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Noble metal nanostructures possess novel optical properties because of their collective electronic oscillations, known as sur-
face plasmons (SPs). The resonance of SPs strongly depends on the material, surrounding environment, as well as the geome-
try of the nanostructures. Complex metal nanostructures have attracted research interest because of the degree of freedom in 
tailoring the plasmonic properties for more advanced applications that are unattainable by simple ones. In this review, we dis-
cuss the plasmonic properties of several typical types of complex metal nanostructures, that is, electromagnetically coupled 
nanoparticles (NPs), NPs/metal films, NPs/nanowires (NWs), NWs/NWs, and metal nanostructures supported or coated by di-
electrics. The electromagnetic field enhancement and surface-enhanced Raman scattering applications are mainly discussed in 
the NPs systems where localized SPs have a key role. Propagating surface plasmon polaritons and relevant applications in 
plasmonic routers and logic gates using NWs network are also reviewed. The effect of dielectric substrates and surroundings of 
metal nanostructures to the plasmonic properties is also discussed.  

surface plasmons, complex metal nanostructures, SERS, plasmonic router, logic gates, Fano resonance 

PACS number(s): 78.67.-n, 81.07.-b, 81.05.-t 
 

Citation:  Tian X R, Tong L M, Xu H X. New progress of plasmonics in complex metal nanostructures. Sci China-Phys Mech Astron, 2013, 56: 23272336, 
doi: 10.1007/s11433-013-5339-3 

 

 
 
1  Introduction 

Because of the unique optical properties, plasmonics has 
become one of the most interesting and active research are-
as in nanotechnology [1–6]. In metal nanoparticles (NPs), 
the collective oscillations of free electrons are confined in 
all three-dimensions, resulting in the reputed localized sur-
face plasmons (LSPs). Once excited, LSPs produce large 
electromagnetic (EM) field enhancement around the surface 
of NPs, which has been widely used in surface-enhanced 
spectroscopies [7], optical forces [8,9], catalysis [10,11], etc. 
The LSPs resonance (LSPR) is extremely sensitive to the 
dielectric environment, leading to a series of LSPR sensing 
techniques [12,13]. In metal thin films and nanowires 
(NWs), the electrons are free to move in one or two dimen-

sions, thus propagating surface plasmon polaritons (SPPs) 
can be excited and propagate along the metal/dielectric in-
terface. The propagating characteristics of SPPs have found 
many important applications including plasmonic routers, 
logic gates and optical circuits [14,15].  

Although the optical properties of single metal nanostru- 
ctures have already been extensively studied [16–19], more 
tunable SPs and more advanced applications can be achiev- 
ed by assembling single objects into complex nanostruct-  
ures [20–22]. In the simplest case, when two metal NPs are 
placed in close proximity to each other, the plasmon modes 
in one NP couple strongly with those in the other, and as a 
result, new hybridized plasmon modes are formed and extra 
EM enhancement is obtained at the gap [23–27]. The stre- 
ngth of the near-field coupling is strongly determined by the 
gap distance, the excitation wavelength and polarization 
[28,29].  

Herein we will discuss our recent progress of plasmonics 
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in several typical types of complex metal nanostructures, 
including NPs aggregates, NPs on metal film, coupled 
NPs/NWs, NWs/NWs, and metal nanostructures supported 
and/or coated by dielectric layers. The EM coupling and 
Raman enhancement at the nanogaps between NPs, NPs/ 
NWs, and NPs/metal film will be discussed. For metal NWs, 
the characteristics of propagating SPPs and applications 
such as plasmonic routers and logic gates will be reviewed. 
Since the dielectric substrate and surroundings drastically 
affect the resonance of SPs, we will also discuss NPs or 
NWs supported and/or coated by dielectric layers and define 
it as a special type of metal-dielectric nanostructures. 

2  Coupled metal NPs 

2.1  NPs dimers and “hot spots” 

The EM coupling effects in NPs dimers have been inten-
sively studied [30–32]. The theory of plasmon hybridization 
developed by Prodan et al. [33] provides an intuitive physi-
cal picture of how the plasmon modes are coupled. If the 
incident electric field is parallel to the axis of a dimer of 
identical NPs, the near-field coupling is much stronger than 
that under perpendicular polarization. The gap distance is 
another crucial parameter that determines the coupling. 
With decreasing gap distance, the energy of the longitudinal 
plasmon mode is lowered and the resonance peak redshifts. 
The quantitative description of the redshift can be measured 
using the reputed plasmon ruler [34–36]. For the dimers 
composed of two different NPs, that is, heterodimer, the SP 
modes can be out of phase in the two particles, and novel 
optical properties such as Fano resonance can arise [37]. 
The EM coupling between non-spherical NPs also depends 
on the relative orientation of the two NPs [38,39]. 

The EM coupling in a dimer results in huge EM field 
enhancement at the nanogap. Figure 1 gives the near-field 
plot around a dimer of 90 nm Ag NPs with 5.5 nm gap dis-
tance excited by 514.5 nm laser at different polarization 
angles. It can be seen that the induced EM field is concen-
trated at the gap, and the magnitude is the strongest if the 
incident electric field is parallel to the dimer axis (Figure 
1(a)), whereas it is almost identical as that of a single NP if 
the polarization is orthogonal.  

The nanogaps which strongly confine induced EM fields 
are supreme systems for SERS applications. Various types 
of nanogaps have been developed for SERS, for example, in 
nanohole or NPs arrays [40,41], nanohole/NP pairs [42], 
nanocube dimers [43] and nanorod dimers [44]. Indeed, the 
nanogap effect has impacted, and to some extent, given rise 
to, a series of interesting topics in plasmonics, including not 
only single molecule SERS [45–47], but also plasmonic 
antennas [48], plasmonic tweezers [8,9], quantum plasmon-
ics [49–52], and nonlinear plasmonics [53,54]. 

The field enhancement at the nanogap of a dimer with  

 

Figure 1  (a) Near-field plots of a dimer of Ag NPs (gap distance 5.5 nm) 
at different excitation polarization angles (arrows indicate the excitation 
polarizations). Excitation wavelength: 514.5 nm. Reprinted from ref. [55]. 
(b) SEM image of flower-like mesoparticle dimer of Ag (left) and the 
corresponding SERS (right) image (arrow indicates the excitation polariza-
tion). Reproduced elsewhere [56]. 

certain separation can be further improved if the surfaces of 
the particles are roughened rather than smooth. Recently, 
Liang et al. [56] reported enormous SERS enhancement 
(~1010) from dimers of chemically synthesized flower-like 
Ag mesoparticles. The flower-like Ag mesoparticles are 
approximately one micrometer in diameter, and can be 
conveniently manipulated with a micro-probe under a con-
ventional optical microscope. Figure 1(b-i) shows a typical 
SEM image of a dimer created by micro-manipulation. The 
corresponding SERS image in Figure 1(b-ii) indicates that 
“hot spot” is formed at the gap when the excitation polari-
zation is parallel to the dimer axis (indicated by the blue 
arrow). The polarization dependent SERS images evidenced 
that the strong EM field in the gap is also a result of the 
interparticle coupling.  

2.2  Oligomers of NPs 

The EM coupling in oligomers of NPs, the reputed “plas-
monic artificial molecules”, is more complex than that in 
dimers [57–60]. It is worth noting that, in symmetric oligo-
mers, the plasmonic modes can be qualitatively analyzed 
according to group theory [61–63]. 

Fano resonance, arising from the coherent coupling and 
interference of continuum-like broad super-radiant modes 
and narrow subradiant modes [64], is a typical consequence 
of EM coupling in oligomers. This coupling can be tuned 
straightforwardly by changing the geometry and composi-
tion. For example, Lassiter et al. [65] reported strong Fano 
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resonances in heptamers. In such a cluster, the Fano reso-
nance is a result of the interference between a bonding 
bright (superradiant) mode where the dipolar plasmons of 
all NPs oscillate in phase and in the same direction, and an 
antibonding dark (subradiant) mode, where the dipolar mo-
ment of the center particle opposes the dipole moment of 
the surrounding ring. Moreover, the resonance wavelength 
and amplitude can be sensitively tuned by altering the clus-
ter dimensions, geometry, and relative size of the individual 
NPs. For simple oligomers such as trimers and quadrumers, 
the subradiant modes do not exist, thus the symmetry needs 
to be broken in order to obtain Fano resonance [66].  

3  Coupled NPs/metal film and NPs/NWs 

3.1  NP over metal film (NPOF)  

A dipole on the surface of a substrate induces an image di-
pole in the substrate, and interacts with it if the incident 
electric field has a component perpendicular to the surface. 
A metal NP on a metal film is such a system: the NP cou-
ples to the image electromagnetically, and the resonance of 
LSP in the NP is altered [67–70]. An important fact is that 
the metal film supports propagating plasmons, that is, SPPs, 
which also alter the NP plasmon resonance depending on 
the relative energies of the LSPs and SPPs. Moreover, the 
interaction strongly depends on the distance between the NP 
and the substrate, which can be controlled using molecule 
linker [71], thin dielectric shell [72] or atomic-layer-depos- 
ited (ALD) dielectric spacer [73]. 

The EM coupling between the NP and the image particle 
is in fact similar as the coupling between two real NPs, 
producing large field enhancement in the gap between the 
NP and the film. Mubeen et al. [73] systematically studied 

the optical responses of gold NPs separated from a thick 
gold film by an ultrathin oxide. Figures 2(a)–(c) show the 
schematic and cross sectional high-angle annular dark field 
scanning transmission electron microscopy (HAADF STEM) 
images of Au NP near a gold film separated by a thin die-
lectric spacer deposited using ALD technique. Both the ex-
periment and simulation showed that the maximum SERS 
enhancement occurs when the incident angle (defined in 
Figure 2(d)) is 60°, different from that in NP dimer case. 
This is because the EM field at a given point above the film 
is a coherent superposition of the incident EM field and that 
reflected from the surface. The phase difference between 
the two EM fields determined that there exists an optimized 
incident angle for maximum SERS. In addition, detailed 
study shows that the SERS intensity is sensitive to the die-
lectric constant and the thickness of the oxide spacer layer.  

It is important to note that the above mentioned “image 
particle” picture only holds in cases where the thickness of 
the film is much larger than the diameter of the NP and the 
film can then be treated as a mirror. For thin metal film, the 
interaction between the LSPs of the NP and the non-local- 
ized continuum plasmons of the underlying metal film is 
similar to that between localized electronic states with a 
continuum of delocalized electronic states, that is, the band 
structure of a metal, which can be described using EM ana-
log of the spinless Anderson-Fano model [74]. This type of 
interaction may give rise to interesting phenomenon—reso- 
nant particle-film virtual state [75]. 

3.2  Coupled NPs/NWs 

Metal NWs have attracted research focus in recent years 
[76–79]. Because of the one-dimensional geometry of the 
NWs, light can be coupled in, confined at subwavelength 
scale, propagates along the NW, and re-emit remotely. The  

 
Figure 2  (a) Schematic and (b) cross sectional HAADF STEM images of Au-NP near a gold film separated by a thin dielectric spacer deposited using 
ALD technique. (c) High-resolution TEM image of an individual Au-NP on a 2 nm SiO2 spacer showing its clear separation from the underlying gold film. 
(d), (e) Measured SERS spectra and it is corresponding calculated EM field distribution and enhancement factors for a gold NPOF with 3 nm SiO2 thickness, 
with incident angles of 15° (d) and 60° (e). Reproduced elsewhere [73]. 
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SPP characteristics in metal NWs have been intensively 
investigated, including the excitation and propagating of 
multiple SP modes [17,80], the emission directionality at 
the NW terminals [81,82], the correlation between incident 
and emission polarizations [83], the effect of substrates and 
bending on the propagating losses [84]. Vast applications 
have also been demonstrated, for example, in remote excita-
tion of SERS and fluorescence [85,86], NWs-based plas-
monic routers, modulators, and all-optical Boolean logic 
gates [66,87–89]. Some recent reviews can be referenced 
elsewhere [14,15]. Note that for practical applications, 
chemically synthesized metal NWs are usually preferred 
because of their single-crystalline property and thus low 
propagation loss.  

For a smooth metal NW, SPP can be excited by focusing 
light at one of the end, or via evanescent field under total 
internal reflection, and emits at the distal end. At the mid-
section, light cannot be coupled into metal NWs directly, 
and vice versa, coupled out, because of the momentum 
mismatch between incident photons in dielectric medium 
and SPPs at metal/dielectric interface. However, if discon-
tinuities are created, for example, a metal NP is moved in 
proximity to a NW, SPP can be efficiently coupled out/in 
via scattering. Thus, the coupling between the NW and NP 
can generate a hot spot in the gap, enabling remote SERS. 
Figures 3(a) and (b) show the SEM and optical images of a 
Ag NW-NP structure on a glass substrate [85]. When the 
laser is focused on the left terminal of the NW, SPPs can be 
launched, propagate along the NW, and emit from the other 
terminal, as shown in Figure 3(c). The arrow indicates the 
polarization of the laser. At the NP/NW junction, SPPs are 
scattered out and couple to the NP, resulting in an intense 
EM field that triggers Raman enhancement of the molecules 
adsorbed therein. Figures 3(d)–(h) show the remote SERS  

 

Figure 3  Remote SERS. (a) SEM image of nanowire-nanoparticle sys-
tem. (b) Bright field optical image. (c) Optical image collected with a 
cooled CCD detector and 0.1 s integration time. (d) Raman image at the 
Stokes peak of 436 cm1. (e) Raman spectra from the laser spot at the left 
end (yellow) and remote wire/particle junction (white). (f) Fluorescence 
background image. (g) Raman image after background subtraction. (h) 
Remote-excitation SERS spectrum. Reprinted elsewhere [85].  

images and corresponding spectra.  
If the laser directly illuminates the NP-NW junction, the 

EM coupling between the NP and NW is, to some extent, 
similar to that in the NP/metal film structure [21]. When the 
excitation polarization is orthogonal to the NW, the local-
ized NP plasmons couple strongly to the continuous NW 
plasmons, thus dramatically enhanced EM field can be gen-
erated in the junction leading to pronounced Raman en-
hancement, as shown in Figures 4(a) and (b) [90]. The 
strength of the EM coupling and the Raman enhancement 
were shown to be insensitive to the detailed shape of the 
NPs, explained by the plasmon hybridization model. Both 
the experiment and the simulation show that the enhance-
ment is much weaker when the polarization is parallel to the 
NW because the induced charges in the NP are distal from 
the NW than that in the orthogonal case. Detailed study on 
polarization dependence shows that the SERS intensity has 
a cos2 dependence on the laser polarization, where  is the 
angle between the polarization direction and the axis or-
thogonal to the nanowire (Figure 4(c)). Although the Raman 
enhancement factor is proportional to the fourth power of 
the electric field enhancement, in the NP/NW coupled stru- 
cture, only the excitation field enhancement depends on the 
incident polarization, and the direction of the induced EM 
field is always across the junction. Therefore, the total 
SERS enhancement shows cos2 dependence, instead of 
cos4 dependence. 

4  NWs network structures 

4.1  SPP routing in branched NWs 

Branched NWs can be obtained using micromanipulation, 
as shown in Figure 5(a). When excited at the terminal 1, the 
plasmons launched along the main wire can also couple and 
propagate along the branched wire. The launched SPs can 
be routed to outputs 2 or 3 in a controlled way by modifying 
the input polarization angle at terminal 1 [66]. Different 
excitation wavelengths can be routed selectively to either of 
the outputs by changing polarization (Figures 5(b) and (c)). 
When 633 nm and 785 nm lasers are focused on wire end 1 
simultaneously with a polarization of 40°, the 633 nm light 
is almost completely routed to the branch wire (output 2) 
while the 785 nm light is primarily routed in the main wire 
(output 3). This can be explained by the finite element 
method (FEM) simulations shown in Figure 5(e). SPP 
propagates with maximum and minimum amplitudes along 
the NW. If the branch NW contacts the main wire at a posi-
tion where the maximum is, SPP is coupled to and propa-
gates along the branch wire rather than the main wire. If the 
contact point lies in a minimum, the branch wire does not 
play any role and the SPP propagation along the main wire 
is not disturbed.  
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Figure 4  (a) SERS spectra of MGITC at two different polarizations for 
the NP/NW structure shown in the inset. (b) Calculated electric field for a 
gold sphere of radius 50 nm at 5 nm from a wire of radius 25 nm for inci-
dent polarization perpendicular (i) and parallel (ii) to the wire. (c) Meas-
ured (squares) and calculated (lines) SERS intensity as a function of polar-
ization angle  defined in (d). (d) Definition of the angle  and SEM image 
of the wire-particle system in (c). The scale bar in the SEM images is 200 
nm. Reproduced elsewhere [90]. 

4.2  SPP interference in complex NWs network 

The SPP routing can be used for plasmonic devices, for 
example, logic gates in specially designed complex NWs 
networks. Figure 6(a) gives a NWs network composed of a 
main wire (the longest one) and two branch wires, including 
two inputs (I1 and I2) and two outputs (O1 and O2). SPPs 
can be launched in the main and branch NWs simultane-
ously through I1 and I2, and interfere with each other at the 
junction. The interference can be modulated by changing 
the phase difference between the two incident beams. The 
emissions at either output O1 or O2 can thus be tuned ac-
cordingly (Figure 6(b)). For certain relative phases, SPP can 
be routed selectively to output O1 or output O2 (Figure 
6(b)).The mechanism can be revealed intuitionally from the 
QD emission images in Figure 6(c). The QDs emission ba-
sically reflects the near-field distribution along the NWs. 
The output from O2 is controlled by the intensity of the 
field in the wire junction (dashed yellow rectangle in Figure 
6(c)). When the near-field intensity in the junction is weak, 
the energy propagates to terminal O1 (Figure 6(c–i)). When 
the intensity in the junction is strong, most of the energy is 
switched to the branch wire and guided to terminal O2 
(Figure 6(c–iii)). For the two incident polarizations indicat-
ed by the red arrows in Figure 6(a), the emission intensities 
from O1 and O2 over several cycles of relative phase 
(2/cycle) of the two inputs is shown in Figure 6(d), which 
shows that the interference between the SPs generated at I1 
and I2 is almost ideal. The interference behavior here can 

 
Figure 5  (a) SEM image of a branched Ag NW structure. (b), (c) Emis-
sion intensity from NW end 2 (black) and 3 (red) as a function of incident 
polarization angle for 633 nm and 785 nm wavelength excitation. (d) Spec-
tra collected from wire end 2 (lower curves) and 3 (upper curves). Polari-
zation angle of the incident light is 40°. (e) FEM simulated local electric 
field distributions for maximal ( = 27º) and minimal ( = 117º) emission 
from the branch wire. Reproduced elsewhere [66]. 

not be achieved only by controlling the excitation polariza-
tion. 

By defining certain intensity values as thresholds, the 
strong and weak output intensity can be assigned as “ON (or 
1)” and “OFF (or 0)” states, and the NW structures can re-
alize certain logical operations. For example, for an intensi-
ty threshold of 450 au, and considering O2 as the output, (I1 
= ON, I2 = OFF) results in O2 = OFF, (I1 = OFF, I2 = ON) 
results in O2 = OFF, and (I1 = ON, I2 = ON) input results 
in O2 = ON, demonstrating the behavior of an AND gate. 
By considering O1 as another output, this NWs network can 
be used as a binary half adder [87]. 

Based on the SPs interference principle, a complete set of 
plamonic logic gates and other functional devices can be 
realized by designing different NW networks [88,91]. 

5  Metal-dielectric nanostructures 

As mentioned above, the dielectric substrate and surround- 
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Figure 6  Interference of plasmons in Ag NWs. (a) Optical image of the 
network. (b) Scattering images for two beam interference in one cycle. (c) 
QD emission images in one interference cycle. (d) Scattering intensity at 
O1 andO2 terminals. Red, the intensity of O1 for simultaneous input of 
both I1 and I2; black, the intensity of O2 for simultaneous input of I1 and 
I2; green, the intensity of O1 for I1 only and I2 only; cyan, the intensity of 
O2 for I2 only; blue, the intensity of O2 for I1 only. Al2O3 thickness is 50 
nm, scale bar is 5 μm. Red arrows in (A) show the polarization of the two 
laser beams, and the white dashed rectangle in (a) mark the area displayed 
in (b) and (c). Reprinted from ref. [87] 

ings dramatically affect the SPs properties of the metal 
nanostructures. Metal-dielectric composites typically refer 
to core-shell NPs, that is, metal@dielectric and dielec-
tric@metal hybrids. The existence of dielectric components 
changes the optical response of metal nanostructures. Some 
insulator compounds (such as VO2, WO3, SmS) can even 
undergo metal-insulator transition and possess novel optical 
properties [92–94]. Reviews articles have systematically 
summarized such interesting properties [19,95,96]. Metal 
nanostructures supported by dielectric substrates or coated 
by dielectric films, by absolute definition, not composites, 
however, as the dielectric substrate or coating dramatically 
tunes the optical properties of metal nanostructures, we de-
fine them as a special type of metal-dielectric nanostruc-
tures and explore the effects of dielectrics in tailoring the SP 
resonances. 

5.1  Substrate induced SP modes hybridization 

Understanding the EM interactions between plasmonic no-

ble metal nanocrystals and different substrates is critical 
because a number of plasmon-based devices and applica-
tions, such as chemical and biological sensing, subwavelen- 
gth waveguides and plasmon-enhanced photovoltaic cells, 
require the attachment of metal nanocrystals onto various 
substrates [87,97–99]. The presence of the substrate breaks 
the symmetry of the nanostructure environment and could 
have a strong influence on the modes of the nanostructure. 
Figure 7 shows a nanocube placed on a dielectric substrate. 
The induced charge distribution in the dielectric substrate 
mediates the coupling of primitive plasmon modes (D0 and 
Q0), since the charges of these two modes distributes at the 
bottom surface of the cube, as shown in Figure 7(a). The 
coupling of the two modes forms hybridized bonding (D) 
and antibonding (Q) modes, as shown in Figure 7(b). Be-
cause the primitive quadrupolar mode is dark, the interfer-
ence of the dark mode with the continuum bright dipole 
mode gives a Fano resonance, which can also be sensitively 
tuned by changing the distance between the cube and the 
substrate, as well as by altering dielectric substrates [100].  

The above coupling scenery is similar for a NW placed 
on dielectric substrate. Figure 7(c) shows schematically how 
several lowest primary SPP modes interact with each other 
via the dielectric substrate. It can be seen that the otherwise 
degenerate HE±1 modes interact predominantly with differ-
ent primary wire modes and produce a new set of hybrid- 

 
Figure 7  (a) Schematic illustrating the substrate-mediated D0 and Q0 
interaction. (b) Energy diagram showing the substrate effect: pure dielec-
tric screening effect (dashed black) which causes red shifts of both modes 
and the substrate-mediated interaction (thin blue line) resulting in hybrid-
ized bonding D and antibonding Q modes. (c) Schematic drawing of how 
different primary wire plasmons interact through the dielectric substrate.  
(d) Normalized surface charge contour (left) and time-averaged power flow 
(right) of the three hybridized modes. Nanowire (R = 100 nm) is supported 
on a glass substrate. Reproduced elsewhere [100,101]. 



 Tian X R, et al.   Sci China-Phys Mech Astron   December (2013)  Vol. 56  No. 12 2333 

ized modes (H0, H1 and H2). The interaction between the 
primary TM0 and HE1 mode introduces the new funda-
mental mode H0. It is readily apparent that H0 mode is pri-
marily localized at the bottom, which can be used for sub-
wavelength plasmonic waveguiding and used in various 
deep subwavelength active devices such as electro-optical 
or all-optical modulators. However, for substrates with a 
high permittivity, H0 could become leaky when the energy 
is below a critical value, which will raise the propagating 
loss [101].  

Interactions of HE±1 modes with other different primary 
wire modes give H1 and H2 mode, as shown in Figure 7(c). 
The H1 mode comes from an in-phase (inducing the same 
polarized charges on the substrate surface) coupling of the 
HE1 and HE2 modes, while the H2 mode comes primarily 
from an out-of-phase (canceling their induced polarized 
charges on the substrate surface) coupling between the TM0 

and HE1 mode. Figure 7(d) shows the calculated surface 
charges and the time-averaged power flow distributions of 
the three lowest order hybridized modes. The charge plots 
are in good agreement with those in Figure 7(c), confirming 
the understanding of the interactions of different wire plas-
mons via the substrate. Similarly, the degree of interaction 
with the substrate can be controlled by changing the nan-
owire shape, gap, and refractive index of the substrate. 

5.2  Tuning SPs on NWs using dielectric coating 

The plasmon resonances in metal nanostructures are sensi-
tive to the change of surrounding dielectric materials. For 
one-dimensional metal NWs, the SPP wavelength can be 
easily tuned by coating dielectric films. Recently, Wei et al. 
[102] studied the propagating SPs on Ag NWs with differ-

ent thickness of Al2O3 coating layer. Figures 8(a) and (b) 
show the schematic cross section of the sample and the SPP 
excitation/collection configuration. The QDs images in Fig-
ures 8(d) and (e) show that the near-field beat period (Λ) 
depends on the thickness of the oxide film and the dielectric 
medium. Three NWs of similar diameters deposited differ-
ent thickness of Al2O3 film were shown in Figure 8(d). It 
can be seen that when the thickness of Al2O3 increases from 
30 nm to 80 nm (top to bottom), Λ dramatically increases 
from 1.7 m to 5.8 m. Figure 8(e) shows the near-field 
distributions for a single NW deposited Al2O3 of 50 nm 
(top), 55 nm (middle) and 60 nm (bottom). A high sensitiv-
ity of Λ increasing by 90 nm per nanometer increasing of 
Al2O3 is achieved. This high-sensitivity effect can be ex-
plained by the effect of coating on the propagation constants 
and the dispersion curves of NW SPs [102]. The refractive 
index of the surrounding medium can also dramatically 
change the near-field . Figure 8(f) shows that when the 
NW is moved from the air to water and oil, Λ increases 
dramatically from 1.3 m to 4.4 m (in water) and 7.2 m 
(in oil). Such high sensitivity is crucial in various applica-
tions such as plasmonic routing and demultiplexing, and 
may pave the way to the development of on-chip ultrasensi-
tive biosensing. 

6  Conclusion 

In complex metal nanostructures, the SPs in each single 
component interact with that in the others, for example, 
LSPs in a single NP can couple to that in another one or to 
SPPs in a NW or metal film, resulting in extra EM en-
hancement at the nanogaps. SPPs in different NWs can in- 

 

Figure 8  Near-field distribution images for NWs in different dielectric environments. (a) Schematic cross-section of the sample. (b) Schematic illustration 
of the excitation/collection configuration and the plasmons propagating along the NW. (c) SEM images of a typical bare Ag NW (upper left) and NWs coat-
ed with T = 30 nm (lower left), 50 nm (upper right), and 80 nm (lower right) Al2O3 layers. (Scale bar, 500 nm.) (d) QD emission images under excitation at 
the left ends of the NWs. From top to bottom, the radius of the NWs is 160, 155, and 157 nm, and the corresponding Al2O3 thicknesses are 30, 50, and 80 nm.   
(e) QD emission images for a 162 nm radius NW with a 50 nm Al2O3 coating measured in air (top), and then after depositing 5 nm of Al2O3 (middle), and 
finally with an additional 5 nm of Al2O3 (bottom). White dashed lines are visual guides to show the shift of the plasmon near-field pattern. (f) QD emission 
images for a 155-nm radius NW initially coated with 10 nm of Al2O3 and QDs, and then capped with another 5 nm of Al2O3 to protect the water-soluble QDs 
from being removed, measured in air (top), water (middle), and oil (bottom). (Scale bar in Figure 8(d) for Figures 8(d)–(f), 5 μm.) Reprinted elsewhere 
[102]. 
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terfere with each other, making possible selective routing of 
propagating SPPs to desired output terminals. The complex 
EM interactions give rise to more flexibility in tailoring the 
SPs for advanced applications, such as remote SERS sens-
ing and plasmonic logic gates. The dielectric substrate or 
surface coating is another critical parameter that affects the 
SPs properties, including the LSPR and the SPPs wave-
length and propagation length. In fact, this effect provides 
an alternative method to tailor the SPs characteristics for 
particular applications.  

In general, there still exist many problems to be solved 
for reliable practical applications of SPs in complex metal 
nanostructures. For example, the precise control of gap dis-
tances between colloidal NPs for reproducible, highly stable 
and sensitive SERS substrates is still being researched. For 
future integrated nanophotonic circuits, each necessary 
component, such as nanoscale light source, plasmonic rout-
er and modulator, logic gates, opto/electro converter, is a 
challenging task currently, aside from the integration of all 
these components for on-chip devices. However, with the 
rapid development of micro-fabrication techniques and the 
further exploration of the plasmonic properties of complex 
metal nanostructures, future advances addressing these 
challenges can be anticipated. 
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