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Abstract

In this study, Au-Ag nanoboxes are converted into Au-Ag alloy nanocages by increasing the
hole size. The extinction spectrum and the refractive index sensing characteristics of Au-Ag alloy
nanocages with different geometric parameters are studied by using discrete dipole approximation
method (DDA). With the increase of Au composition, the peak of local surface plasmon resonance
(LSPR) shows approximately linear red shift and the sensitivity factor shows approximately linear
decrease. The refractive index sensitivity can be effectively controlled by the Au-Ag ratio at large
hole size because the hole and cavity surfaces distribute more environmental dielectric components.
Therefore, increasing the hole size and decreasing the Au-Ag ratio can improve the refractive index
sensitivity. In order to illustrate the influence of alloy composition on the LSPR characteristics and
the refractive index sensitivity, the local electric field distributions under different geometric
parameters is plotted. We find that the electric field direction on the hole and cavity surfaces are
controlled by the Au-Ag ratio and environmental dielectric constant. Moreover, the field vectors on
the hole and cavity surfaces are formed by the superposition of the incident field, the electric field
generated by the oscillating electrons on the outer surface, and the polarized field in the

environmental dielectric constant.
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Introduction

In recent years, the investigation on the optical properties of noble metal nanoparticles of Au
[1], Ag [2], and Au-Ag alloy [3, 4] have greatly promoted the development of noble metal
nanoparticles in biochemical spectral sensing [5], imaging [6-8], and various biomedical
applications. Under the action of the external incident light field, the surface free electrons in the
noble metal nanoparticles will collectively oscillate at the same frequency as the incident
electromagnetic wave, which is called LSPR [9]. The intensity and wavelength of LSPR peak of
noble metal nanoparticles are closely related to the metal type, size, morphology and environmental
dielectric constant [10, 11], which is the basis of LSPR sensing application, and also provides the
possibility of designing and manufacturing ultra-sensitive LSPR refractive index sensors [12, 13].

The superior optical properties of Au and Ag nanoparticles have attracted many researchers’
attention, so they have been widely studied. Among them, the LSPR effect of Au nanoparticles
enables them to have enhanced absorption and scattering characteristics, so Au nanoparticles have
become commonly used drugs for the diagnosis, treatment and imaging in the biomedical field. In
addition, the good biocompatibility of Au nanoparticles and easy connectivity with various
biomolecule ligands and antibodies, making them suitable for biosensing and detection [14, 15].
Compared with Au nanoparticles, Ag nanoparticles have higher refractive index sensitivity, but their
stability is poor under the same particle size and morphology [16]. With the development of society,
the demand for nanomaterials with the advantages of these two metals is increasing day by day. The
LSPR peak of Au nanoparticles and Ag nanoparticles are around 525 nm and 408 nm, respectively
[17]. Au-Ag alloy nanomaterials can adjust the wavelength of LSPR peak to near infrared region
[18]. Therefore, alloy nanomaterials with high stability and high LSPR response are of great
significance for the preparation of sensors.

Nowadays, Au nanoparticles and Ag nanoparticles with various morphologies have been
prepared, such as rods [19], triangles [20], cones [21], stars [22], nanoshells [23], nanocubes [24],
nanoboxes [4], nanoframes [25, 26], and hollow nanocages [4]. Each type of nanoparticle has rich
and adjustable LSPR characteristics. Also, the theoretical calculations of the LSPR characteristics
and refractive index sensitivity of nanoparticles with arbitrary shape are mature, which provide

reliable theoretical guidance for the experiment and promote the experimental synthesis and
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application research. The sharp corners in noble metal nanocubes provide them with abundant LSPR
bands and stronger local electric fields [27], and more and more researchers have studied their
optical properties in depth [1, 28, 29]. For example, when the size of the Ag nanocubes changes, the
number of LSPR peaks in the spectrum increases and the position of LSPR peaks changes
significantly [18]. Besides, compared with the Ag nanocubes , the LSPR peaks of Au nanocages
[30], Au-Ag alloy nanoboxes [3] and Au-Ag alloy nanocages [4, 31] prepared by the galvanic
substitution reaction [32] between the Ag nanocubes and HAuCls are redshifted, and the refractive
index sensitivity [1] of the nanocages is higher than that of the nanoboxes [33] and the nanocubes
[14]. At different stages of galvanic substitution, Au-Ag ratio, hole size, wall thickness, and wall
length [34, 35] are all important factors affecting the LSPR peak of nanocages, and the refractive
index sensitivity of nanoparticles is related to the LSPR offset [12, 36]. In fact, theoretical
calculations have proved the influence of the Au-Ag ratio, wall thickness, wall length,
environmental dielectric constant [10, 11], and hole size on LSPR peak. The report of Sekhon [14]
showed that the changes of alloy composition affected the optical properties of Au-Ag alloy
nanocubes, and the alloy composition could change the sensitivity factor. Mahmoud [35] found that
the peak wavelength of LSPR of Au nanocages and Au nanoframes blueshifted with the increase of
the wall thickness. Similarly, the sensitivity factor of the Au nanoframes had a strong correlation
with the aspect ratio, but had little dependence on the wall length [34]. Meanwhile, the sensitivity
factor increases linearly with the increase of the aspect ratio (wall length/wall thickness). Zhu [1]
also studied the influence of the hole size of the Au nanocages on the LSPR peak and refractive
index sensitivity. They found that the LSPR peak wavelength and the refractive index sensitivity of
Au nanocages increased exponentially with the increase of hole size. In addition, the Au-Ag alloy
nanocages have adjustable wall holes, and the Au-Ag alloy nanocages were developed and designed
as biochemical sensors for the detection of mercury ions [4].

On the other hand, the sensitivity of noble metal nanoparticles LSPR to the environmental
dielectric constant has opened up a new field for LSPR sensing. As we all know, the position of
LSPR peak depends on the environmental dielectric constant and the morphology, composition and
structure of nanoparticles. In addition, the refractive index sensitivity is defined as the displacement

momentum of the LSPR peak position caused by the change of unit refractive index. Therefore, the



refractive index sensitivity factor depends on the morphology, size, structure and type of
nanoparticles. Nanopolyhedron with large surface area and sharp tip has higher refractive index
sensitivity factor. Therefore, people began to pay attention to the application of nanopolyhedron in
refractive index sensors. In the study of refractive index sensitivity of Au nanotubes reported by
Zhu et al, the LSPR optical response was calculated by adjusting the wall thickness and the
environmental dielectric constant and it was found that the reduction of the environmental dielectric
constant and the reduction of the wall thickness were optimized refractive index sensitivity [10].
Similarly, in Zhu’ other research, calculation results based on a quasi-static model showed that the
sensitivity of coaxial cable-type Au nanotubes increased with the increase of the inner diameter or
total radius [11]. Sekhon et al. studied the sensing performance of Au-Ag alloy nanocubes by
changing the alloy composition to adjust the LSPR band rang [14]. The results of Liaw et al. showed
that the LSPR offset in Au-Ag alloy nanocages depends on the porosity. The greater the porosity,
the greater the LSPR redshift [15]. The results of this series of studies show that these geometric
parameters make plasmons have a wider spectral band range, thus obtaining sensing characteristics
that are more sensitive to the geometric parameters. Interestingly, in the Au-Ag alloy nanocages
[15], the tunable hole size and Au-Ag ratio and the large inner and outer surface areas increase the
tunability of LSPR in a wide spectral band, and make the plasmon coupling modes more complex.
According to theoretical calculations, it has been confirmed that the porosity increase of the Au-Ag
alloy nanocages and the increase of the environmental dielectric constant cause the redshift of the
plasmon resonance peak [14], which means that the porosity may optimize the refractive index
sensitivity of the Au-Ag alloy nanocages. Therefore, the search for the optimal geometric parameters
of Au-Ag alloy nanocages is crucial for the refractive index sensitivity. The effect of alloy
composition on the LSPR peak of the Au-Ag alloy nanocages is unknown at present. How does the
alloy composition affect the LSPR peak of the Au-Ag alloy nanocages with different hole sizes?
What is the effect of alloy composition proportion on refractive index sensitivity? The influence of
alloy composition on refractive index sensing performance has not been studied systematically.
The extinction spectrum and refractive index sensitivities of Au-Ag alloy nanocages with
square hole size on the {100} plane at different hole sizes and Au-Ag ratio are calculated by DDA

theory. Combining the advantages of alloy nanomaterials and nanocages, we have studied the



influence of many factors on refractive index sensitivity. The refractive index sensitivity of Au-Ag
alloy nanocages is related to LSPR offset. In this paper, the sensitivity factor is optimized by
adjusting the Au-Ag ratio and the hole size. Besides, to clarify the influence of the environmental
dielectric constant on the local electric field and LSPR characteristics of Au-Ag alloy nanocages.
The physical mechanism of plasmon resonance peak characteristics affected by Au-Ag ratio, hole
size, and environmental dielectric constant is discussed in detail, and the influence of these

parameters on plasmon coupling is analyzed.

The model and procedure

The DDA theory

The theoretical numerical calculation of noble metal nanoparticles is mainly to investigate the
effect of geometric parameters on plasmon resonance. To obtain the optical response of LSPR, we
need to discuss the electromagnetic interaction between the incident light and nanoparticles under
the framework of Maxwell's equations, but Maxwell's equations are limited to simple spheres [37]
and ellipsoids. To be able to calculate the optical properties of noble metal nanoparticles of any
shape, in 1964, Devoe first proposed the basic idea of DDA to solve any geometric shape by
approximation method [38], but this method is limited to the aggregation of smaller wavelengths.
In 1973, Purcell and Pennypacke modified and improved the DDA idea, and applied DDA to the
calculation of optical properties of various particles [39]. Simply put, the DDA algorithm is to
simulate the target shape with a finite number of dipole points, and the interaction of the dipole
points after applying external electromagnetic light waves simulates the collective oscillation of free
electrons. Then, under the given conditions, the optical response of the target shape to the geometric
parameters is calculated [40]. Since the DDA idea was proposed, the geometric parameters,
simulation accuracy and convergence, application fields, and program codes in the DDA method
have been modified and improved to varying degrees [40-47]. DDA has become a powerful
theoretical method that can simulate nanoparticles of any shape. In this paper, DDSCAT.7.3 software
is used to simulate the plasma optical response and electric field distribution of Au-Ag alloy
nanocages under different geometric parameters. In the Au-Ag alloy nanocages model in this article,

the origin of the coordinates is at the center of the model, and the distance between the dipole points



is set to 1 nm. Besides, the accuracy and convergence of DDA calculations are closely related to the
number of dipole points. The results of DDA theoretical calculation with the number of even poles
greater than 10,000 are accurate and convergent [48]. In this paper, the number of dipole points is
at least 13 900, which makes the theoretical study in this paper significant. In addition to the above
geometric parameters, there is another important factor: the dielectric function of noble metals. The
dielectric function of the Au-Ag alloy can be expressed as:
e=(1—B)ey + Beag
Where B is the atomic fraction of gold, where &4, and Bey, are the dielectric functions of gold

and silver [49].

The Au-Ag alloy nanocages model

In the theoretical calculation of DDA, we establish Au-Ag alloy nanocages with two metal
components of gold and silver evenly distributed, with a square hole in the center of each surface,
and a hollow inside. In detail, the hole size (D) and the Au-Ag ratio are adjustable. The two-
dimensional graphs (x-0-y plane) of the model are illustrated in Fig. 1, and the origin of the
coordinates is set at the center of the Au-Ag alloy nanocages. The wall length of the Au-Ag alloy
nanocages is fixed at A=40 nm, the wall thickness is fixed at h=5 nm, the value of the hole D can
be increased from 5 to 28 nm, and the value of the Au-Ag ratio can be changed from 1:4 to 1:0.
Specifically, as shown in Figs. 1(a)-(b), an adjustable Au-Ag alloy nanocages model is formed by
changing the Au composition and hole size. Because the inner hollow cavity is connected to the
surrounding dielectric, the environmental dielectric constant inside and outside the Au-Ag alloy
nanocages are set to be the same during the simulation and calculation of the refractive index
sensitivity(denoted as €). In this model, the minimum number of dipole points of the Au-Ag alloy
nanocages is 13 900, which can ensure the accuracy and convergence of the DDA calculation results.
Besides, the direction of the incident plane wave K is parallel to the +x axis, and the direction of the

incident electric field EO is along the +y axis.
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Fig. 1 The two-dimensional x-o-y plane model of Au-Ag alloy nanocages. The wall thickness h and the wall length
A are fixed at 5 nm and 40 nm, respectively. The Au-Ag ratio and hole size D are variable. (a) High Ag composition,

large hole size. (b) There is as much Au composition as Ag composition, small hole size

Results and discussion
Optical properties of the Au-Ag alloy nanocages

Extinction spectra of Au-Ag alloy nanocages with different geometric parameters

To determine the effect of the Au-Ag ratio and the hole size on the refractive index sensitivity
factor of the Au-Ag alloy nanocages, the extinction spectra of different Au-Ag ratios and different
hole sizes in two environmental dielectric constants have been compared in Fig. 2. In the theoretical
calculation of DDA, The wall length A is 40 nm and the wall thickness is 5 nm. We observe one
LSPR peak from the corresponding spectrum. It can be found that LSPR is sensitive to changes in
parameters such as the Au-Ag ratio, the hole size and the environmental dielectric constant. To
analyze conveniently, the main parameters of the Au-Ag alloy nanocages are denoted as A-h-D. In
detail, when the environmental dielectric constant changes from 1.00 to 1.33, the redshift of LSPR
peak is 115 nm when the Au-Ag ratio is 1:4 and 106 nm when the Au-Ag ratio is 4: 1. At the same

time, it is found that the redshift of the LSPR peak with the D=10 nm is 141 nm, while that of the
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LSPR peak with the D=5 nm is only 115 nm under the same conditions. From this comparison,
decreasing the Au-Ag ratio and increasing the hole size can improve the refractive index sensitivity
of the Au-Ag alloy nanocages, but the LSPR peak redshift with large hole size is much larger than
that with low Au-Ag ratio, which indicates that hole size can better control the refractive index
sensitivity. Therefore, the plasmon optical sensitivity of the Au-Ag alloy nanocages can be improved
by optimizing the alloy composition and the hole size. The research groups of Zhu et al. [1], Liaw
etal [15]. and Chen et al. [4] also reported similar results, the greater the porosity of gold nanocages,

the more significant the redshift of LSPR peak.
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Fig. 2 Extinction spectrum of Au-Ag alloy nanocages with two environmental dielectric constants (¢=1.00, 1.33)
for different Au-Ag ratios (1:4, 4:1) and different hole sizes (h=5 nm, 10 nm)

It is well known that gold nanoparticles have good biocompatibility, stability and silver
nanoparticles have high sensitivity, while Au-Ag alloy nanoparticles can have the advantages of
both gold and silver nanoparticles, which has aroused the interest of many researchers. To further
research the effect of the Au-Ag ratio and the hole size on the LSPR spectrum of the Au-Ag alloy
nanocages and the effect of the environmental dielectric constant on the plasmon peak wavelength
of the Au-Ag alloy nanocages at different Au-Ag ratios and different hole sizes, Fig. 3 has plotted

the extinction spectrum with different geometric parameters. Fig. 3(a) and Fig. 3(c) compare the



LSPR spectrum with small and large hole sizes, respectively, at different Au-Ag ratios. The LSPR
peak exhibits approximately linear redshift with the increase of the Au component, and the LSPR
peak offset increases and intensity decreases. The change of LSPR peak is due to the decrease of
the dielectric constant of alloy material caused by the increase of Au composition, which leads to
the increase of LSPR peak wavelength [50] and the decrease of LSPR peak energy in the
environmental dielectric constant.

Fig. 3(b) and Fig. 3(d) respectively show the LSPR spectrum with small and large hole sizes
at different environmental dielectric constants. When the environmental dielectric constant
increases, the LSPR peak also shows approximate linear redshift, which is similar to the result of
Lee's research group about the sensitivity of LSPR peak of Au nanocubes and Ag nanocubes to
refractive index [16]. Interestingly, the LSPR peak strength of the small hole increases with the
increase of the environmental dielectric constant. On the contrary, the LSPR peak strength of large
hole decreases with the increase of the environmental dielectric constant. This may be because the
hole size affects the local electric field distribution and local electric field strength [1]. Therefore,
the effects of the Au-Ag ratio, hole size, and environmental dielectric constant on the LSPR peak
can be discussed through the local electric field distribution to clarify the physical mechanism of

the effect of geometric parameters on the LSPR peak.
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1:0,1: 1, 1: 2, 1: 4, 2: 1, and 4: 1, respectively, with fixed h=5 nm. (b) The environmental dielectric constants (&)
are 1.00, 1.20, 1.33, 1.50, 1.70, and 2.00, respectively, with fixed h=5 nm and Au: Ag = 1: 4. (c) The Au-Ag ratios
are 1: 0, 1: 1, 1: 2, 1: 4, 2: 1, and 4: 1, respectively, with fixed h=28 nm. (d) The environmental dielectric constants
(e) are 1.00, 1.20, 1.33, 1.50, 1.70, and 2.00, respectively, with fixed h=28 nm and Au: Ag = 1: 4. The inset shows

the LSPR peak as a function of corresponding parameters.

Refractive index sensitivity of Au-Ag alloy nanocages with different Au components
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Fig. 4 (a) The LSPR peak versus the environmental dielectric constant for different hole sizes, The inset shows the
relationship between the refractive index sensitivity and hole size. (b) The LSPR peak with D=5 nm versus the
environmental dielectric constant for different Au-Ag ratios. (¢) The LSPR peak with D=28 nm versus the
environmental dielectric constant for different Au-Ag ratios. (d) The dependence of the refractive index sensitivity

on the Au-Ag ratio with different hole sizes

To determine the characteristic of the LSPR peak, Fig. 4(a) depicts the LSPR peak as a function
of the environmental dielectric constant of different hole sizes. One can found that the LSPR peak
increases approximately linearly with the increase of the environmental dielectric constant. And the
slope of the curve increases approximately exponentially with the increase of the hole size. For

instance, When the hole is h = 5 nm, the LSPR peak increases to 890 nm as the environmental
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dielectric constant increases from 1.00 to 2.00. When we systematically increase the hole size from
5 to 28 nm, the LSPR can reach 2315 nm. Similar results have been found in the studies of Zhu et
al. [10], Tam et al. [S1], and Prodan et al. [52], it was found that the LSPR peak redshifted with the
increase of the environmental dielectric constant, which were attributed to the fact that the increase
in the environmental dielectric constant decreased the restoring force of the oscillating electrons of
the metal nanoparticles, resulting in the reduction in LSPR peak energy.

As we all know, the refractive index sensitivity factor is defined as the change in the LSPR
peak position per unit refractive index (RIU), denoted as AAmax/An. In this paper, the refractive
index sensing characteristics with different Au-Ag ratios and different hole sizes are investigated.
In our theoretical calculation, the refractive index sensitivity is determined by calculating the
extinction spectrum under different parameters with the environmental dielectric constant varying
from 1.0 to 2.0. As shown in the simulation results of Figs. 4(a)-(c), according to the definition of
the refractive index sensitivity factor, it can be seen that the slope of the fitting curve can be
expressed as the refractive sensitivity factor.

The curves in Figs. 4(b)-(c) show the relationship between the LSPR peak and the
environmental dielectric constant at different Au-Ag ratios. For the small hole size D=5 nm and the
Au-Ag ratio of 1: 4, when the environmental dielectric constant increases from 1.0 to 2.0, the LSPR
peak redshifts to 909 nm. When the Au-Ag ratio increases to 1: 0, the LSPR peak can reach 974 nm.
However, for large hole size D=28 nm and Au-Ag ratio of 1: 4, the LSPR peak increases from 1151
nm to 2315 nm at the same refractive index change. When the Au-Ag ratio increases to 1: 0, the
LSPR peak decreased slightly to 2225 nm. Overall, the LSPR peak redshift with the increase of the
environmental dielectric constant. More interestingly, the LSPR peak in the small hole size moves
to the longer wavelength with the increase of the Au component. However, the opposite result is
observed in the large hole size and the environmental dielectric constant of 2.0, where the LSPR
shifts to the shorter wavelength with the increase of the Au composition.

To more clearly observe the relationship between the refractive index sensitivity and the Au-
Ag ratio, Fig. 4(d) shows the refractive index sensitivity with different geometric parameters. The
results show that the Au-Ag ratio has different effects on the refractive index sensitivity with

different hole sizes. Specifically, when the hole size is increased from 5 to 25 nm, the Au-Ag ratio
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has little effect on the refractive index sensitivity. On the contrary, when the hole size is 28 nm, the
refractive index sensitivity decreases from 1164 nm/RIU to 1013 nm/RIU with the increase of the
Au composition, that is, when the hole size is large enough, the Au-Ag ratio can effectively control
the refractive index sensitivity. The refractive index sensitivity of Au-Ag alloy nanocages is higher
than that of gold nanocages studied by Zhu et al. [1]. Therefore, the Au-Ag alloy nanocages with
large hole size and low Au composition have excellent refractive index sensitivity. This means that

Au-Ag alloy nanocages may be used to make more sensitive optical sensors.

Two-dimensional local electric field distribution of Au-Ag alloy nanocages Analysis

The physical mechanism of component-controlled LSPR

The results of Figs. 3(a)-(b) show that the Au-Ag ratio plays an important role in affecting
LSPR peak properties. To clarify the physical mechanism of the effect of the Au-Ag ratio on the
LSPR peak, the local electric field distributions of y-o-z sections with different Au-Ag ratios at the
resonance wavelengths corresponding to different geometric parameters are calculated. The DDA
simulation results are shown in Fig. 5 and Fig. 7. Notably, the local electric field strength of the
LSPR peak calculated by DDA decreases sharply with the distance increase from the surface,
resulting in a large error in the theoretical calculation [1]. Therefore, the local field distance on the
surface of Au-Ag alloy nanocages calculated in this paper is 0.25 nm, and the dipole distance is 1.0
nm, which guarantees the accuracy and reliability of DDA theoretical calculation.

Fig. 5 shows the local electric field distributions for different Au-Ag ratios at D=5 nm. We find
that the strong electric field is concentrated on the outer tip and the hole surface, but the local electric
field at the outer tip is stronger. This is due to the electric field focusing effect of the tip [1, 9]. On
the contrary, small hole surface area and large {100} crystal plane disperse polarized charges, so
plasmon coupling between hole surfaces is relatively weak. However, it should be noted that the
Au-Ag ratio does not affect the electric field direction on the cavity surface. In detail, when the Au-
Agratio is 1: 4, as shown in Fig. 5(al) and Fig. 5(a2), the outer surface and the hole surface generate
the +y direction electric field in the same direction as the incident polarization field. The electric
field generated by the cavity is in the -y direction. Interestingly, when the Au-Ag ratio changes from

1: 4 to 1: 0, compared with Fig. 5(al) and Fig. 5(a2), the electric field directions in Figs. 5(b1)-(d1)
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and Figs. 5(b2)-(d2) remains unchanged, and the local enhancement factor decreases with the
increase of the Au composition. This may be due to the reduction of the dielectric constant of the
Au-Ag alloy material reducing the polarized charges density of the outer tip and the hole surface,
thereby weakening the electric field focusing effect of the outer tip and plasmon coupling between
the two hole surfaces. In addition, a small amount of positive (negative) charges distribution is
observed on the left side (right side) of the cavity in Fig. 5(d2), which meant that the effect of the
polarized electric field in the environmental dielectric constant on the electric field distribution in

the cavity is increased.

Fig. 5 Local field vector distribution in the y-o0-z plane of Au-Ag alloy nanocages. Geometric parameters include
the environmental dielectric constant 1.00, local electric field enhancement factor |E/E0|, wall thickness h fixed at 5
nm, and adjustable the Au-Ag ratio(1:4,1:2,2:1,1:0). (al)-(d1) The y-o-z middle plane (x=0). (a2)-(d2) The y-o-z
surface plane (x=20).

The appearance and movement of noble metal nanoparticles LSPR peak are closely related to
the Coulomb restoring force between the positive and negative charges. The change of Coulomb
restoring force leads to the change of LSPR peak resonance energy. It is well known that the
electron relaxation time of gold is shorter than that of silver [53], which means that the electron
scattering of gold is stronger than that of silver. Therefore, when the Au component is large, the
LSPR peak energy decreases and the plasmon resonance weakens, and the LSPR peak undergoes

redshift and LSPR peak intensity decreases, as shown in Fig. 3(a) and Fig. 3(c).
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Fig. 6 Local electric field distributions at different cross-sections in the y-o-z plane of Au-Ag alloy nanocages with
€=1.00, h=28 nm and the Au-Ag ratio of 1:4

To elucidate the "hot spots" distribution for large hole size, Fig. 6 shows the local electric field
distribution of different y-o-z sections of large hole size. Fig. 6 shows a completely different result
from Fig. 5, the local electric field is uniformly distributed on the whole surface, and the strong
local electric field is concentrated on the hole surface and the inner corner of the Au-Ag alloy
nanocages. This may be due to the increase in the effective coupling area of the large hole size,
resulting in more polarized charges concentration on the hole surface and less polarized charges at
the outer tip. Besides, the local electric field is uniformly distributed due to the plasmon coupling
excited by the shorter distance between the outer wall and the inner wall. More polarized charges
on the hole surface and the electric field focusing effect at the inner corner indicate that there is a
stronger electric field at the inner corner. Therefore, the hole size affects the local electric field

distribution.

Fig. 7 Local field vector distribution in the y-o-z plane of Au-Ag alloy nanocages. Geometric parameters include the
environmental dielectric constant 1.00, local electric field enhancement factor |[E/EQ|, wall thickness h fixed at 28

nm, and adjustable the Au-Ag ratio(1:4,1:2,2:1,1:0). (al)-(d1) The y-o0-z middle plane (x=0), (a2)-(d2) The y-o-z
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surface plane (x=20).

Fig. 7 shows the local electric field distribution of the LSPR peak, in which D=28 nm and Au-
Ag ratio change. Compared with Fig. 5, the electric field distribution on the cavity and hole surfaces
with large hole size can be changed by the Au-Ag ratio. The larger hole size increases the
environmental dielectric composition on the hole surface, which makes the hole surface possibly
affected by more polarized electric fields in the environmental dielectric constant. At the same time,
more environmental dielectric composition is distributed on the cavity surface. Finally, the incident
polarized field, the polarized field on the outer surface and the polarized field in the environmental
dielectric constant are superimposed to form the electric fields on the cavity and hole surface.
Therefore, the electric field distribution of the cavity and hole surface may change. It should be
noted that the electric field on the hole surface may affect the electric field distribution of the cavity.

In detail, Fig. 7(al) and Fig. 7(a2) show that the outer surface electric field is along the +y
direction, and the electric fields of hole and cavity are along the -y direction. When the Au-Ag ratio
increases to 1: 2, a small amount of positive (negative) charges are distributed on the left (right) side
of the hole and cavity surface. The possible reasons are that the increase of environmental dielectric
composition on the surface of hole and cavity makes the polarized field in the environmental
dielectric constant have greater influence, and the increase of gold composition makes the plasmon
resonance on the hole surface weaken. Therefore, the electric fields in the -y direction of hole and
cavity weaken, while the electric field in the +y direction of the outer surface increases. Compared
with Fig. 7(al) and Fig. 7(a2), the electric fields of hole and cavity in Figs. 7(c1)-(d1) and Figs.
7(c2)-(d2) are along the +y direction when the Au-Ag ratio is 2: 1 and 1: 0, which means that more
and more positive (negative) charges are distributed on the left (right) side of hole and cavity, and
the +y direction electric field enhanced by the outer surface affects the electric field distribution of
the hole and cavity. With the increase of Au component, the electric field in +y direction on the outer
surface increases, and the electric fields in -y direction of hole and cavity decrease, so the local

electric field enhancement factor decreases.

The physical mechanism of the hole size-dependent refractive index sensing of nanocages by
tuning the alloy composition

15



7
/
7
2

NN Py

\
|
!
\
\
N
7
7
7
7
v
i
J
7

x

34
S 7
o PR
1717 Ty
3

sr77

|-
NITZNNLLC

Fig. 8 Local electric field factor defined as [E/E0| and field vector distributions on different y-o-z planes for Au-Ag
alloy nanocages with D=5 nm. (al)-(d1) The y-o-z surface plane (x=20). (a2)-(h2) The y-0-z middle plane (x=0).
(al), (a2) &=1.00,Au:Ag=1:0,A=603 nm; (bl), (b2) &=1.33,Au:Ag=1:0,A=710 nm; (cl), (c2)
e=1.50,Au:Ag=1:0,A=774 nm; (d1), (d2) e=2.00,Au:Ag=1:0,A=974 nm; (el), (¢2) e=1.00,Au:Ag=1:4,1=527 nm;
(f1), (f2) e=1.33,Au:Ag=1:4,2=642 nm; (gl), (g2) e=1.50,Au:Ag=1:4,2=708 nm; (hl), (h2) £=2.00, Au:Ag=1:4,
A=909 nm.

The results of Figs. 4(b)-(c) show that the increase of the Ag component in the large hole size
can improve the refractive index sensitivity. To investigate the influence of Au-Ag ratio on refractive
index sensitivity, the field vectors of different refractive indices with different Au-Ag ratios and
different hole sizes are plotted in Fig. 8 and Fig. 9. The refractive indices are 1.00, 1.33, 1.50 and
2.00, and A and h are fixed at 40 nm and 5 nm, respectively. When D=5 nm, the refractive index
changes the cavity electric field direction, while when D=28 nm and the Au-Ag ratio is 1:4, the

direction of the hole and cavity electric field change inversely. This may be because more
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environmental dielectric constants are distributed on the surfaces of cavity and large hole, and the
polarized electric field in the environmental dielectric constant has a greater influence on the electric
fields on the surfaces of cavity and large hole size. In addition, the hole size can affect the
distribution of "hot spots" and the electric field distribution on the hole surface.

The local electric field distribution of the small hole size is shown in Fig. 8. When the refractive
index is 1.00, the electric fields of the outer and hole surfaces are in the +y direction, and the cavity
electric field is in the -y direction. When the refractive index increases (e= 1.33, 1.50), the cavity
electric field is in the +y direction and the local electric field enhancement factor increases. The
increased environmental dielectric constant enhances the polarized electric field in the
environmental dielectric constant, and the polarized electric field reduces the restoring force of
oscillating electrons on the outer surface and the hole surface, resulting in the decrease of LSPR
peak energy and the redshift of LSPR peak [10]. At the same time, the increased environmental
dielectric constant increases the electron dipole moment on the outer and hole surface [54], and
further leads to the enhancement of plasmon coupling on the outer and hole surface, and thus the
local electric field enhancement factor becomes larger. It should be noted that the enhanced +y
electric field weakens the -y electric field on the cavity surface, and the +y electric field with
sufficient intensity may cause a change in the electric field direction of the cavity. Further, a small
amount of positive (negative) charges on the left (right) side of the outer surface is found in Fig.
8(gl) and Fig. 8(g2). When the refractive index is 2.00, the local electric field enhancement factor
decreases slightly. The outer surface, which distributes more polarized charges, reduces the
polarized charges density on the hole surface so that plasmon resonance on the hole surface is
relatively weak. Of interest, the local electric field enhancement factors in Fig. 8(h1) and Fig. 8 (h2)
decrease only slightly because there are more positive charges on the left side of the outer surface,
resulting in a stronger -y electric field.

Fig. 9 shows the local electric fields with different refractive indices for large hole size. When
the Au-Ag ratio is 1:0, with the increase of the refractive index, the enhanced polarized field in the
environmental dielectric constant weakens the +y direction electric field on the hole surface [1], and
thus the weakening of the local electric field enhancement factor is observed. When the Au-Ag ratio

is 1: 4, the refractive index increases from 1.00 to 1.33, and the electric fields of the hole and cavity
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surface are along the -y direction. The +y electric field on the outer surface is enhanced by the
increase of the dipole moment on the outer surface. The enhanced +y electric field may affect the
electric field distributions on the hole and cavity surfaces, so when the refractive index increases to
1.50 and 2.00, the electric fields on the hole and cavity surface are along the +y direction. With the
increase of the refractive index, the +y direction electric field increases, and then the local electric
field enhancement factor decreases. It is noteworthy that the large hole size distributes more
environmental dielectric components, and more Ag components can enhance the plasmon resonance,
and the +y direction electric field of the Au-Ag alloy nanocages is enhanced due to the increase of
the refractive index. Therefore, the Au-Ag alloy nanocages with large hole size and more Ag

components have higher refractive index sensitivity.

(@1)30 zrooie st (bly

15

Fig. 9 Local electric field factor defined as |[E/E0| and field vector distributions on different y-o-z planes for Au-Ag
alloy nanocages with D=28 nm. (al)-(d1) The y-o-z surface plane (x=20). (a2)-(h2) The y-o-z middle plane (x=0).
(al), (a2) &=1.00,Au:Ag=1:0A=1212 nm. (bl), (b2) =133, Au:Ag=1:0,A=1556 nm. (cl), (c2)

e=1.50,Au:Ag=1:0,A=1730 nm. (d1), (d2) e=2.00,Au:Ag=1:0,A=2225 nm. (e1), (¢2) e=1.00,Au:Ag=1:4,A=1151 nm.
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(), (f2) e=133,AuAg=1:42=1500 nm. (gl), (g2) &=1.50,AwAg=1:42=1679 nm. (hl), (h2)
£=2.00,Au:Ag=1:4,2=2315 nm.

In general, the increase of Au composition and refractive index cause the LSPR peak redshift
of the nanoparticles [53, 55]. Interestingly, when A-h-D is 40—5—-28 nm and the refractive index € is
2.00, the LSPR of the alloy nanocages blueshift with the increase of Au composition. The possible
reason is that the stronger additional +y direction electric field is formed on the hole surface with
low Au composition (Au: Ag=1:4), Therefore, the restoring force of the Au-Ag alloy nanocages

LSPR peak is lower and the LSPR peak wavelength is longer.

Conclusions

In conclusion, the plasmon extinction spectrum of Au-Ag alloy nanocages with different Au-
Ag ratios and different hole sizes and the refractive index sensitivity of Au-Ag alloy nanocages are
theoretically studied by DDA. The calculation results based on DDA theory show that the LSPR
peak can be adjusted by the alloy composition ratio and hole size. At the same time, it is also found
that the refractive index sensitivity can be effectively controlled by the alloy composition ratio at
the large hole size. The sensitivity decreases linearly with the increase of Au composition but
increases exponentially with the increase of hole size. In addition, the local field vector distributions
with different hole sizes, different Au-Ag ratios, and different refractive indexes are investigated,
which indicates that the field vectors of the hole and cavity are formed by the superposition of the
incident field, the electric field formed by the outer surface of the nanocages, and the polarized field
formed by the environmental dielectric constant, so the electric field direction of the hole and cavity
may be reversely deflected. Moreover, in the case of large hole size, the electric field distributions
on the surfaces of the cavity and hole are controlled by the Au-Ag ratio and refractive index.
Therefore, the refractive index sensitivity can be improved by increasing the Ag component under
the condition of larger hole size, and the Au-Ag alloy nanocages will have the potential to become

optical sensors with high refractive index sensitivity.
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