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Abstract
We design and numerically model asymmetric bimetallic nanodimers and evaluate the effect of particle size within the pro-
posed nanostructures. Two models of heterodimers (Au–Ag and Ag-Au) are separately designed. In each model, the resulting 
charge distribution maps reveal different types of plasmonic modes in the ultraviolet (UV) and visible (VIS) regimes. In 
addition, changing one particle size can produce significant changes in the peak values of the far-field enhancement spectra 
along with introducing a red-shift; it can eliminate or generate resonant peaks in the UV regime, depending on the heter-
odimer type. Moreover, peaks in the near field spectra become broader and wider in the VIS regime. The heterodimer can 
moderate the optical enhancement by four orders of magnitude, between  102 and  106. The extinction spectra have similar 
bonding dipole plasmonic resonant modes when we use the same sizes of asymmetric homodimers and heterodimers in the 
infrared (IR) regime.
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Introduction

Light interacts differently for the various element catego-
ries in the periodic table. For example, metallic materials 
in some cases exhibit the so-called non-thermal effects that 
include enhanced near- and far-field intensity and subwave-
length light confinement. Such interaction depends on the 
atomic structure of metals. Some metals, for instance, gold, 

silver, and copper, demonstrate plasmonic resonances under 
incident electric field irradiation along with the potential 
to improve electrical and optical signals. The light-metal 
interaction can lead to propagating surface plasmons (PSPs) 
or localized surface plasmons (LSPs). The former is gener-
ated by the free electron oscillations, which occur at the 
metal/dielectric interface and propagate on the metal sur-
faces as longitudinal waves. However, the latter harmoni-
cally oscillates within a very small volume (nano- or micro-
scale) and produces a large electric field enhancement on 
and around the nanostructures. This phenomenon can be 
utilized to amplify signals such as in plasmon-enhanced 
Raman spectroscopy (PERS) [1–3] and surface-enhanced 
fluorescence (SEF) by orders of magnitude [4–6]. Chemical 
and biological sensing [7–9], nanoantennas [10–12], sub-
wavelength imaging [13], and photovoltaic devices [14–16] 
could employ such phenomena to improve device sensitivity. 
Although there is a large number of plasmonic materials, 
gold (Au) and silver (Ag) are the best candidates due to the 
wavelength dependence of their optical properties. The asso-
ciated refractive indices of these noble metals has caused 
them to commonly be chosen for applications involving the 
VIS and IR range, such as surface-enhanced Raman spec-
troscopy (SERS) [17, 18], which can reach single-molecule 
sensitivity by employing plasmonic nanostructures [19, 20]. 
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Shape, separation distance, incident wavelength, and sur-
rounding media of the plasmonic structures can significantly 
affect the optical response [21].

Three techniques are commonly used to improve plas-
monic optical enhancements. First, using single plasmonic 
nanoparticles, such as naonspheres, nanorods, nanodisks, 
nanostars, naoncubes, nanoflowers, mesocages, and nano-
matryoshkas [18–38]. Such structures can produce moder-
ate to high optical enhancements, based on the nanoparticle 
shape. Second, the technique uses plasmonic nanodimers, 
oligomers, aggregated nanoparticles, nanoheptamers, nanoo-
ctamers, nanocones, etc., freely suspended in a homogenous 
medium [39–48]. Such nanostructures can generate hot-
spots within nanogaps, between the coupled nanoparticles, 
which in turn exhibit significant enhancements. The third 
technique involves using bare/coated single nanoparticles 
or nanoparticle dimers (hybrid structures) on a metal or 
semiconductor substrate [49, 50]. This work adopted the 
second technique by using nanospheres suspended in air. 
Much previous research has considered optical enhancement 
using homodimers and heterodimers. Most prior work has 
studied the impact of interspacing distance and the particle 

size on optical and electrical enhancements. In this paper, we 
study the effect of varying the size of one nanoparticle of an 
asymmetric nanosphere heterodimer for broadband optical 
enhancements. Namely, we fix the radius of one nanoparticle 
and change the radius of the other nanoparticle for gold and 
silver nanosphere heterodimers.

Materials and Methods

To investigate the plasmonic response of Au–Ag and Ag-Au 
asymmetric heterodimers, the near- and far-field spectra were 
taken into consideration. The heterodimer comprises two bime-
tallic nanoparticles, gold and silver; and we propose two mod-
els, Au–Ag and Ag-Au to ease the calculations in COMSOL. 
Optical properties of gold and silver (frequency-dependent) 
are employed from experimental results to conduct this work 
[51]. In the Au–Ag model, we fix the Au nanoparticle radius 
at 60 nm and sweep the Ag particle radius from 30 to 90 nm 
with a 15 nm step size. The reverse is performed for the Ag-Au 
case. To calculate and illustrate the charge distribution on the 
nanoparticle surfaces, Eq. (1) is used. Such an illustration can 

Fig. 1  Plots of (a) extinction 
cross-section, C

ext
 , and (b) 

average near-field enhancement, 
EF, vs incident wavelength for 
the depicted Au–Ag nanosphere 
heterodimer. The Au nano-
sphere radius (rAu) and interpar-
ticle separation distance (g) are 
fixed at 60 and 2 nm, respec-
tively. The curves correspond 
to different Ag nanosphere radii 
(rAg), swept from 30 to 90 nm in 
15 nm steps
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give a comprehensive perception of the electric pole configura-
tions [51, 52].

Here, �0 is vacuum permittivity, � is the surface charge, 
which subjects to the classical Gauss’ law. Both n, the par-
ticle surface normal vector, and E, the local electric field, 
are in three-dimensions (x, y, z). A finite element method 
(FEM), using COMSOL Multiphysics 5.4, is employed to 
conduct the three-dimensional electrodynamic calculations 
[53]. The radio frequency (RF) module with frequency 
domain interface study is used to calculate electromagnetic 
field distributions. Two nanosphere structures (nanodimers) 
with radii rAu and rAg are designed. A perfectly matched 
layer (PML) with 300 nm thickness surrounding the entire 
nanostructure is used to avoid the scattered waves from 
returning back into the model space. The incident electric 
field is set at E0 = 1 V/m. We fix the separation distance 
between the nanoparticles and gap space g, at 2 nm, and 
sweep the incident wavelength from 300 to 900 nm with a 
10 nm step size. To increase the precision in the region of 
interest, we sweep the wavelength with 1 nm steps for 20 nm 
on either side of the resonant peaks. The structures are mod-
eled as being freely suspended in air. The incident plane 
wave is simulated to incident on the nanostructure from the 
top with polarization along the heterodimer axis. Two factors 
are simulated to calculate the output spectra. First, the far-
field extinction spectrum is calculated by Eq. (2) [54, 55].

(1)� = �
0

(n.E)

(2)C
ext

=

−∬ S
ext

dA

|
|Winc

|
|

Here, Cext is the extinction cross-section, Sext is the 
extinction Poynting vector [56, 57], A is the surface area of 
the nanoparticle, and Winc is the power flow of the incident 
light that is directly proportional to the magnitude square 
of the incident electric field. Second, the average local field 
enhancement spectrum,EF (near field), is calculated in a vol-
ume, V, of 2 nm above the metal surface by Eq. (3). The near 
field enhancement is a very useful factor for SERS, which its 
electromagnetic enhancement factor is approximately (|E|4 
/ |E0|4) [52, 58].

Results and Discussion

In Fig. 1, (a) shows the far-field extinction spectra (Cext), 
and (b) shows the average near-field enhancement ( EF ) 
of Au–Ag asymmetric nanosphere heterodimer. The inset 
illustrates the schematic structure, which indicates the 
radii of Au and Ag nanoparticles (rAu and rAg) and the gap 
space (g). The structure includes a fixed Au nanoparticle 
radius (rAu = 60 nm) and varied Ag nanoparticle radius 
(rAg). We gradually increase rAg from 30 to 90 nm with 
a step size of 15 nm. We sweep the wavelength from 300 
to 900 nm, a spectral range that includes commonly used 
SERS wavelengths. Distinct resonant peaks appear in the 
plot, showing dominant strong bonding dipole plasmon 
(BDP) modes at λres1 in the visible regime. Increasing 
the Ag particle size with the Au radius fixed significantly 
increases the peak amplitudes and is associated with a 

(3)EF =

∭ (|E|4/||E0

|
|
4

) dV

V

Fig. 2  The electric field and 
charge distributions of the Au–
Ag heterodimers (rAu = 60 nm 
and rAg = 90 nm). The left panel, 
(a-i) and (b-i), is the electric 
field distributions at the reso-
nant wavelengths: λres1 = 755 nm 
and λres2 = 395 nm, respectively. 
The middle panel, (a-ii) and 
(b-ii), is the charge distribu-
tions at the same structures and 
resonant wavelengths. The right 
panel (a-iii) and (b-iii) is the 
same structure in the middle 
panel but rotated outward to 
show the charge distribution on 
the particles’ surfaces within the 
nanogap
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very strong redshift. However, bonding multipole plasmon 
(BMP) modes at λres2, which are shaped by antisymmetric 
field coupling, appear in the UV regime, shown in Fig. 2. 
For example (rAu = 60 nm, rAg = 90 nm), the resonant peak 
becomes higher when the Ag particle size increases. This 
is in part attributed to the fact that Ag nanoparticles have 
a natural resonant peak in this regime. The BMP enhance-
ment in the extinction factor corresponds to a slight red-
shift as the Ag radius increases beyond the size of the Au 
particle, while there is not a significant peak wavelength 
shift when the Ag particle size is equal to or smaller than 
the Au particle size. In this case, the Au particle size is 
dominant, and the BDP modes dominate the extinction 
factor. By increasing the Ag size, the Ag particle becomes 
more active in this regime.

Figure 1b shows the enhancement factor for the same 
particle radii and wavelength range as (a). The noteworthy 
feature is that increasing the Ag size flattens and broadens 
the enhancement over the visible and near infrared (NIR) 
range.

We take the resonant peaks of a single extinction spectrum 
from Fig. 1a, that for which rAu = 60 nm and rAg = 90 nm, 

and plot maps of electric field and surface charge distribu-
tion, shown in Fig. 2. These maps illustrate and confirm 
the plasmon modes’ origins. The highest peak that repre-
sents the BDP mode, shown in Fig. 2a-i, is in the near IR 
(λres1 = 755 nm). It shows a very strong local enhancement 
in the gap space and around the particles. To see the charge 
distribution within the gap space, we rotate the two particles 
oppositely outward (Fig. 2a-iii); it shows pure concentrated 
opposite charges that face each other. These opposite stack 
charges (poles) correspond with a huge enhancement in the 
gap. These poles are deformed due to the very strong near 
field coupling.

The other resonant peak in the extinction spectrum occurs 
in the UV regime (λres2 = 395 nm) due to the large Ag nano-
particle size, generating a higher-order bonding mode (a lon-
gitudinal plasmon mode). Such a mode can split the charge 
accumulation in the gap into two parts, upper and lower (2 
poles), for each individual nanoparticle with an additional 
concentration of surface charge on the back/opposite side 
of each particle, shown in Fig. 2b-ii and -iii. Such a mode 
significantly weakens the local enhancement in the gap and 
around the particles (Fig. 2b-i).

Fig. 3  Plots of (a) extinction 
cross-section, C

ext
 , and (b) aver-

age near-field enhancement, EF, 
vs incident wavelength for the 
depicted Ag-Au nanosphere het-
erodimer. The Ag nanosphere 
radius (rAg) and interparticle 
separation distance (g) are fixed 
at 60 and 2 nm, respectively. 
The curves correspond to 
different Au nanosphere radii 
(rAu), swept from 30 to 90 nm in 
15 nm steps
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Figure 3 shows the extinction spectra and average opti-
cal enhancement of the reverse case, an Ag-Au nanosphere 
heterodimer. In the Ag-Au model, we fix the Ag particle 
radius (rAg) at 60 nm and sweep the Au particle radius 
from 30 to 90 nm with 15 nm step. No differences between 
Figs. 3a and 1a appear in the extinction spectra, especially 
after λ = 600 nm. This could be attributed to the similar-
ity between the optical properties of gold and silver in this 
regime. Both gold and silver almost have the same dielec-
tric constant Re(ε) in the range from 1.4 eV ≈ 900 nm to 
2.4 eV ≈ 500 nm. However, the most interesting changes are 
located in the UV regime. Two weak peaks show up when 
the particle size of Au is equal to or larger than the Ag par-
ticle size. This coupling between the particles (rAg = 60 nm, 
rAu = 90 nm) can generate two types of plasmon modes: a 
BMP mode in the longer wavelength range (λres3 = 521 nm) 
and a bonding quadrupole plasmon (BQP) mode in the 
shorter wavelength range (λres2 = 375 nm). The average near-
field enhancement of the Ag-Au asymmetric heterodimer 
shown in Fig. 3b is similar to the Au–Ag asymmetric heter-
odimer in Fig. 1b.

Figure 4 shows the electric field and surface charge 
distributions for resonant peaks when rAg = 60 nm and 

rAu = 90 nm, shown in Fig. 3a. The strength of the enhanced 
electric field in Fig. 4a-i−c-i is attributed to the type of 
mode associated with the gathered charges on the surface 
of the particles. Figure 4a demonstrates the strongest local 
field enhancement at λres1 = 755 nm due to the generation 
of the BDP mode that splits the surface charge for each 
particle into two poles (+ , −) and focuses the most sur-
face charge within the gap and on the back as shown in 
Fig. 4a-ii. We oppositely rotate the two particles around 
their own central axes to show the charge distribution within 
the gap. It shows that opposite charges are concentrated 
at the surfaces facing and nearest to one another. In addi-
tion, Fig. 4a-i reveals that the optical enhancements occur 
within the interparticle gap and near the entire particles’ 
surfaces. That means that in an application such as Raman 
spectroscopy, any molecules could be detected with greater 
sensitivity when adsorbing anywhere on the particles’ sur-
faces, as the scattered signal will be increased in intensity. 
This effect could benefit SERS and bio-sensing applica-
tions. Figure 4b gives the same charge distribution with a 
BMP mode as seen in Fig. 2b for λres3 = 521 nm. This type 
of resonant mode significantly decreases the local enhance-
ment due to the increased number of surface-bound charge 

Fig. 4  The electric field 
and charge distributions of 
the Ag-Au heterodimers 
(rAg = 60 nm and rAu = 90 nm). 
The left panel, (ai), (bi), 
and (ci), is the electric field 
distributions at the resonant 
wavelengths: λres1 = 755 nm, 
λres3 = 521 nm, and 
λres2 = 375 nm, respectively. The 
middle panel, (aii), (bii), and 
(cii), is the charge distribu-
tions at the same structures and 
resonant wavelengths. The right 
panel (aiii), (biii), and (ciii) is 
the same structure in the middle 
panel but rotated outward to 
show the charge distribution on 
the particles’ surfaces within the 
nanogap
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poles. In Fig. 4b-i, the enhancement occurs within the gap 
space, which increases the detection probability only for 
molecules located within the gap. The BMP modes occur 
in the visible range due to the larger Au nanoparticle domi-
nating the resonance in this case. The pole near the gap is 
deformed and reduced in size due to strong near-field cou-
pling. The last resonant peak is located in the UV regime 
at λres2 = 375 nm. The resonant coupling at this wavelength 
generates the so-called bonding quadrupole plasmon BQP 
mode. This coupling divides the surface charge on each par-
ticle into four areas (+ , − , + , −) or (− , + , − , +). The charge 
distribution of such coupling can increase the enhancement 
around one particle and in the gap space, and subsequently 
the probability of detecting molecules in the gap and on 
the surface of the small particle (Ag in this case) increases 
(see Fig. 4c-i).

Changing the materials from homodimers to heterodi-
mers with asymmetric structure significantly changes the 
number and amplitude of resonant peaks. To make a com-
parison between asymmetric heterodimers and homodi-
mers (Au–Ag, Ag-Au, Ag–Ag, and Au–Au), we set the 
radii of the nanoparticles of each dimer at 60 nm and 

90 nm. Then, we sweep the incident wavelength over the 
same range (300–900 nm). The resonant bonding dipole 
modes for all dimers appear in the NIR regime. This 
could be attributed to the optical properties of gold and 
silver, which show resonant peaks in this regime with this 
specific nanostructure morphology. Figure 5a shows the 
extinction spectra of the nanostructures, which all exhibit 
BDP modes at 755 nm. Two distinct peaks at 330 nm and 
440 nm present in the UV regime for the Ag–Ag homodi-
mer (black curve). In addition, the Au–Au homodimer 
(blue curve) exhibits a unique peak at 530 nm, a small 
shift in the multi-bonding resonance mode when the small 
Au particle is replaced with a small Ag particle. Plus, the 
BQP mode is weakened due to the effect of the present 
Ag particle. The bonding resonant modes that appear in 
the Au–Au and Ag–Ag homodimers are very sensitive 
to particle size [59, 60]. The Au–Ag heterodimer shows 
a distinct peak at 395 nm in the UV regime due to the 
large Ag particle size (red curve). On the other hand, two 
small peaks at 375 nm and 521 nm appear in the extinc-
tion spectrum of Ag-Au heterodimer (green curve). Such 
peaks are attributed to the optical properties of silver that 

Fig. 5  The extinction cross-
section, C

ext
 , of asymmetric 

nanosphere dimers: Au–Au, 
Ag–Ag, Au–Ag, and Ag-Au are 
shown in (a); the corresponding 
average near-field enhancement, 
EF , spectra is represented in 
(b). The nanoparticle radii are 
fixed at 60 nm and 90 nm (right 
to left) with the interparticle 
separation distance (g) of 2 nm
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show resonance peak in this regime. In Fig. 5b, the Ag–Ag 
homodimer exhibits an increase in optical enhancement 
to the order of  106 in the UV range; however, the Au–Au 
homodimer only demonstrates very weak enhancement 
in the same range. This enhancement is attributed to the 
fundamental resonant peaks of Ag nanoparticles in the UV 
range; the enhancement can be boosted up to  104 when 
an asymmetric heterodimer is used instead. Thus, chang-
ing the material-radii combinations in this dimer structure 
can moderate the peak enhancement between  102 and  106. 
That means the enhancement can be increased in a specific 
range by using the necessary asymmetric heterodimer.

Conclusions

The localized surface plasmon resonances of asymmetric 
nanosphere heterodimers were studied for their ability to 
enhance near- and far-field optical intensity enhancement. 
Specifically, Au–Ag and Ag-Au heterodimers with asym-
metric radii were compared to asymmetric nanosphere 
homodimers (Au–Au and Ag–Ag). Both near- and far-field 
spectral analyses showed several resonant peaks, corrobo-
rated by the associated surface charge density distributions. 
The coupled dipolar modes and coupled bonding quadru-
pole modes showed a gradual shift to higher wavelengths as 
the size of the asymmetric nanosphere was increased. The 
dependence of the average EF on the asymmetry of particle 
radii can reach ~  107 when the size of the Ag nanosphere is 
larger than the Au nanosphere; it stays below ~  107 when the 
Au is the larger than the other nanosphere. The result also 
reveals that an Ag–Ag homodimer provides surface Raman 
enhancements over a broad spectral range, covering wave-
lengths from near UV to near IR. A significant difference 
was observed in the strength of the average EF and extinc-
tion spectra; such difference is purely due to the localized 
field, which is related to the material plasmon energy and 
the size of the nanospheres. The findings not only deepen 
the understanding of the coupling nature of asymmetric 
plasmonic nanospheres but also are beneficial to emerging 
applications such as heterostructure-based surface-enhanced 
Raman sensing.
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