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Benefiting from the induced image charge on film surface, the nanoparticle aggregating on metal exhibits interesting
optical properties. In this work, a linear metal nanoparticle trimer on metal film system has been investigated to explore
the novel optical phenomenon. Both the electric field and surface charge distributions demonstrate the light is focused on
film greatly by the nanoparticles at two sides, which could be strongly modulated by the wavelength of incident light. And
the influence of nanoparticle in middle on this light focusing ability has also been studied here, which is explained by the
plasmon hybridization theory. Our finding about light focusing in nanoparticle aggregating on metal film not only enlarges
the novel phenomenon of surface plasmon but also has great application prospect in the field of surface-enhanced spectra,

surface catalysis, solar cells, water splitting, efc.

Keywords: electric field enhancement, light focusing, nanoparticle trimer on metal film system, plasmonic

hybridization
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1. Introduction

Over the past decades, metal nanostructures have at-
tracted researchers’ tremendous interest because of their
amazing ability to confine light in subwavelength regions.
This ability is induced by the collective oscillation of
free electrons on metal nanostructure surface called surface
plasmon.!'=3] When the light excited oscillation reaches res-
onance at suitable frequency, the extremely enhanced elec-
tromagnetic field could be generated on metal surface, which
is called localized surface plasmon resonance (LSPR). LSPR
has tremendous applications in various research fields, such
as surface-enhanced Raman scattering (SERS),*"! nonlin-

891 sensing,!'%!" surface catalysis,[!>!3] solar

ear optics,|
cells,['*151 plasmon waveguide,!'®!7) and so forth.

The electromagnetic enhancement in metal nanostruc-
tures is strongly influenced by their size, shape, arrangement,
composition, and ambient environment. Lots of structures
have been investigated to explore the interesting applications

LILITI In these structures, metal nanoparticles

in the past.!
(NPs) on metal film system exhibits unique surface-enhanced
phenomenon, in which electromagnetic field would be redis-
tributed and light is confined not only between NPs and NPs
but also between NPs and metal films. One or more hot spots
will be generated in such a system. This is apparently different

from the metal nanoparticle alone or the NPs on the dielec-
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tric film system.!'®-22 Furthermore, our latest work pointed
out the heterodimer on metal film could induce energy focus-
ing at the bottom of small nanoparticle (NP) on film, and the
energy between small NP and the film can be more than 5
times stronger than that between the larger NP and film in
this structure.!'”? Such a structure has potential applications
in SERS, ultra-sensing, surface catalysis. In these reports, the
results show that electromagnetic field redistribution comes
from the strong coupling between particle surface charges and
induced image charges on metal film. Therefore, both the
wavelength of incident light and the particles size or arrange-
ment of NPs play important roles in this novel phenomenon.

In this work, optical properties of linear arranged sym-
metric Ag NPs trimer on Au film (trimer—film) system are
investigated with finite element method (FEM). The electric
field and surface charge distributions are firstly investigated
under 633-nm light illumination in the systems with various
particle sizes. It is not difficult to find that the light energy on
film is mainly confined at bottoms of side NPs not the middle
one in the system. This conclusion has no relationship to the
size ratio of NPs in trimer—film system, which is quite differ-
ent from the dimer on metal film system that the light energy is
always confined at the bottom of smaller NP.!'”! And then, the
influence of wavelength and particle size on light confinement
in this system is also investigated.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Simulation methods

All systems in this work were numerically investigated in
three-dimensional (3D) space using the finite element method
(COMSOLA4.3a commercial package). Our trimer—film system
is consisted of three Ag nanospheres located in 1 nm above the
gold film with 100-nm thickness. The three Ag NPs with dif-
ferent diameters are arranged linearly which are similar to our
latest work.[!'”) The diameters of middle Ag NP in different
systems would be changed in this work. The diameters of two
side Ag NPs are always the same. The trimer is surrounded
by air. The gaps between each two adjacent particles in the
trimer are 1 nm. When the intervals between the nanoparti-
cles and nanoparticles, and between the nanoparticles and the
metal film are 1 nm, the near-field interaction between NPs
and NPs and NPs and film becomes very strong.>3-26! In the
main text analysis, the gap size is chosen as 1 nm because it
is a very typical thickness for monolayer of molecules adsorb-
ing on particles. The main purpose of the work is to provide
reference theoretical results to experiments that the molecules
adsorbing on particles for sensing. The trimer—film system
was excited with light at polarization along linear trimer axis,
coming from the trimer side normal to the Au film. The elec-
tric field amplitude of incident light is set as 1 V/m. The sim-
ulation domain is a cylinder with a 2000-nm diameter. The
upper part of the simulation cylinder is air domain with 1000-
nm height. The trimer is in this domain. The bottom of the
air domain is Au film with 100-nm thickness. The Au film
is a cylinder slab on glass substrate and extended to the per-
fect matched layer (PML). Non-uniform meshes were used to
format the object. In particular, the mesh of nanoparticles is
super fine. The smallest size of the surface and the body of
Ag particles are set respectively as 0.52 nm and 1 nm. The
mesh of Au film is extra fine and the smallest size is 1 nm.
The largest mesh was set to less than A /6 (A is the wavelength
of incident light). Scattering boundary condition and PMLs
(300 nm) are used to reduce the boundary scattering. The rel-
ative permittivity of Au/Ag is extracted from the experimental

data of Johnson and Christy.?”]

3. Results and discussion

3.1. Electric field enhancement distribution of trimer—film
system

Firstly, the electric field distribution of three different
trimer—film systems under 633-nm light illumination is inves-
tigated and the results are shown in Fig. 1. The diameters of
the middle NP in three systems are 40 nm, 80 nm, and 120 nm,
respectively. The diameters of side NPs remain 80 nm. For
convenience, the three systems are labeled respectively as 80-
40-80, 80-80-80, and 80-120-80 in the following discussion.
Just as one expected, we could find the electric field in the

side NP—film gaps (L) are hugely enhanced in Figs. 1(a)-1(c),
and which are even larger than that in NP-NP gaps (P). The re-
sult is accordance with previous work on dimer system. ['8-!]
However, it is interesting that the electric field enhancement
in middle NP—film gap (M) is very small compared with that
in the gaps L and P in all the three systems. This means the
light energy is highly focused on the gaps between the sides
NPs and the metal film. Figures 1(d)-1(f) display the electro-
magnetic energy density distributions in the three systems, re-
sulting in more energy confined in the side NP—film gaps. The
results are quite different from the heterodimer on metal film
system that the light is focused on the smaller nanoparticle.[!”!
To obtain a further understanding about this phenomenon, the
electric field enhancement in different gaps, which is defined
as |E|/|Eop|, illustrated as inset histograms in Figs. 1(a)-1(c),
where |E| is the maximum value of the electric field in lo-
calized electric fields in Figs. 1(a)-1(c) and |Ey| is the inci-
dent field value. For the homogenous 80-80-80 system, the
enhancements in the gaps L and P for 633 nm are about 540
and 219, respectively. The ration of the electric field enhance-
ment of the two gaps is more than 2.46. The difference would
bring about 36.6 times larger in SERS enhancement in the gap
between NPs and metal film compared to the gap between NPs
and NPs, which is similar to the dimer on film system. (211
However, electric field enhancement in the gap M (less than
14) is the almost one thirty-eighth of the enhancement in the
gap L. In the gap L, the light power and the SERS enhance-
ment factor respectively are about 1444 times and 2.2 x 10°
times larger than that in the gap M, which displays a much
great light focus on film and means the light signal for the
middle NP can be neglected in the trimer. At meanwhile, from
the data in Fig. 1, one could clearly see that light focusing
ability on film gets stronger with the diameter of middle NP
increasing. When the diameter of the middle NP is 120 nm
the ratio of electric field enhancement in the gap L (668) to P
(183) could achieve more than 3.65. Furthermore, there is an
obvious increase for the electric field enhancement in the gap
L and a decrease for that in the gap P as shown in Fig. 1(c),
which demonstrates the stronger light focus ability obtained in
the 80-120-80 system.

For better understanding the formation of the interest-
ing light focusing phenomenon, the distributions of surface
charges on the NPs and induced image charges on the film sur-
face are illustrated in Figs. 1(g)-1(f). Taking the case of the
80-80-80 system in Fig. 1(g) as an example, a large amount of
surface charges gathered near the gaps between NPs and NPs.
Every NP is equivalent to a dipole, which is illustrated by the
red solid arrows in Fig. 1(g). The coupling between dipoles
and dipoles would result in a strong near-field enhancement.
The trimer could be considered as a large dipole because of
the coupling between NPs and NPs. At the same time, because
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of the result of electrostatic effect, the induced image charges
in metal film formed three dipoles, as indicated by black solid
arrows, which also could be equivalent to an imaging-induced
opposite dipole on the film. From the dipoles’ orientations,
when the dipoles corresponding to NPs coupled with dipoles
in the film, the effect is equivalent to the case that effective
dipoles coupled in the direction normal to the surface, which
is illustrated by the black dashed arrows. One should find that
the two side dipoles are tilted in a large angle. There exists the

(d)

(2) (h

3

Cod

strongest electric field enhancement in the gap L. The middle
dipole is too small which results in an extremely weak near-
field enhancement in the gap M. It is obvious that the similar
situation of the dipole coupling can be observed between NPs
and NPs and between NPs and metal film in the other two
systems, as shown in Figs. 1(h)—1(1). This result confirms our
previous conclusion that the light is confined in the interval be-
tween side nanoparticle and Au film no matter what diameter
of the middle nanoparticle is.

Min
—2.68

log(W)
Max—17.1

—30
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Fig. 1. Electric field and surface charge distributions of three trimer—film systems. (a)—(c) The electric field distributions of three different Ag trimers
on a 100-nm thick Au film with a 1-nm gap at 633 nm. The diameter of the side Ag nanoparticles (NPs) both are 80 nm in the trimers. The diameter
of the middle one (marked as d) is (a) d = 80 nm, (b) d =40 nm, and (c) d = 120 nm. The insets are the values of electric enhancement at the gaps
indicated as L, M, and P. The red and black arrows respectively represent the directions of the incident wave vector k and the polarization in panel (a).
(d)—(f) Simulated energy density distributions of the three structures corresponding to panels (a)—(c). Logarithmic scale is used for a good contrast. The
red arrows show the power flow direction. (g)—(1) Simulated surface charges distributions in the three systems corresponding to panels (a)—(c). The red
arrows in panel (g) show the induced dipoles in the particles. The black arrows show the induced image dipoles in the metal film. The black dashed

arrows indicate the effective dipoles.

3.2. Focusing effect of trimer—film system

Since the surface plasmon is great influenced by the
wavelength of the incident light, light focusing in trimer—film
depending on exciting light wavelength is investigated here.
Figure 2(a) shows the electric field distribution of the trimer
on 100-nm-thick Au film with 1-nm gap, in which the particle
diameters are 80 nm, 40 nm, and 80 nm, respectively. The ex-
citation light wavelengths are 532 nm, 555 nm, 633 nm, and
705 nm, respectively. Among these wavelengths, 532 nm and
633 nm are the two most common excitation wavelengths in
SERS experiments, and 555 nm and 705 nm are two oscilla-
tion wavelengths. From the electric field distribution, it is ob-
vious that the light focusing phenomenon is greatly influenced
by the wavelength of the incident light. When the system is
excited by 532-nm light, the energy is mainly confined in the

gap P (between two nanoparticles). While the energy confined
in the gap L (between NPs and metal film) is more than that
in the gap P for 633-nm light. For 555-nm light and 705-nm
light, the electric field energies focused on the gap P and the
gap L are both strong.

To obtain more information, the absorption spectra of the
80-40-80 system in the visible and near-infrared region are
shown in Fig. 2(b). The red solid curve represents the absorp-
tion of the system in which the thickness of Au film (labeled
as “h”) is 100 nm. The green dot curve represents the absorp-
tion of 80-40-80 trimer on a glass substrate with 1-nm gap
(Au film thickness &2 = 0 nm). Apparently, the existence of Au
film would induce obvious different spectrum shapes. When
the Au film thickness 7 = 100 nm, two resonance peaks ap-
peared at 555 nm (labeled as I’ = 2) and 705 nm (labeled as

017303-3



Chin. Phys. B 31, 017303 (2022)

I’ =1). Compared with no Au film, there is an additional res-
onant peak (705 nm) at longer wavelength in the trimer-film
system, which is the results of effective coupling of surface
charges on nanoparticles and induced image charges on metal
film surface. The 420-nm absorption peak mostly comes from
the contribution of Au film. Figure 2(c) exhibits the electric
field enhancement as a function of wavelength in the gaps be-
tween NPs and NPs (the blue line for the gap P) and between
NPs and metal film (the red line for the gap L and the green
line for the gap M). The electric field enhancements reach
maximal value nearby the two resonance peaks, which is con-
sistent with the common sense that the light energy is confined
greatly at the resonance frequency. The blue, red, and green
dot lines in Fig. 2(c) represent respectively the enhancement
in the gaps P, L, and M in the case of the trimer on a glass
substrate (Au film thickness 72 = 0 nm). Obviously, without
the gold film, the electric field enhancement in gaps L and M
is very small compared with that in the presence of gold film.
However, for gap P, there is small difference in the electric
field enhancement in the absence or presence of Au film for
555 nm, but there is a weak enhancement effect at resonant
wavelength 705 nm without Au film.

Furthermore, there are still some interesting results found
here. It is easy to find out there is an interesting energy region
(595 nm~ 705 nm) where the enhancement in the gap P is
smaller than that in the gap L. When the diameter of the middle
nanoparticle increases, the phenomenon becomes more obvi-
ous. For the 80-80-80 system, at resonance peak with I’ = 1
the near-field enhancement in the gap P is stronger than that
in the gap L, but the case is just contrary at resonance peak
with [/ = 2 (see Figs. S1(a) and S1(b) in supporting informa-
tion). In the range of 555 nm-740 nm, the enhancement in
the gap P is smaller compared to that in the gap L. It covers
a wider range of wavelength than the 80-40-40 system. For
the 80-40-80 system (as shown in Fig. 2(c)), when the in-
cident light wavelength exceeds a range of 595 nm-705 nm,
the enhancement in the gap P is stronger than that in the gap
L, especially in the short wavelength range. In above short
wavelength range, the trimer—film system shows very weak
coupling in the gap L. The near-field enhancement originates
mainly from the coupling between NPs and NPs. For the elec-
tric field in the interval between NPs and metal film, the lo-
cation of the enhancement hot spot is relatively stable. The
enhancement in the gap L is always larger than that in the gap
M. This means the dominant light energy on metal film sur-
face is focused in the gap between the two-side nanoparticles
and metal film, which reaches maximal value at 705 nm in
the 80-40-80 system. The same phenomenon can be obtained
in the 80-80-80 system (see Fig. S1(c) in supporting informa-
tion). This result is quite different from our recent work about
heterodimer on metal film where the light energy on film sur-

face always focuses on the bottom of small nanoparticle. ']

When the diameters of the two-side nanoparticles are changed
to 40 nm, the similar conclusion can also be obtained (see
Fig. S2 in supporting information).

The above discussion indicates that the enhancement po-
sition may be changed alternately between NPs—NPs gap and
NPs—metal film gap under different wavelengths, and it is al-
ways weak in the gap M, which is important to probe different
kinds of molecules at different enhancement spots by adjusting
the wavelength of incident light in SERS. To further investigat-
ing the light energy distribution, it is necessary to calculate the
electromagnetic enhancement factor. According to Fig. 2(a)
we can see that the electric enhancement regions are actually
limited to a small area and rapidly change in each gap. In
addition, in the enhancement applications, Raman signal over
the probe volume is determined by the integration of the local
field. So we investigated the average electromagnetic enhance-
ment factor. Here, in the gap between NPs and metal film, we
take a small cylinder with a radius of 8, 4, and 8 nm, respec-
tively, for the particles with diameters of 80, 40, and 80 nm.
In the gap between NPs and NPs, we also take a small cylin-
der with radius 8 nm, which axis is along the connecting line
between adjacent two NPs. Each cylinder intersects with the
corresponding NP and film or another NP. Here, the average
electromagnetic enhancement factor (EF) is defined as

EF = |Eqyg/Eol*, (1

where Ej is the value of the incident electric field, E,y, is the
average electric field in the region surrounded by the cylin-
der side surface, particle surface, and Au film surface, or sur-
rounded by the cylinder side surface and the two adjacent par-
ticles’ surfaces, which is given by the following expression:

|
Eavg = V/V\E|dv, @)

where V is the volume of the above region. The spectra of the
average enhancement factor in the gaps L, P, and M are plot-
ted in Figs. 2(d)-2(f). In the gap L (red solid line in Fig. 2(d)),
around two resonant peaks, the EF reached 5.02 x 10° (near
peak I’ = 2) and 4.0 x 10'* (near peak I’ = 1). Especially near
peak [’ = 1, the EF is higher than the value in a binary “island”
shaped arrays and in an Au particle in hemispherical honey-
comb array reported in recent literature.?®?°! For the gap P,
the EFs are respectively 4.81 x 10° and 5.14 x 10° near the two
peaks, both of which are lower than that in the corresponding
peak in the gap L. In the gap M, the EF near two peaks is only
five orders of magnitude. In Figs. 2(d)-2(f), the blue dot line
describes the EF spectra of the trimer on the glass substrate
(Au film thickness 7 = 0 nm). Obviously, the presence of the
Au film greatly increases the EF, and the same is true even in
the gap P.

017303-4


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac20c3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac20c3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac20c3

Chin. Phys. B 31, 017303 (2022)

~6.69

.

(a) m log|E

a9 f°

B 532 il Mel555 nml

85~5.83

log|E|: —1.0~6.60

..

= 33 705 numll
log|E| T T Max6.69
Min—2.18 _9 0 2 4 6
¢ —L (h=100 nm)
© 800 - —P (h=100 nm)
—M (h =100 nm)
-+ L (h=0 nm)
600 - --P (h=0 nm)
--M (h=0 nm)

5 400
=
200 F
0 it S e S AR e
400 500 600 700 800 900 1000
Wavelength (nm)
(e) 6F — P (h=100 nm)
5' == P (h=0 nm)
o 4
S L
— 3
e |
B o2
1
0 e

1 1 1 1 1 1 1 1 1 1 1
400 500 600 700 800 900 1000
Wavelength (nm)

Absorption (arb. units) &

400 500

1 1 1 1 1 1 1 1 1
600 700 800 900 1000
Wavelength (nm)

=
£

— L (h =100 nm)
==L (h =0 nm)

EF (1010)

1 1 1 1 1 1 1 1 1 1 1
400 500 600 700 800 900 1000
Wavelength (nm)

(f) 2.0 —M (h=100 nm) --- M (h=0 nm)

1.5
0
Z 1.0
€
<)

0.5

ok

1 1 1 1 1 1 1 1 1 1 1
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 2. The focusing effect responsing to excitation wavelength in the 80-40-80 system. (a) Electric field distribution of Ag trimer—film system under
the excitation wavelengths of 532 nm, 555 nm, 633 nm, and 705 nm, respectively. The diameter of sides’ nanoparticles is 80 nm and that of middle
one is 40 nm in the system. (b) The absorption spectra of the trimer on Au film system (red solid line) and the trimer on glass substrate (green dot line,
which is magnified 5 times for better contrast). The resonant modes for the trimer on Au film are labelled as I’=1and !’ =2, and for the trimer on glass
substrate the peaks indicated by / = 1 and / = 2. (c) Electric field enhancement spectra in the gaps L, P, and M as indicated in Fig. 1. The green, red,
and blue solid lines represent the values of the gaps M, L, and P, respectively. The dot lines in different colors indicate the spectra in the corresponding
gap in the case of Au film thickness 72 = 0 nm. (d)—(f) The spectra of average enhancement factor in the gaps L, P, and M. The red dot line describes the
EF spectra of the trimer on 100-nm thick Au film in different gaps. The blue dot line describes the EF spectra of the trimer on glass substrate (Au film

thickness & = 0 nm) in different gaps.

3.3. Nanoparticle size affecting on focusing effect

This light focusing is also affected by nanoparticle size.
When the diameter of the middle NP changes, the electric
field enhancement performance is investigated in the trimer—
film system. Figure 3(a) presents the absorption spectra of the
trimer—film system with different diameters of the nanoparti-
cles. In the trimer—film system, the diameters of the two-side
NPs in the system is fixed to be 80 nm. The diameters of the
middle NP would vary from 40 nm to 140 nm. For each of
the above structures there are all two strong resonant plasmon
modes. The two modes locate respectively in the longer wave-
length region of 705 nm to 920 nm (labeled as I’ = 1) and in
the shorter wavelength region of 705 nm to 920 nm (labeled

as I' = 2). Figures 3(b)-3(c) are the electric field enhancement
spectra in the gaps L and P. The strong electromagnetic en-
hancement is shown at the corresponding peaks, especially at
the peak I’ = 1. The same phenomenon for the enhancement
in the gap M (see Fig. S3(a) in supporting information) is al-
ways weaker than that in the gaps L and P. In addition, when
the particle diameters are 60 nm-140 nm, the EF in the gap L
will reach 11 orders of magnitude at the peak I’ = 1 (see ad-
ditional file, Figs. S3(b)-S3(d)). According to the hybridiza-
tion theory of particles and films, 3! for such induced imaging
charge coupling, the system is always a bonding mode, which
leads to lower energy. If the coupling is stronger, the energy
will be lower (red shift). It is obvious that both the plasmon
modes have a redshift as increasing the diameter of the mid-
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dle NP. The mode !’ = 1 shifts much greater and the mode
I" = 2 shifts smaller. We take the 80-80-80 system as an ex-
ample to investigate the modes of the two resonant peaks with
a hybridization point of view. The 80-80-80 trimer in air (nei-
ther on Au film nor on glass substrate) has two main resonant
modes: [ =1 at 636 nm and / = 2 at 428 nm (see Fig. S1(b) in
supporting information). The surface charge distribution in the
NPs is corresponding to a large dipole mode. When the trimer
couples with Au film the levels I/ = 1 (796 nm) and I’ = 2
(580 nm) appear which are attributed to the hybridization of
levels 1 and 2 with the bonding and anti-bonding modes of the
metal film. For mode I’ = 1, the trimer offers three bonding
dipoles plasmon modes while the Au film offers one dipole.
So this mode I’ = 1 contains four dipoles and can be consid-
ered as a pair of quadrupoles. The energy will decrease in the
system. For the mode /' = 2, the excitation polarization is al-
most vertical to the axis of the trimer, so the system behaves

(a) —d =40 nm
—d =60 nm
—d =280 nm
—d =100 nm
L I'=2 —d=120 nm
—d =140 nm
I'=1

——
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1200F—d =100 nm
=)
K 900
S L
=B 600
300

400 500 600 700 800 900 1000
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like each nanoparticle coupling with their induced dipoles in
the Au film. The trimer and the Au film both offer three bond-
ing dipoles plasmon modes, so mode !’ = 2 can be considered
as the one containing three quadrupoles and be treated as a
higher order plasmon mode with respect to mode I’ = 1. As a
conclusion, mode I’ = 1 occurs at longer wavelength and mode
" = 2 at shorter wavelength. For other trimer—film systems in
which the diameters of the middle nanoparticles are different,
the cases of hybridization are similar. But it is worthy of pay-
ing attention that the two hybridization bonding modes exhibit
redshift as the diameter of the middle nanoparticle increases,
which arises from the fact that the modes [ = 1 and / =2 in the
trimer without film will redshift with the diameter increasing
(see Fig. S4 in supporting information). The mode I’ =2 as a
higher order exhibits small redshift. However the mode I’ = 1
derives from coupling of the dipole mode with bonding mode,
so the redshift is larger.

b) 1200 —3=
) Gap L
1000 F—d =80 nm

Il —d =100 nm
)
% 600
E 400

200

0_

n 1 n 1 n 1 n 1 n 1 n
400 500 600 700 800 900 1000
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@ A

Energy

Fig. 3. The light focusing dependence with nanoparticle size and hybrid analysis. (a) The absorption spectra of different trimer—film systems, in which
the diameters of the sides’ particles are fixed to 80 nm and the middle particles diameter is varied from 40 nm to 140 nm, and the thickness of the
Au film is 100 nm. (b)—(c) Simulated electric field enhancement in the gaps L and P in the trimer—film systems with different diameters of the middle
nanoparticle. (d) Plasmonic hybridization of the 80-80-80 trimer—film system and the surface charge distributions corresponding to the plasmon modes

F=1,1'=21=1,and [ =2.
4. Conclusions

In this work, the electric field redistribution and the en-
ergy focusing effect in linear trimer on metal film system with
different excitation wavelengths and diameters of nanoparti-
cles are investigated. The trimer—film system is designed in the
present work, the ability of light energy focusing on the film is
very obvious. The average enhancement factor can reach 9-10
orders of magnitude in the gaps L and P, which could yield a

high plasmonic detection performance for SERS. At the same

time, the SERS enhancement intensity at different gaps has
huge difference in the trimer—film system in this work. The
strongest enhancement spots would shift between gap L and
gap P with the incident wavelength changing, which is good
for selectively absorbing molecule at different positions under
different wavelengths in SERS. We found the middle NP in
the linear arranged trimer—film system has a very poor ability
to confine light energy on the film no matter what the wave-
length or diameter is, but which would impact on the position
of the enhancement peak. The efficient excitation wavelength
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can be modulated in a wider range by changing the diameters
of the middle NP. Our work on linear nanoparticle trimer on
metal film has enhanced the research on surface plasmon of
nanoparticle aggregation and is of great value in light energy
focusing which could be applied to SERS, sensing, photocatal-
ysis, solar cell, and other surface plasmon-related fields.
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