrystals.
The LSPR peak can be red-shifted by controlling the
molar ratio, from 440 nm for pure Ag nanocrystals to
~700 nm for Ag-Au, ~732 nm for Ag-Pt, and ~670 nm
for Ag-Pd. Au@Ag core—shell structure showed two
distinct LSPR peaks, corresponding to the intrinsic
peaks of core and shell materials, separately. And the
peak intensity was primarily dependent on the shell
thickness [68, 69]. Besides, the dielectric constant e, of
the surrounding medium could affect the LSPR frequ-
ency according to Eq. (17). The LSPR peak would red-
shift to longer wavelength with increasing e, [Fig. 4(f)]
[70].

Other metallic material, such as Al, also exhibits similar
LSPR tuning capabilities as Ag. The LSPR of Al has
been demonstrated in various nanostructures, like

spheres [71], triangles [72], discs [73, 74], and rods [75].
Due to its higher d-band energy level, Al with nano-
structures can exhibit plasmon resonance extending into
the ultraviolet region. Additionally, owing to its higher
electron density and the self-forming oxide protective
layer, Al with lower cost, is considered as the primary
choice for plasmonic applications, especially for mass
productions. Stockli et al. [76] simulated the surface
plasmon energy for Al nanospheres with varying ratio.
Taguchi et al. [77] controlled the size of deposited Al
nanotriangles by adjusting the distance between the
nanosphere masks using microwave heating, achieving
tunable LSPR peak positions in the range of 260 to
340 nm. Knight et al. [78] also found two resonance
mode in Al nanorods with transverse mode showing
higher energy. Furthermore, they provided the scattering
spectra of Al nanorods of different lengths, showing that
the energy of the longitudinal mode decreased with the
length of the nanorod, while the energy of the transverse
mode remained almost unchanged.

The preparation methods of metal plasmonic materials
typically involve physical techniques such as
photolithography, deposition, etching, and annealing. In
this case, the fabrication and integration of the material
are carried out simultaneously. As shown in Fig. 5(a),

Jiangtong Su, et al., Front. Phys. 19(6), 63501 (2024)
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Dubey et al. [79] utilized molecular beam epitaxy (MBE)
for growth of Al thin film, followed by electron beam
lithography (EBL), reactive ion etching (RIE), and
metal deposition to create a layer of circular Al plasmonic
structures on a GaN absorption layer. Li et al. [80]
designed an Ag-quasi-ordered nanoforest structure
[Fig. 5(b)], where the required materials were first
deposited as thin films using methods such as deposition
and spin-coating. Subsequently, the polyimide (PI)
nanoforest structure was prepared through plasma
bombardment, followed by attaching Ag nanoparticles
onto the PI nanoforest surface via sputtering. To
achieve periodic arrangement of Au nanoparticles of
different sizes, Li et al. [81] initially deposited Au thin
films of various thicknesses on SiOs, then annealed the
Au films to form Au nanoparticles of different sizes, thus
realizing the arrangement mode of periodic nanoparticle
gating [Fig. 5(c)]. Chen et al. [82] utilized polystyrene
(PS) spheres as masks and further employed Au deposition

methods to achieve the fabrication of a triangle-like Au
NPsarray [Fig. 5(d)]. The shape and structure of plasmonic
structures can be well controlled using physical methods.
Combined with FDTD simulations, specific patterns can
be designed to achieve a strong surface electromagnetic
field enhancement effect. Different from plasmonic
metals, LSPR of semiconductors can be generated by
either holes in the valence band or electrons in the
conductive band. The typical plasmonic semiconductor
materials include metal oxides (ZnO [83, 84], In,O3 [85],
CdO [86], MoO, [87] ,WOs3 [88], etc.), copper chalcogenides
(Cug,S [89], CuSe [90], CusSSe, [91], etc.) and doped
silicon [92]. Due to the relatively low carrier density of
10" to 10%? cm 3, semiconductors usually exhibit an
LSPR frequency in the infrared region. Adjusting the
doping type and the density are general strategies to
tune the LSPR frequency of semiconductors. Over the
past decades, various techniques, such as induced
synthetically via chemical doping or post synthetically
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Reproduced from Ref. [101].

via chemical redox reactions and photochemical reac-
tions, have been explored to modulate the LSPR
frequency of semiconductors and significant advances
have been achieved.

Aliovalent doping, a major method of adjusting the
carrier density, has been developed in metal oxide, such
as tin-doped indium oxide (Sn:InyO3), aluminum-doped
zinc oxide (Al:ZnO) [93], indium-doped zinc oxide
(In:ZnO) [94], in which the doped ion serves as an electron
donor in crystal structure to influence the free carrier
density. Kanehara et al. [95] reported that the LSPR
peak of ITO (Sn:InyO3) nanocrystals could be tuned
from 1626 to 1940 nm by increasing the Sn-doped
concentration [Fig. 6(a)]. Similarly, Ghosh et al. [94]
reported the tunable plasmon resonance of In-doped
ZnO nanocrystals in by adjusting the doped In concen-
tration [Fig. 6(b)]. Self-doping by changing stoichiometry
to generate vacancies is another way to adjust the
carrier density in some metal oxide and copper chalco-
genide. Su et al. [96] achieved tunable LSPR peaks of

Wi15049 nanorods by evaporating tungsten bulk in an
oxygen-deficient environment. Red-shift of the LSPR
peak accompanied by decreased plasmon intensity was
observed as oxygen content decreased. Lee et al. [97]
developed a pyrolysis method for synthesizing MoOj ,
nanocrystals, exhibiting LSPR peaks from 620 to
950 nm. The mechanism of tuning LSPR frequency is
similar for copper chalcogenides due to the copper
vacancies. Luther et al. [89] excited the LSPR peak of
Cus ;S nanocrystals at the NIR region by exposing it to
an oxygen atmosphere, which leads to the copper
vacancy generation [Fig. 6(c)]. Copper vacancies increase
the LSPR intensity and cause the peak blue-shifts with
longer exposure time. Photodoping strategy can increase
the conductive electron by suppressing the photo-generated
electron—hole pair combination by removing the photo-
generated hole with a hole-scavenger. Schimpf et al. [98]
reported an ITO nanocrystal with LSPR peak excited by
photodoping. The intensity of the ITO absorbance peak
increased gradually and shifted to the high-energy region
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under rigorously anaerobic conditions with UV illumina-
tion [Fig. 6(d)]. Besides, Jain’s group [99] realized ZnO
nanocrystal LSPR dynamic switching in the IR region
by photo-excitation charging and redox discharging.

The free carriers in semiconductors can also be
induced post synthetically via photochemical reactions
or chemical redox reactions, which have no effects on
the element composition. Du et al. [100] demonstrated a
general and simple post-synthetic method for the gener-
ating of plasmonic oxide nanocrystals
anchoring of redox-active phosphorus species. A redox
reaction generated free electrons in the oxide nanocrys-
tals, accompanied by the valance-state changes of the
surface-anchored phosphorus species from —III to +V.
The resulting nanocrystals showed tunable plasmon
resonance peaks in the near-infrared or mid-infrared
regime [Fig. 6(e)]. In this study, Drude model was
employed to fit the LSPR peak of P-InyOj, and the
calculated results show strong consistence with experi-
mental results. Valdez et al. [101] achieved tunable
carrier density of ZnO nanocrystal by exposing the ZnO
nanocrystal to an aprotic solvent with excess one-electron
reductant agent Cp;Co (Cp* = pentamethylcyclopentadi-
enyl), the ZnO nanocrystals were reduced by Cp;Co
when protons were added. The ZnO nanocrystal are
reduced by up 1-3 electrons per NC, and this number
could be increased to 15 in the presence of acid. The
absorbance of ZnO in NIR region is increased after
10 pL aliquots of [H(Et20)2"][BArf~] treatment
[Fig. 6(f)]. Milliron’s group [85] achieved a shift more
than 1200 nm in the plasmon wavelength of ITO
nanocrystals film by post synthetic electrochemical
modulation. This bias-induced shift was much stronger
than previous results observed in other system, which
may be caused by less surface defect sites in ITO film.

Since the synthesis of semiconductor nanocrystals is
typically based on wet chemistry methods, the resulting
plasmonic semiconductor nanocrystals possess excellent
solution processability, thus they can be transferred to
the desired device surface with liquid phase. Lu et al.
[102] constructed an ITO NPs@QSLG/Ge NNs array NIR
photodetector, where heavily doped ITO nanoparticles
were synthesized via a reflux method in oleylamine and
then transferred to the surface of monolayer graphene
through spin-coating, achieving LSPR in the infrared
spectrum. Ni et al. [103] developed a broadband
photodetector using B-doped Si QDs@graphene, where
colloidal Si QDs were also transferred to the graphene
surface via spin-coating. It should be noted that for the
spin-coating transfer method, the concentration of
nanocrystal solution and rotation speed are needed to be
controlled within an appropriate range to ensure the
density of nanocrystals film.

LSPR  properties adjustment for semiconductor
nanocrystal is primarily focused on the controlling
carrier density according to Eq. (17). The traditional

via surface

aliovalent doping and self-doping synthetic strategies,
i.e., synthetically via chemical doping, mainly rely on
balancing reactivity between the precursors for the
dopants and the host semiconductors, which is always
restrictive. Besides, these methods are either through a
high-expensive process or yield plasmonic nanocrystals
with low stability. Photodoping offers a non-destructive
carrier density modulation in nanocrystals. However, the
limitation of photodoping is that only n-type doped is
permitted. Post-synthetic chemical redox reactions
bypass the challenges associated with the chemical
doping strategy and can make full use of the rich
synthetic chemistry developed for colloidal oxide
nanocrystals. Thus, this post-synthetic strategy holds
the promise of generating plasmonic semiconductors
with tight control over size, shape and free carrier densi-
ties.

4 Enhancement mechanism of LSPR
photodetectors

After introducing the physical model and material basis
of LSPR, this section focuses on discussing the mechanism
of LSPR-enhanced photodetectors. Within the field,
there are two common understandings regarding the
reasons for the performance enhancement of LSPR-based
photodetectors: near-field enhancement and hot-electron
injection. This section summarizes explanations of these
two enhanced mechanisms and the current research on
improving the efficiency of hot-electron injection, which
is crucial for enhancing the performance of LSPR-based
devices.

A main application of LSPR is to enhance the perfor-
mance of photodetectors. For a photodetector, there are
generally three processes for detecting optical signals:
(i) generation of hot carriers by excitation of incident
light; (ii) separation of photogenerated carriers; and (iii)
transportation and extraction of separated carriers for
electric signals output. The enhanced performance of
photodetectors by LSPR is mainly through two mecha-
nisms: (i) near-field enhancement and (ii) plasmon-
induced hot electron injection. Plasmonic nanomaterials
act like an optical antenna at the resonance frequency,
which has an excellent light confine effect and achieves
near-field enhancement, making absorption of incident
light more effective and exciting more intrinsic
electron—hole pairs. The plasmon-induced hot electron
effect is particularly complex and uncontrollable, which
is, however, promising for LSPR enhanced photodetec-
tors. The plasmonic nanomaterials can absorb light by
intraband excitation, and the plasmon-induced hot electron
could cross the Schottky barrier and inject into absorption
layer to form an extra photocurrent. In this part, we will
discuss the above two enhancement mechanisms of
LSPR photodetectors in details.
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4.1  Near-field enhancement

Near-field enhancement (NFE) means that the electro-
magnetic field density can be enhanced by orders of
magnitude on the surface of plasmonic nanostructures,
which is induced by near-field electronic polarization.
The near-field effect is a major topic in the field of
surface plasmon, which is explored in various optical
phenomena, such as Raman scattering, fluorescence and
other nonlinear optical effects. The enhancement factors
are influenced by many parameters, such as geometry
[104-107], interval distance [108, 109], and carrier
concentration [105]. Photon-induced near-field electron
spectroscopy (PINEM) and finite-different time-domain
method (FDTD) are often used to confirm the NFE
around plasmonic nanostructures both experimentally
and theoretically. Meunier et al. [110] calculated the
electric field enhancement distribution of Au nanoparti-
cles, nanoshells and nanorods [Fig. 7(a)]. They achieved
a maximum field enhancement of 77.1 at the tips of the
nanorod. Yurtsever et al. [111] developed PINEM technique
for space-time visualization of the near-field, which
combined a laser pump with ultrafast electron micro-
scopic. Figure 7(b) showed the enhanced near-field of
two separated Ag NPs in two polarizations with PINEM.
The PINEM technique offered an effective measurement
to observe the nanoparticles’ near-fields directly, which
may promise a range of applications. Dong et al. [112]
simulated the electric field enhancement of Au NPs
arrays above the CsPbBrs photodetector of 532 nm and
they provided the NFE map in three planes [Fig. 7(c)].
Atwater et al. [113] showed a standard NFE map of a 25
nm Au nanoparticle embedded in a medium with an
index of 1.5 under 850 nm incident light. |E|?> > 10 could
be realized at the edge of the nanoparticle. Moreover,
ITO, which contains conduction-band electrons is the
most widely used transparent conducting oxide in the
photoelectric field. The enhancement factors of ITO
nanocrystals were typically about 10-35 for nanospheres
[114] and 150-160 for nanorods [104]. Milliron’s group
[115] realized more than 400 NFE for cerium doped
indium oxide (FITO) nanocubes. Kim et al. [107] studied
the influence of crystalline anisotropies for plasmonic
Cs:WOj3 nanocrystals and gave a simulation in longitudinal
and transverse modes. The near-field intensity map illus-
trated that more than 400-fold enhancement was
achieved.

4.2  Plasmon induced hot electron

As mentioned above, plasmonic nanoparticles can absorb
the energy of an electromagnetic field and generate a
strong resonance at LSPR frequency as a surface plas-
mon. However, the lifetime of surface plasmons is finite,
as the plasmon resonance will either decay radiatively
by re-emitting a photon [116] or non-radiatively by
creating a hole—electron pair [117-119] [Fig. 8(a)]. The

non-radiative decay process transfers the light energy to
the excess kinetic energy of electrons and excite electrons
from occupied levels above the Fermi level. The excited
electrons are called hot electrons [120, 122-126]. Hot
electrons play an important role in LSPR PD because
the energy they possess has a probability to escape from
the nanoparticle and directly inject into the conduction
band of adjacent semiconductor layer across the Schottky
junction [127-130] or tunnel-barrier [131, 132] at the
interface. Thus, the photodetector could harvest the
photon with energy below the semiconductor band gap
in this approach, increasing the photocurrent.

The hot-electron injection process can be described in
four steps: Firstly, incident light excites the surface plas-
mon and the energy is transferred as the kinetic energy
to electrons to support collective oscillation. Then, the
surface plasmon decays non-radiatively, mainly through
the Landau damping [133], with energy transferred from
electrons’ collective resonance to induced hot electrons
in less than 100 fs. After that, some hot electrons will
quickly redistribute their energy by electron—electron
scattering, such as Auger transitions [134], electron—
phonon scattering process and electron-defect scattering.
The redistribution process is called carrier relaxation
and the relaxation time 7. is about 100 fs to 1 ps.
Finally, part of the hot electrons will transfer to the
metal and semiconductor interface and pass across the
interface when the kinetic energy is higher than the
barrier energy ®@p and tangential momentum continuity
conditions are satisfied. As Fig. 8(d) illustrated, only
electron with momenta in the angle €2 can pass across
the interface barrier. Due to these limitations, the efficiency
of electron harvest is relatively low. Au and Ag are the
most widely used noble metals in plasmonic structure
because of their relative low scattering rate of free elec-
trons, resulting in lower loss compared to other metals.
Khurgin et al. [135] discussed using semiconductors or
polar dielectrics to improve the efficiency of electrons
harvest. Size and surface ligands of metal nanocrystals
also affect the efficiency of the transfer process [136, 137].
Furube and Du’s group [138-140] used ultrafast visible-
pump/infrared-probe femtosecond transient absorption
spectroscopy to characterize the plasmon-induced hot
electron process in Au nanoparticle-TiOy system and
quantified the efficiency was ~40% under 550 nm excita-
tion. Compared to metal plasmonic structures, in which
the transferred hot carriers typically undergo a rapid
recombination back to the metal [k, in Figs. 8(e) and
()], semiconductor plasmonic structures exhibit a different
hot carrier transfer process. This recombination process
is being suppressed in semiconductor plasmonic structures
due to the presence of bandgap and band-bending. Liu
et al. [141]’s systematic study, employing first-principles
calculations and Monte Carlo simulations, demonstrates
that TiN exhibits significant advantages in both the
generation (high density of low-energy hot electrons)
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Fig. 7 (a) Electric field enhancement distribution around a D = 20 nm Au NP irradiated at plasmon frequency (1 =
520 nm), a 75 nm outer radius/65 nm inner radius SiOz/Au NS at plasmon frequency (A = 863 nm) and a 10 nm X 41 nm
Au NR. (b) PINEM images of two close-by silver particles for two polarizations. The particles are separated by 70 nm (edge-
to-edge). (c) FDTD simulation of Au NP arrays on CsPbBrj layer in three planes. (a) Reproduced from Ref. [110]. (b)

Reproduced from Ref. [111]. (c) Reproduced from Ref. [112].

and transport (long lifetime and mean free path) of hot
carriers. Furthermore, further device simulations indicate
that high hot-carrier injection efficiency can be achieved
in core/shell cylindrical TiN/TiO; structures. Yang et al.
[142] facilitated a plasmonic p-n heterojunction
(Cug,Se—CdSe) in the near-IR excitation (1.1 eV) and
observed a ~130 ps lifetime of the transferred electrons
[Fig. 8(g)], which was two orders of magnitude longer
than that in metal plasmonic structure-semiconductor
counterparts.

Generation of plasmon-induced hot carrier is a

complex process that is difficult to influence. In the past
decade, great efforts have been made to gain a deep
understanding of its physical essence. Govorov et al.
[143] developed a theoretical model to estimate the hot
carrier distribution based on the equation of density
matrix motion and evaluated the injection efficiency of a
plasmonic nanostructure. The researchers also showed
that the energy of hot electrons varied according to the
size of the nanoparticles. Nanoparticles with a width of
10-20 nm were found to generate hot carriers with high
excitation energy. Manjavacas et al. [144] developed a
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theoretical framework describing the factors that influence
the hot carrier generation rate induced by plasmon
decay. They regarded the conduction electrons in metallic
as free particles in a finite potential well [Fig. 9(a)] and
analyzed the plasmon-induced dynamic using Fermi’s
golden rule. In this work, the authors revealed that both
number of hot electrons generated per unit time and the
efficiency (FoM) of the carrier generation depend on the
hot carrier lifetime = and particle size [Figs. 9(b, c)].
The FoM N, (¢) is defined as the number of hot electrons
possessing energy larger than a certain threshold ¢
compared to the Fermi level. However, the material
types and interband transitions in noble metal were
neglected in this paper. Sundararaman et al. [145]
demonstrated the impacts of electronic band structures

and nanoparticle geometries on carrier energy distribu-
tions. They used first-principles density function theory
(DFT) to calculate the plasmonic hot-carrier energy and
momentum-direction distribution in metals, including
gold, aluminum, silver, and copper, based on a quantized
plasmon model [Fig. 9(d)]. Only aluminum showed the
electric field orientation dependence on electron and hole
distributions along the z direction. Ranno et al. [146]
developed an approach to promise bimetallic core-shell
nanoparticles and gave the hot-carriers generation rates
in alkali-metal core and a transition-metal shell system.
Furthermore, Bernardi et al. [147] carried out ab initio
calculation of hot electrons in GaAs with diamond struc-
ture by DFT and many-body perturbation theory to
resolve the e—ph scattering problem. Their calculation
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results about relaxation times at the I', L, and X valleys
were very consistent with ultrafast optical experiments
data. Teranishi’s group [148] used time-resolved IR (TR-
IR) spectroscopy to observe the LSPR-induced hot carriers
transfer process in CdS/CuS heterostructure, which
provided a new insight of carriers transfer mechanism.
The quantum yields and charge separations time of this
plasmon-induced transit carrier transfer (PITCT) is 19%
and 9.2 ps. Halas et al. [149] demonstrated the branching
ratio between two decay mechanisms can be adjust by
plasmonic resonance mode, which is influenced by the
symmetry of system. They found the symmetry-broken
system always show large LSPR sensitivity. Zhang et al.

[150] built a theoretical framework for the hot-electron
generation process based on a quantum-mechanical
model. GW-like approximation is introduced to interpret
the e—e scattering in following relaxation process. While
there has been a great deal of theoretical work about
mechanism of LSPR~enhanced PD, it is still necessary to
combine these theories, which are effective in different
ranges, to achieve a deeper understanding and
predictability in plasmon-induced hot electron experi-
ments.

The primary challenge encountered in the development
of LSPR photodetectors lies in optimizing the interface
between the plasmonic materials layer and photoresponse
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layer. Near-field effects, mainly working at the nanoscale,
require close contact between these components.
However, direct contact might generate some problems,
such as introducing new defects and causing nonradiative
recombination. Semiconductor nanocrystals are often
coated with long organic ligands on the surface for
protection, however, these long organic ligands increase
the gap between the plasmonic materials layer and
photoresponse layer, reducing near-field effects and
hindering hot-electron transfer. Therefore, ligands engi-
neering and surface treatments are crucial for optimizing
LSPR photodetector performance. Furthermore, selecting
plasmonic materials with suitable bandgap can enhance
carrier transfer efficiency. In summary, interface engi-
neering constitutes a complex and integrated process
and further studies are warranted to develop more effective
interfaces.

5 High performance plasmonic
photodetectors

After introducing the basic theory and properties of
LSPR, this section focuses on its applications in
photodetectors and other fields. We categorize the LSPR
photodetectors based on the applied wavelength, ranging
from ultraviolet to visible and infrared. As the wavelength
varies, LSPR materials also change, transitioning from
noble metals such as gold and silver to semiconductors

like indium oxide and silicon. Finally, we briefly introduce
LSPR applications in other fields such as biosensing,
Raman spectroscopy enhancement, and photocatalysis.

5.1  Introduction of plasmonic photodetector

A general structure of LSPR photodetector is described
in Fig. 10(a), where plasmonic layer are served as
enhancement layer. Electron-hole pairs are generated
through interband transition in the absorption layer,
which can be enhanced by the plasmon-induced near-
field. Meanwhile, plasmon-induced hot electrons in the
LSPR layer are injected into the absorption layer to
participate in the photocurrent through the Schottky
barrier. Figure 10(b) is the metal-semiconductor-metal
photodetector with plasmonic structures. To detect
photons with an energy below the bandgap but larger
than the work function of the junction, the current studied
LSPR photodetector is mainly focused on the Schottky
type [Fig. 10(c)]. The earliest plasmonic photodetector
was based on metal-insulator-metal (MIM) structure
Fig. 10(d), which has been studied for about 40 years
[151]. Figures 10(b)—(d) illustrated the energy change of
electrons after being excited by incident light.

First, we introduce some important figures of merit
for photodetector: responsivity (R), noise-equivalent
power (NEP), detectivity (D) and external quantum
efficiency (EQE). The responsivity of a photodetector,
which evaluates the performance of a detection system,
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is defined as

[ph - [dark

R= Iz

(22)
I, and g represent the photocurrent and the dark
current, respectively. P is the total laser intensity
applied to the sample. Responsivity is the basic charac-
teristic parameter of the photodetector. However, it
cannot reflect the performance of the photodetector
directly since it depends on the incident light power.

Noise-equivalent power (NEP) is the minimum
detectable power, which is defined as the incident light
power when the signal-to-noise ratio is one of a one
Hertz output bandwidth, meaning that the photocurrent
I, is equal to the noise current I, NEP can be calculated
by

NEP Lo

R-VHz

Specific detectivity (D”) is the most important parameter
for characterizing the performance of photodetector.
From Eq. (23) we can see, the NEP depends on the
photocurrent, which is influenced by the active optical
are Agpt. Thus D" is defined as

pr— VA

~ NEP’

(23)

(24)

There are also some other parameters to reflect the
photodetectors’ performance. Response time (7) is the
time needed for the increase of output photocurrent
from 10% to 90% in response to an incident optical
signal. Quantum efficiency (QE), which includes both
internal and external quantum efficiency, characterizes
the photon coverage efficiency. Internal quantum efficiency
(IQE) is the ratio of the number of photo-generated
charge carriers collected by the electrode to the number
of photons absorbed by the photodetector. External
quantum efficiency (EQE) is the ratio of the number of
photo-generated charge carriers collected by the electrode
to the total number of incident photons. And they can
be expressed as follows:

_ Electrons/s  P/(hv)

EQE = = 25
Q Photons//s I/e ’ (25)
I0E — Electrons/s _ P/(hy). (26)
Absorbed photons//s P /h
5.2 High performance plasmonic photodetectors

Based on the resonance frequency of plasmonic materials,
LSPR effects can enhance the performance of PDs in
UV to IR ranges. In this section, the recent progress of
LSPR photodetectors covering UV, Vis and IR windows
will be introduced.

5.2.1 UV LSPR photodetector

Ultraviolet (UV) photodetectors have been widely used
in many applications such as space communications,
flame sensors, and oil pollution monitoring. Due to its
anti-interference of electromagnetic radiation and high-
security at the wavelength below 400 nm. Wide bandgap
semiconductors such as ZnO, indium—gallium—zinc oxide
(IGZO), GaN and GagOj [152] are widely used as
absorbing layers in UV photodetectors. UV LSPR
photodetectors, composing of plasmonic nanostructures
and UV sensitive materials, bring unexpected enhancement
of device performance.

ZnO-based semiconductors are regarded as one of the
most ideal materials for UV photodetectors due to its
intrinsic wide bandgap (3.7 eV at room temperature)
and large exciton binding energy (60 meV). Great efforts
have been made to focus on how to enhance the performance
of ZnO-based UV photodetector via the LSPR effects of
noble metals. In 2014, Gogurla et al. [44] achieved an 80-
fold increase of photoresponse at 335 nm using Au-ZnO
nanocomposite [Figs. 11(a, b)]. The increased responsivity
was mainly caused by electron interband transition
occurring in Au NPs and transferring to ZnO. LSPR
effects can match different ZnO PDs with various struc-
tures, such as ZnO heterojunction photodetector, multi-
layer ZnO photodetector or low-dimensional ZnO struc-
tures photodetector. In 2017, Wang et al. [153] reported
a wavelength selective Ag NPs/ZnO film photodetector
fabricated via a magnetron sputtering technique
[Fig. 11(c)]. The device exhibited a high wavelength
selectivity with responsivity increasing only at 380 nm
and decreasing significantly at other wavelengths
compared to pristine ZnO film photodetector. This was
attributed to the narrow-band quadrupole plasmon reso-
nance of Ag NPs. Besides, the dark current decreased
from 60 to 38 mA /cm?, which may be due to the localized
Schottky junction between ZnO film and Ag NPs.
Ouyang [154] built a type-II heterojunction photodetector
formed by CdMoO4 microplates and ZnO film. They
achieved a twice higher photocurrent and half decay
time simultaneously. Liu et al. [155] developed ZnO/Au
heterostructures with self-assembled Au nanoantennas.
They demonstrated a novel approach to fabricate self-
assembled Au nanoantennas with island-like morphology
via solid-state dewetting and achieved a configuration-
tunable LSPR with different size distributions and
morphologies. As a result, the photocurrent increased
obviously after being decorated with Au nanoantennas
and the photoresponse could extend to the visible region
due to the broad-band LSPR enhancement. In 2019, Li
et al. [156] developed a ZnO/Ag/Zn0O/Ag/ZnO multi-
layer-structured UV photodetector, which displayed a
better performance than single-layer device.

Compared to the film absorption layer, low-dimensional
ZnO structures have a more effective light absorption
ability in the axial direction. Liu’s group [157]
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Fig. 11 (a) Responsivity spectrum of Ag-ZnO UV LSPR photodetector from 300 to 500 nm and structure. The buffer
layer is ZnO and the substrate is sapphire. (b) Schematic of Au-ZnO UV LSPR photodetector with Pt electrode. (c)
Responsivity spectrum of ZnO and Au-ZnO devices from 300 to 400 nm at 5 V. (d) Schematic of Ag NPs/ZnO nanowires
(NW) @GaN UV photodetector. (e) High-magnification SEM image of 10 nm Ag NPs coated on ZnO NW arrays. (f) Darkcurrent
and photocurrent as a function of applied voltage for pure ZnO and Ag-ZnO device. (g) Schematic of Au@ZnO
nanoholes(HN) photodetector. (h) SEM images of the morphologies of the Au NP/ZnO HN for 40 min growth. (i) Detectivity
and EQE of ZnO HN photodetector fabricated with a growth duration of 40 min as a function of light intensity. (a) Reproduced
from Ref. [153]. (d—f) Reproduced from Ref. [157]. (b, ¢) Reproduced from Ref. [44]. (g—i) Reproduced from Ref. [162].

constructed a composite of Ag NPs@QZnO nanowire (NW)
arrays on a GaN thin film which was fabricated via
chemical vapor deposition (CVD) and thermal evaporation
[Figs. 11(d, e)]. This device exhibited double photocurrent
and fourfold accelerated photoresponse time due to the
multiple scattering of elongated optical path length and
absorption volumes by vertically aligned nanowires
[Fig. 11(f)]. Lu et al. [158] fabricated Al NPs/ZnO NRs
hybrid structure and obtained 12 times higher of respon-
sivity. Yang et al. [159] decorated ZnO nanorods (NRs)
by Ag NPs via a hydrothermal method, achieving a 47-
fold enhancement in specific detectivity compared to
pristine ZnO. Hsu et al. [160] fabricated a Pb@NiO/ZnO
p—n  heterojunction nanowires UV-Vis photodetector,
which Pb NPs offered a strong localized electrical field
for significant light absorption. They measured the
photoelectrical properties from UV to green light region

and the Ipeen/ldark, Ioie/Zdark, and Iyv/Igux ratios of the
photodetector were 91.4, 403.2, and 1.25 x 10°, respec-
tively. Later, Noh’s group [161] achieved a higher perfor-
mance with the similar structure by positioning Ag NPs
using intense pulsed light (IPL) irradiation in silver
nitrate (AgNOj3) aqueous solution. Except for nanowires.
Li et al. [162] designed an Au NPs self-assembled ZnO
honeycomb nano-mesh (Au NP/ZnO HN) photodetector
[Figs. 10(g, h)]. A remarkable enhancement of light
absorption was achieved during the cyclic light between
anodic aluminum oxide matrixes and Au NPs. They
gained the highest detectivity about 6.13 x 10! Jones
and 774% EQE in this device by optimizing the growth
duration time, pore diameter and geometric effect
[Fig. 11(i)]. Li et al. [163] designed a self-power photode-
tector utilizing ZnO/CuO core-shell nanorods decorated
by Au NPs, which exhibited the coupling of piezo-

Jiangtong Su, et al., Front. Phys. 19(6), 63501 (2024)
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Reproduced from Ref. [168].

phototronic, pyro-phototronic and LSPR effects simulta-
neously. The responsivity and detectivity was enhanced
by 17x and 12x after being decorated with Au NPs.
Noble metal plasmonic structures are also effective in
other materials-based UV PDs, such as GaN, GasO3 and
other wide-bandgap semiconductors. Dubey’s group [79]
designed a periodic aluminum nanohole array on GaN
substrate and got a highest detectivity of 1.48 x 10%
Jones among GaN-based PDs at that time [Figs. 12(a)—
(c)]. Goswami et al. [164] reported an Au NPs/GaN self-
power photodetector by covering the GaN nanostructures
(nanoislands and nanoflowers) with Au NPs, which were
grown via plasma-assisted molecular beam epitaxy tech-
nique [Figs. 12(d, e)]. Adequate contact between GaN
and Au NPs increased the transfer of hot electrons

generated by Au NPs into GaN layer, resulting in high
responsivity (380 mA /W), detectivity (3.38 x 10'° Jones)
and EQE (145.5%) [Fig. 11(f)]. Kunwar et al. [165]
deposited monometallic Au, Ag NPs and bimetallic alloy
AgAu NPs on GaN UV PD via solid-state dewetting
approach. They gained a detectivity of 2.4 x 10'> Jones
and EQE of 3.6 x 10* % at 385 nm in AgyAus/GaN
device. Later, Lin et al. [166] used tri-metallic AgAuCu
NPs to enhance GaN UV PD. According to FDTD
simulation, they demonstrated that AgAuCu NPs had a
much stronger near-field enhancement and they achieved
the highest detectivity of 3.2 x 102 Jones. Arora et al.
[167] deposited Ag NPs onto the B-GaOs3 to create an
Ag NPs@ GagOs thin film and they first observed a
clear photoresponse in both UV-A band (320-400 nm)
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and UV-C band (10-280 nm). Liu et al. [168] used Au
NPs and hafnium zirconium oxide (HfZrO) film to
improve the IGZO photodetector performance page-
break-before:always[Figs. 12(g, h)]. They obtained a
high responsivity (714.6 A/W) and detectivity (5.4 X
10'? Jones) and a low dark current (1.1 x 10 '? A) due
to the combined effects of strong ferroelectric-localized
field induced by HfZrO film and increased light absorption
by Au NPs [Fig. 12(i)]. Han’s group [169] covered 20—
40 nm Ag NPs on solar blind MgZnO PD, resulting in a
226-fold increase of photoresponse at 235 nm. Shi et al.
[170] assembled Al crescent arrays on boron-doped
diamond thin films wusing a nanosphere lithography
strategy. The optical responsivity of the device was an
order of magnitude higher across the 200-600 nm range
compared to bare diamond detectors, attributing to the
improved optical absorption in the semiconductor layer
due to near-field optical coupling between Al LSPRs and
diamond. Mondal et al. [171] utilized Al NPs to modify
erbium-doped titanium dioxide (Er:TiO) thin films for
ultraviolet photodetectors. The photocurrent-to-dark
current ratio increased by approximately 3.5 times after
the incorporation of Al NPs. The responsivity of approx-
imately 8000 A/W at 375 nm, which was approximately
2300 times higher compared to the bare Er:TiOy device
with responsivity of 3.5 A/W. The detectivity reached
1.13 x 10" Jones at 330 nm.

5.2.2  Visible LSPR photodetector

Visible photodetectors, which detect light in the range of
400 to 700 nm, are commonly used in a variety of appli-
cations, including digital cameras and optical communi-
cation. The recently studied visible photodetectors are
almost based on two-dimensional semiconductors, such
as graphene and transition metal dichalcogenides
(TMDs). Plasmonic structures can also be used to
induce LSPR fields and enhance the performance of
these visible photodetectors.

Graphene is a promising two-dimensional material
for visible PD because of its unique properties such as
high carrier density, exceptional electron mobility
(100 000 cm?V *s1), mechanical flexibility and broad
spectral bandwidth. However, the relatively low light
absorption ability for single-sheet graphene in visible
region and ultrashort carrier lifetime greatly restrict its
further applications. To overcome these limitations,
plasmonic metal nanostructures are always employed to
enhance light absorption. Fang et al. [172] designed a
graphene-Au antennas-graphene sandwich structure to
enhance the performance of photodetector [Figs. 13(a,
b)]. Plasmon-induced antenna near field assisted the
graphene-based photodetector in achieving IQE from
2.3% to 20% in visible and near-infrared regions. Hot
electrons excited in Au antennas could transfer directly
into the conduction band of graphene, leading to a lossless
increase of photocurrent and obtaining an 800% enhance-

ment in photocurrent. They also demonstrated that the
Au heptamer antenna brought higher photocurrent with-
out angle dependence, while the Au dimer array exhibited
the reverse result [Fig. 13(c)]. Lee et al. [173] developed
a self-reduction method to control the Au NPs density
on the monolayer graphene based on the reduction
potential difference between graphene and Au*t precur-
sor. They observed a red-shift in LSPR peak from 560 to
620 nm with increasing the Au NPs density. Jang et al.
[174] proposed a pentacene-graphene-Au NPs hybrid
structure multifunction photodetector to detect and
store photonic signals simultaneously [Figs. 12(d)—(f)].
Au NPs were inserted between the blocking and tunneling
dielectric and served as both a plasmonic structure and
a charge-trapping layer to store the photonic signals.
This device exhibited a broadband photoresponse
between 400 to 800 nm, remarkable responsivity of
700 A/W under 0.1 V bias and highest detectivity is
10" Jones at 520 nm.

MoS, possesses a direct bandgap (1.8 €V) and high
absorption coefficient, which render it potential for visible
light detection. Miao et al. [175] demonstrated that a
three-fold increase of photocurrent in periodic Au NPs
nanoarrays on MoSy phototransistors due to the plasmon
resonance caused by the near-field oscillation and scattering
effect of the periodic Au nanoarrays. Based on this
theory, Li et al. [81] constructed a periodic Au grating/
monolayer MoS, structure by placing two different sizes
of Au NPs on MoS; layer [Figs. 14(a, b)]. The intensity
and wavelength of the LSPR peak can be controlled by
the grating period. The photocurrent increased 111
times using mixed two sizes of Au NPs grating, which
was much higher than that for only single size Au NPs,
ie, 3.7 times for NP I and 1.9 times for NP II
[Fig. 14(c)]. Selamneni et al. [176] compared the effects
of three metal NPs (Au, Pt and Pd) on MoS; visible
PDs. Au NP-MoS; system showed the highest responsivity
of 99.3 and 46.03 mA/W under visible and near-infrared
light, respectively. Later, Li et al. [177] proposed an
Au-MoS;-Au structure photodetector with sandwiching
a MoS, flake between double-layer Au NPs [Fig. 14(d)].
They simulated the electric field distribution near the
Au NPs and observed a significant increase of field
intensity in the gap between two Au NPs layers occupied
by MoS, layer [Fig. 14(e)]. A high performance of this
Au-MoSs-Au structure was obtained due to the better
light absorption [Fig. 14(f)]. Except for sheet structure,
Dravid’s group [178] designed a Au/MoSy core-shell
structure plasmonic photodetector with Au core encap-
sulated by multilayer MoS, shells [Figs. 14(g, h)]. The
photocurrent measured under 50 pW illumination was ~
29 and ~3 pA for the device with and without Au/MoS,
core—shell NPs; respectively [Fig. 14(i)]. Additionally,
the photoresponsivity of 11.2 A/W was two orders of
magnitude higher than that for only monolayer MoSs
photodetectors. Furthermore, Zhang et al. [179]
proposed an approach to enhance the performance of a

Jiangtong Su, et al., Front. Phys. 19(6), 63501 (2024)
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MoS2/ZnO heterostructure in both UV and visible
regions simultaneously by modifying Au NPs. The
responsivity, external quantum efficiency and detectivity
of this device were enhanced by 9 times, 9 times and 15
times, respectively, due to the LSPR effects of Au NPs.

5.2.3 IR LSPR photodetector

Infrared photodetectors detecting electromagnetic waves
above 700 nm play an important role in night vision,
communication, military detecting and bio-imaging, etc.
Compared to UV-Vis LSPR photodetectors, the develop-
ment on LSPR in IR region is much lag far behind. This
mainly caused by two reasons: (i) Wavelength mismatch
between LSPR peak of commonly-used metallic plasmonic
structures and infrared region, especially for MWIR (3—
5 um) and LWIR (8-14 pm) ranges. (ii) Undeveloped
plasmonic materials or structures with LSPR in IR
region. The current study on IR LSPR PDs are mainly
based on noble metal structures and some kinds of semi-
conductors with low carrier concentrations [180].

Fang et al. [181] utilized graphene nanodisk arrays to
achieve tunable IR absorption enhancement based on
graphene’s spontaneous surface plasmon resonance

[Figs. 15(a)-(c)]. The LSPR frequency w,~(Er/D)"/?
could be modified by tuning the Fermi energy Fr via
applying a voltage, and the diameter of graphene
nanodisks (D). Both transmittance, absorbance and
reflectance peak red-shifted with the nanodisk diameter
decreasing and blue-shifted with gap decreasing. Their
single layer graphene nanodisks displayed more than 30%
optical absorption, which is much higher than 2.3% for
single undoped graphene layer. Xia et al. [182] reported
an Au NRs/graphene heterojunction NIR photodetector.
The Au NRs with 17 nm diameter and 120 nm length
exhibited LSPR peak around 1250 nm, which helped to
obtain a photogain (G) of 10° at 1310 nm. Deng and his
co-workers [183] deposited two modes of graphene plas-
monic ribbons, with widths of 80 and 160 nm, respec-
tively. The hybrid array exhibited an extremely wide
extinction spectrum. Chen et al. [82] fabricated Au NPs
array by nanosphere lithography approach on graphene
to introduce a light-trapping effect [Figs. 15(d)-
(f)]. Due to the LSPR effect induced by Au NPs array
and built-in field effect by the contact between graphene
and silicon, they obtained a record responsivity of
83 A/W at 1.55 um [Fig. 15(f)]. Rohizat’s group [184]
decorated the reduced graphene oxide (rGO) with Au
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NPs and Ag NPs, achieving excellent performance of IR
PDs at 680 nm. Apart from this, Dai et al. [185] coupled
layer graphene onto copper substrates via chemical
vapor deposition, achieving near-field infrared nanoimag-
ing of graphene.

Plasmonic semiconductor materials with LSPR peak
in IR region, such as doped silicon, doped metal oxide
(Sn:InyO3), TiN and non-stoichiometric metal chalco-
genides (MoS,), have recently received widespread atten-
tions due to their tunable charge carrier types and
densities. Although extensive efforts have been made on
synthetic control of semiconductor plasmonic materials
and tune of LSPR properties, the study of these semi-
conductor plasmonic structures on IR photodetectors are
in the early stage. In 2016, Lu et al. [102] reported the
first work about semiconductor plasmonic nanoparticles
enhancing photodetector. They used ITO NPs with

LSPR peak in NIR region to enhance the single-layer
graphene (SLG)/germanium nanoneedles (Ge NNs)
array NIR PD [Figs. 16(a, b)]. With the presence of ITO
NPs, the photocurrent and on/off ratio increased by 144%
and 166%, separately [Fig. 16(c)]. The highest detectivity
was 2.28 x 10'3 Jones at 1550 nm. They demonstrated
that the well performance of their device was attributed
to the light confinement of Ge NNs arrays and hot electron
injection from plasmonic ITO NPs via finite-element
method (FEM) simulation. Podder et al. [186] reported
that titanium nitride (TiN) NPs possess plasmonic prop-
erties, especially in high temperature. Thus, they fabricated
a TiN-based visible-NIR photodetector [Figs. 16(d, e)].
TiN NPs were synthesized by reactive magnetron sput-
tering and they observed TiN as well as TiNO phase
were presented in the resulting sample, which exhibited
plasmon absorption band in visible and NIR separately.

Jiangtong Su, et al., Front. Phys. 19(6), 63501 (2024)
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Fig. 15 (a) Schematic of graphene SWIR photodetector. (b) SEM image of Au NP array on graphene. (c) Photoresponse
and photocurrent of device with and without Au NPs versus illumination power at a wavelength of 1550 nm. (d) Schematic
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energy (0.2-0.8 eV). (f) FTIR measurement results of transmittance, reflectance, and absorbance under different disk diameter
(60-180 nm). (a—c) Reproduced from Ref. [181]. (d—f) Reproduced from Ref. [82].

The IQE of the TiN-based device at 450 nm and 950 nm
were 48% and 35%, the highest specific detectivity was
9 x 10° Jones at 950 nm [Fig. 16(f)]. To enhance the
performance of IR PDs with longer detection wavelength,
Ni et al. [103] utilized B-doped Si colloidal quantum
dots with LSPR effects in MIR region to enhance the
MIR photodetection of graphene [Fig. 16(g)]. The average
diameter of B-doped Si QDs was 6 nm and the electric
field distribution at Si QDs was calculated by FDTD
[Fig. 16(h)]. The device showed the value of D" about
~10% Jones in MIR region at 77 K, and D" could be on
the order of ~10'® Jones in UV-to-NIR region at room
temperature [Fig. 16(i)].

5.3  Other applications based on LSPR photodetectors

5.3.1 LSPR bio-sensors

LSPR has attracted extensive attention in the field of
biochemical sensing in recent years, it can be performed
by detecting changes in the relevant frequency of the
surface plasmon resonance in the presence of the target
analyte, such as SPR biosensors [187] and LSPR biosensors
[188-192]. Initially, LSPR biosensors faced challenges
such as minimal resonance peak shifts, inadequate reso-
nance intensity, broad linewidths and low peak-to-valley
ratios [193, 194]. These limitations hindered their
effiency in high-precision biochemical sensing. Great

efforts have been made to raise the sensitive and precision
of LSPR biosensors, such as changing LSPR nanoparticle
shape, designing uniform array structure [195], combining
with metamaterials [196], utilizing Fano effect [197] or
using plasmonic metasurface [198]. Park et al. [199]
developed nanoscale self-assembly star-shaped Au
nanoparticles to improve the plasmonic sensitivity,
which achieved 460-fold higher field density via plasmon
coupling and 250-500 nm/RIU sensitivity. Wu et al.
[197] designed a LSPR biosensor based on Fano resonance
to break the limitations of traditional detection. Plasmonic
metasurface is another potential way to enhance the
sensitivity for biosensing. Zhu et al. [198] presented a
low-cost bio-functionalized plasmonic metasurfaces with
periodic gold nanobumps on a flexible light-weight poly-
carbonate substrate for highly sensitive label-free detection
of tumor marker in human serum samples. The sensitivity
reaches 454.4 nm/RIU. These high performance LSPR
biosensors would inevitably promote the development
and progress of medical care, food inspection and other
fields.

5.3.2 LSPR photocatalysis

The photocatalytic reactions driven by LSPR have
attracted increasing research interests because the hot
carriers generated by LSPR decay possess higher energy
compared to electrons generated in traditional photo-
catalysis. Plasmonic-metal-based photocatalysts can effi-
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(i) NEP and specific detectivity of the device from 0.5 to 4 pm. The UV-to-NIR and MIR measurements were conducted at
room temperature and 77 K, respectively. (a—) Reproduced from Ref. [102]. (d-f) Reproduced from Ref. [186]. (g-i) Reproduced

from Ref. [103].

ciently integrate light absorption, electric field, energetic
carriers and thermal effects into one material, enabling
the excitation and activation of inert molecules under
mild reaction conditions.

Yamashita et al. [200] utilized MoOj_, nanoplates to
achieve LSPR in the visible to near-infrared region,
enhancing hydrogen generation from ammonia borane
decomposition. Dong et al. [201] utilized plasmonic
W 15049 nanograsses to drive photocatalytic water reduc-
tion for hydrogen generation. Excited hot electrons were
transferred from Wi5Oy9 to the conduction band of adja-
cent g-C3sNy nanosheets, facilitating proton reduction to
hydrogen. The oxygen vacancies in plasmonic WQOs_, are
easily removed in aqueous solutions, leading to a
decrease in the LSPR intensity during photocatalytic
hydrogen generation from water. Therefore, Lou et al.

[202] proposed the concept of electron injection to maintain
the stability of free carrier concentration in WOj;_, by
creating a plasmonic heterostructure with CdS/WOs3_,
nanowires. In this structure, photogenerated electrons in
CdS were transfer to the conduction band of WO; ,,
thereby stabilizing the concentration of free carriers and
enabling prolonged photocatalytic reactions.

5.3.3 LSPR enhanced Raman spectroscopy

Classical Raman spectroscopy are related to molecules
with very low Raman efficiency, low concentration and
quantities of sample. However, molecules located near
structured metallic nanostructures, when excited by visible
light, can exhibit a significant enhancement in Raman

Jiangtong Su, et al., Front. Phys. 19(6), 63501 (2024)
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scattering intensity, potentially reaching up to 10'%-fold,
which is called surface enhanced Raman spectroscopy
(SERS). SERS is an important molecular identification
analytical tool based on vibrational fingerprints.

Mikac et al. [203] used 40 nm Ag nanoparticles to test
Raman enhancement based on pyridine. The highest
SERS enhancement factors for pyridine reached to 106.
Chen et al. [204] demonstrated that Ag nanoparticle
films regulated by alkane thiolate ligands enabled
precise quantitative SERS measurements at the single-
molecule level. Zhou et al. [205] developed Au/Ag core/
shell nanoparticles embedded with 4-aminothiophenol as
an internal reference, enabling quantitative measurement
of analyte SERS signals. This strategy addressed the
historical limitation of SERS primarily being employed
for qualitative rather than quantitative analysis.

6 Conclusion and outlook

Compared to the conventional photodetector, plasmonic
photodetectors exhibit high sensitivity, fast response
times, and tunable photodetection range due to the
capacity of plasmonic nanomaterials in light absorption
enhancement and plasmon-induced hot electron injection.
In this review, we first give a clear description of basic
physical model of surface plasmons, then we introduce
the tunability of LSPR frequency of plasmonic materials
and enhancement mechanism for LSPR photodetector.
At last, we highlight the recent developments on LSPR
photodetectors based on the photodetection wavelength
window. Although significant progress has been made in
the design and fabrication of LSPR photodetectors,
there are still some challenges and research directions
needing further study.

(i) Infrared plasmonic materials and related photode-
tectors. The current most-used plasmonic materials
focus on noble metals, especially gold and silver. In
recent years, other low-dimensional plasmonic materials
are explored to modulate LSPR frequency in recent
years. However, their LSPR frequency mainly located at
visible to near-infrared wavelength range. There are
great demands in mid-infrared or longer infrared wave-
length region, which has been the forefront of the
current study of plasmonic materials and their related
applications. While the integrating of plasmonic materials
with the device on infrared wavelength using traditional
physical methods cannot meet the requirements. Besides,
the high cost and complex process also limit their
further applications. To fulfill the full potential of plas-
monic nanomaterials, an easy-handled and high-repro-
ducible synthetic strategy for colloidal nanocrystals with
LSPR frequency over a wide spectral window, especially
in infrared wavelength region, is of critical importance.
Combining morphology and size control with carrier
density tuning for semiconductor plasmonic materials
represents an efficient approach. Since the abundant

synthetic chemistry of semiconductor nanocrystals, there
are various carrier density tuning methods for semicon-
ductor materials, such as doping and post-synthesis
methods. These strategies are also applicable to different
types of materials. Besides, the excellent solution-
processability of these plasmonic semiconductor
nanocrystals can render them integrating with photo-
electric devices through low-cost and easy-handling spin-
coating or drop-casting methods.

(ii) Interface between plasmonic materials and
photoresponse layer. The obviously enhancement of
photodetector performance by directly coating plasmonic
materials onto photoresponse layer is attributed to the
efficient charge transfer between plasmonic materials
and photoresponse layer. However, the direct contact
between the commonly used plasmonic metals with
photoresponse layer can cause new defects, which may
induce new recombination sites and trap the hot-carriers
excited in the photoresponse layer, thus decreasing the
amounts of photogenerated carriers. Besides, the energy
transfer between the plasmonic materials and the neigh-
boring photoresponse layer could also cause a loss of
photogenerated carriers in the photoresponse layer,
which will weaken the plasmonic enhancement. Further-
more, thermionic emission may be caused by the direct
contact between the plasmonic materials and photore-
sponse layer, which could result in undesirable dark
current, thus decreasing the photodetector performance.
So rational interface engineering between plasmonic
materials and photoresponse layer is needed minimize
the problems discussed above. Therefore, surface engi-
neering is required to modify the interface, reduce
defects generated during material contact, and achieve
efficient charge carrier transfer by selecting plasmonic
materials with suitable bandgap, ligands exchange and
surface post-treatments. In addition, device performance
can also be enhanced through the design of novel LSPR
structures, such as, integrating the plasmonic layer with
the light-response layer or utilizing electromagnetic field
simulations to determine the optimal distribution of
plasmonic layer structures with the strongest surface
electromagnetic wave intensity.

(iii) Extract efficiency of plasmon induced hot elec-
trons. Plasmon-induced hot electron injection is an
important way to enhance the performance of photode-
tectors by LSPR. However, how to increase the extract
efficiency of plasmon induced hot electrons in the plasmonic
materials is still confused. To advance this field, a thorough
understanding of plasmon energy distribution and transfer
process of hot electrons is important. Deeper realization
of these photon-electron behaviors will also inspire
development of the related to high performance applica-
tions based on the plasmonic materials.
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