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A B S T R A C T   

Reconfigurable localized surface plasmon resonance (LSPR) is an essential characteristic for various applications 
to support Society 5.0. However, many LSPR spectrum have poor reconfigurability. As a novelty, we proposed a 
reconfigurable LSPR spectrum by acousto-dynamic coupling in arrays of gold nanoparticles (AuNPs) induced by 
shear-horizontal vibrations. The vibrations were produced by piezoelectric phenomena especially shear hori-
zontal surface acoustic waves (SH-SAWs) on a 36XY-LiTaO3 substrate after applying an electric signal, the ON- 
condition. The experimental results demonstrated that the ON-condition produced a blueshift effect on the peak 
position (λP) with an adjustment quality factor compared to the OFF-condition. Moreover, in order to perform the 
finite-difference time-domain (FDTD) analysis, we reproduced the morphological structure of AuNPs base on 
scanning electron microscope (SEM) images. The different coupling distances and different arrays structures 
were utilized as ON-condition approaches for dimer AuNPs and arrays AuNPs, respectively. The FDTD simulation 
obtained a blueshift effect compared to the initial structure. Finally, the proposed structure successfully combines 
piezoelectric phenomena with plasmonic phenomena to produce reconfigurable LSPR. The LSPR spectrum can be 
switched comfortably and reverses easily. The proposed method can be applied for multifunctional sensors with 
the high possibility of integration into a wireless network.   

1. Introduction 

A localized surface plasmon resonance (LSPR) effect refers to the 
collective oscillation of the conduction electron band in a metallic 
nanoparticle (MeNP) structure while it interacts with a specific wave-
length of incident light [1,2]. A reconfigurable LSPR spectrum is an 
essential parameter for biochemistry, energy, electronics, and sensor 
applications to support Society 5.0 and strengthen programs for sus-
tainable development goals (SDGs). However, there are still many LSPR 
applications that lack configurability performance. The LSPR spectrum 
band is influenced by the particle size, aspect ratio, shape, material 
structure, surrounding dielectric, and interparticle distance [3–7]. 
Therefore, numerous studies have been conducted to modify the LSPR 
spectrum based on the particle size, aspect ratio, shape, material struc-
ture, and surrounding dielectric to maximize the functionality of the 
LSPR effect [8–15]. 

Various methods can be used to modify LSPR spectrum [16–18]. In 
detail, we can separate as two primary classifications strategy: during 
fabrication and post-fabrication methods, which can generate a static 
LPSR resonant and a dynamic LPSR resonant, respectively. Moreover, a 
post-fabrication method gives advantages such as a reconfigurable LPSR 
capability. A post-fabrication method is commonly developed based on 
deformable substrates such as polydimethylsiloxane (PDMS) by 
applying mechanically stretch. Therefore the metal nanoparticle struc-
ture or interparticle distances of gold-nanodisks [19] or silver-nanodisks 
[20] can be modified. Furthermore, the mechanism was successfully 
expanded by Mizuno et al [21] using uniaxial and biaxial strain to obtain 
high monotonous peak and wavelength shift. 

Another interesting post-fabrication reconfigurable LSPR spectrum 
method is based on hydrogel membrane exchange [22,23]. The main 
idea of membrane injection is to change the refractive index of the 
surrounding environment using hydrogel aqueous materials. Therefore, 
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the fully switching OFF-ON of the LSPR resonances is obtained. More-
over, another post-fabrication attractive method is using liquid crystals 
(LCs) matrix [24,25]. The LCs matrix has an adjustable optical property 
by changing the molecular orientation using an external trigger such as 
an electric field. Therefore, the combination of LCs with gold-nanorods 
[24] or gold-nanodots [25] induced by an external electric field can 
produce a reconfigurable LSPR spectrum. 

In their experiments, the reconfigurable LSPR spectrum based on the 
post-fabrication method was successfully obtained. However, the use of 
mechanical stretch by a mechanical actuator is inconvenient for prac-
tical applications because an additional external motor needs to control 
the strain precisely. Moreover, the changing environment using hydro-
gel aqueous materials or the inducing electric field into LCs matrix is 
also difficult because it involves wet material where a simple and dry 
condition is desired, especially for mass production. 

As novelty, we propose reconfigurable LSPR spectrum based on 
acousto-dynamic coupling in arrays AuNPs induced by shear horizontal 
vibration as shown in Fig. 1(a). The shear horizontal vibrations are 
produced by a piezoelectric phenomenon. Although there are some 
studies about the interactions between plasmonic devices and piezo-
electric materials [26–28]. However, there have been no reports of 
obtaining a reconfigurable LSPR spectrum using shear horizontal. In 
more detail, the contributions of this study are as follows:  

1. A reconfigurable LSPR spectrum was designed by acousto-dynamic 
coupling in arrays gold nanoparticles induced by shear horizontal 
vibration. The vibrations were generated by shear-horizontal surface 
acoustic waves (SH-SAWs) on a 36XY-LiTaO3 substrate after 
applying an electric signal via interdigital transducers (IDTs), as 
shown in Fig. 1(b). The existence of SH-SAWs stimulates dynamic 
changes in the structure of the arrays AuNPs. This leads to a recon-
figurable LSPR spectrum.  

2. A reconfigurable LSPR means that the wavelength position of the 
peak (λP) and the quality factor (Q-factor) of the LSPR spectrum can 
switch comfortably and can also be easily reversed to their original 
position. Comprehensive examinations were performed, such as 
atomic force microscopy (AFM), scanning electron microscopy 
(SEM) imaging, electrical characterization via a vector network 
analyzer, and reconfigurable and reversible LSPR spectrum analysis 
using a UV–vis spectrophotometer. 

3. The experimental results demonstrated that the ON-condition pro-
duced a blueshift effect on λP with an adjusted Q-factor compared to 

the OFF-condition. The measured LSPR spectrum can be switchable 
comfortably and reversed easily.  

4. Moreover, in order to perform the finite-difference time-domain 
(FDTD) analysis, we reproduced the morphological structure of 
AuNPs on the 36XY-LiTaO3 substrate based on SEM images, as shown 
in Fig. 1(c). In detail, the structures were separated into three clas-
sifications such as; identical dimer AuNPs, nonidentical dimer 
AuNPs, and arrays AuNPs structure. Then, the initial AuNPs structure 
was used as an OFF-condition. Furthermore, the different coupling 
distances and different arrays structures were utilized as ON- 
condition approaches for dimer AuNPs and arrays AuNPs, respec-
tively. The FDTD simulation was used to examine the plasmonic 
enhanced near field and LSPR spectrum.  

5. Finally, the proposed structure successfully combines piezoelectric 
phenomena with plasmonic phenomena to produce reconfigurable 
LSPR. The LSPR spectrum can be switched comfortably and reverses 
easily. Moreover, the proposed method can be applied for multi-
functional sensors with the possibility of integration into a wireless 
network. 

The remainder of this paper is organized as follows. The measure-
ment results for the reconfigurable LSPR spectrum induced by shear 
horizontal vibration are elucidated in Section 2. Fabrication and the 
morphological characterization of AuNPs on the piezoelectric substrate 
including AFM and SEM imaging are presented in Section 3. Further-
more, FDTD computational LSPR analysis of identical dimer AuNPs, 
nonidentical dimer AuNPs, and arrays AuNPs on the 36XY-LiTaO3 
substrate is explained in Section 4. Finally, Section 5 provides the 
concluding remarks. 

2. Measurement of reconfigurable LSPR spectrum induced by 
shear horizontal vibration 

This section is explained the measurement results for the reconfig-
urable LSPR spectrum induced by shear horizontal vibration. Moreover, 
the first explanation will focus on the surface acoustic waves (SAWs) 
mechanism in vibrating arrays AuNPs. Then, it is followed by a complete 
measurement of a reconfigurable LSPR spectrum. Finally, the effect of 
the different driving signals, including DC voltage is explained at the last 
this section. 

Fig. 1. (a) A proposed device structure of reconfigurable LSPR spectrum based on acousto-dynamic coupling array AuNPs induced by shear horizontal vibration, (b) 
Interdigital transducers were designed at frequency of 51.5 MHz, (c) 2D-SEM image of array AuNPs on the propagation surface of SH-SAW, (d) the shear-horizontal 
surface acoustic waves excited on a 36XY-LiTaO3 substrate after applying an electric signal via interdigital transducers. 
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2.1. The SAWs mechanism in vibrating arrays AuNPs 

The surface acoustic waves on a piezoelectric material can be sepa-
rated into two major classifications: Rayleigh waves and shear hori-
zontal waves. A Rayleigh wave has a Rayleigh mode and generates 
longitudinal waves, as depicted in Figs. S1(a-b). However, we propose to 
employ the shear horizontal vibrations formed by SH-SAWs on a 36XY- 
LiTaO3 substrate to obtain acousto-dynamic coupling in arrays AuNP. In 
detail, SH-SAWs were generated from the IDT by applying an electric 
signal. Fig. 1(d) shows the coordinate system of particle displacement 
from the piezoelectric effect for the surface shear wave condition which 
is follow the wave equation [29]. It is given by Ux(y, z, t) =

A0e− βsycos(ωt − ksry), where Ux(y, z, t) denotes the displacements in the 
x- and z-directions, A0 is the maximum amplitude of the Ux(y,z,t) 
displacement in the x-direction, βs is the damping coefficient in the y- 
direction, ω = 2πf rad/s, t denotes the time, and ksr is the real wave-
number. These waves propagate along the y-direction with wavelength 
λy, which is determined by λy = 2π/ksr. Several notes can be elucidated 
such as the value of A0 depends on the applied input voltage, and the 
oscillation frequency depends on the frequency of the input voltage. 
Therefore, we can control the shear surface wave Ux(y, z, t) by control-
ling the input voltage and working frequency with an appropriate IDT 
structure. 

Here, we design the IDT structure to resonate at a frequency of 51.5 
MHz. Then, to exciting the shear wave vibration, it should be supplied 
an electric signal (RF signal) with the same frequency of 51.5 MHz. As a 
result, the shear wave vibration will oscillate at a frequency of 51.5 MHz 
on a surface of 36XY-LiTaO3. If there is a different condition between the 
IDT design structure and the input signal, the shear wave would not be 
generated. 

Fig. 2(a) shows an electric input signal from a signal generator 
separated as OFF-condition and ON-condition (VP-P). The OFF-condition 
has a value of VP-P = 0 V, then the ON-condition has a sine wave shape 
with a value of VP-P = 2 V and a frequency of 51.5 MHz. In other words, 

it has RF input signal. Fig. 2(b) illustrates a side view of IDT with the 
electrical potential for OFF-condition. An OFF-condition is not excited 
the shear waves. Therefore, the arrays AuNPs have a static condition or 
not change, as shown in Fig. 2(c). In contrast, Fig. 2(d) shows the side 
view of IDT with the electrical potential for ON-condition. At ON- 
condition, the positive and negative potentials will appear alternately 
with the frequency of 51.5 MHz. Therefore, the shear-wave is excited. 
The appearance of the shear wave causes vibration of arrays AuNPs 
structure, as shown in Fig. 2(e). 

2.2. Measurement of reconfigurable LSPR spectrum 

A complete measurement of a reconfigurable LSPR spectrum is 
described in this section. First, to measure the LSPR spectrum, an un-
polarized halogen light (Model: 5–2300, Soma Optics, Ltd. Japan) with a 
wavelength ranging from 350 to 1000 nm was used as the light source. It 
was connected using flexible fiber optics with a length of 2 m (P400-2- 
VIS-NIR, Ocean optics, Inc., USA). An optical probe holder (Chuo Seiki, 
Japan) was utilized. A USB4000 UV–vis spectrophotometer (Ocean 
Optics, Inc., USA) was used and connected to a computer. OPwave +
software with recoded capability was installed on the computer. Text-to- 
Excel conversion and MS-Excel were used for converting, visualizing, 
and analyzing the data. 

A reflectance measurement method was used because the 36XY- 
LiTaO3 substrate is not transparent due to polished. This reflectance 
method was performed for the LSPR [30–34], and the reflectance was 
obtained using the equation of Rr = Is/Ir, where Rr is the reflectance 
value (au.), Is is the intensity of the sample, and Ir is the intensity of the 
reference. The normalized value was calculated to determine the peak 
position under clear conditions. Then, a WF1967 multifunction signal 
generator (NF Corporation., Japan) was used as the electrical input 
signal. A sine wave with a frequency of 51.5 MHz was selected with 
various voltages. This signal generator was connected to the device 
using a coaxial cable, AV-Part (T-sin, Japan), with a sample pad based on 

Fig. 2. (a) Electric input signal from signal generator with OFF-condition and ON-condition (VP-P) with frequency of 51.5 MHz, (b) side view of IDT with the 
electrical potential for OFF-condition, the shear-wave is not exciting, (c) array AuNPs structure for OFF-condition, (d) side view of IDT with the electrical potential for 
ON-condition, the shear-wave is exciting at frequency of 51.5 MHz, (e) array AuNPs structure for ON-condition, (f) the reflectance of the LSPR spectrum at the OFF/ 
ON-condition, (g) the measurement and data acquisition procedures for the reconfigurable LSPR spectrum, (h) the normalization of the LSPR spectrum reflectance at 
the OFF/ON-condition, and (i) an investigation of the effects of the OFF/ON conditions on the FWTQM and QFWTQM factor. 
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a Sigma holder (Sigma, Japan). At the output port of the IDT, the device 
was connected to an InfiniVison MSKOX4033A oscilloscope (Keysight, 
USA). 

The reflection was measured on the SH-SAWs with AuNPs only 
because the SH-SAWs without AuNPs did not produce the LSPR effect. 
The wavelength position of the peak has two positions under OFF or ON 
conditions. The SH-SAW was generated by the electric signal with the 
input voltage of VP-P = 2 V at the frequency of 51.5 MHz. The OFF po-
sition corresponded to the opposite situation, as shown in Fig. 2(f). In 
detail, Fig. 2(g) shows the twenty measurements acquired over one 
minute (recorded every 3 s) and then averaged. To make the data more 
robust, we repeated this procedure on three devices, namely, Dev (1), 
Dev (2), and Dev (3), as shown in Fig. 2(h). The peak positions in the 
OFF condition were observed at 521, 516, and 513 nm, and those in the 
ON condition were observed at 513, 514, and 507 nm with Dev (1), Dev 
(2), and Dev (3), respectively. Based on these measurements, we observe 
the fascinating result that the peak position of the reflection was 
robustly and consistently blueshifted. We attributed this effect to the 
changes in the AuNP arrays structure. Here is the explanation. First, the 
SH-SAWs generated shear horizontal vibrations. Then, the vibrations 
changed the arrays AuNPs configuration. The change in the arrays 
AuNPs configuration resulted in a change in the plasmonic enhanced 
near field interaction. Then, it led to a blueshift peak effect. 

In addition to an examination of the λP position, we also evaluated 
the quality factor for more comprehensive data. Fig. 2(h) shows the 
normalization of the LSPR spectrum reflectance at the OFF/ON- 
condition. Besides, we also propose a new term called the full-width at 
three-quarter maximum (FWTQM) to evaluate a quality factor of the 
LSPR spectrum. The FWTQM is defined by the wavelength position 
when it reaches 75% of the peak. Then, the quality factor using the 
FWTQM (QFWTQM) can be given by QFWTQM = λP/FWTQ, where QFWTQM 
is the Q-factor value at 75% of the peak, λP is the peak position, and 
FWTQM = λUB - λLB, with λUB being the 75% peak upper band and λLB 
being the 75% peak lower band. The results of investigating the quality 
factor under the OFF and ON conditions are illustrated in Fig. 2(i). 

In detail, Fig. 2(i) shows that the FWTQM for OFF and ON conditions 
was 69.7 nm and 82.2 nm, 72.3 nm and 85.0 nm, and 88.4 nm and 120.5 
nm, for Dev (1), Dev (2), and Dev (3), respectively. The QFWTQM factors 

under the OFF and ON conditions were 7.5, 6.3, 7.1, 6.1, 5.8, and 4.2 for 
Dev (1), Dev (2), and Dev (3), respectively. The SH-SAW effect changed 
the AuNP inter distance and generated a blueshift along with a larger 
bandwidth and lower QFWTQM factor. 

To obtain more comprehensive results, we also measured the LSPR 
response for different input electric signals of the peak-peak voltage (VP- 

P), such as 4 V, 6 V, 8 V, and 10 V, with an RF signal frequency of 51.5 
MHz. It is important to mention that the input voltage has a direct 
connection with the particle displacement amplitude of the SH-SAWs. 
Therefore, a precise synchronization measurement is required to 
observe the comparison of the LSPR spectrum between two different 
voltages. Precise synchronization means that the LSPR measurement 
should be performed by equalizing the captured times of reflection and 
oscillation of the shear wave or that it should have a frequency of 51.5 
MHz. However, the devices used in our measurements were limited from 
retrieving this type of data. Therefore, we proposed an alternative robust 
method by comparing the results for different voltages to the zero- 
voltage condition as a reference. In other words, we have expanded 
the OFF (0 V)/ON (2 V) concept to a more general concept by using OFF 
(0 V) as the initial position. This strategy is named the reconfigurable 
LSPR method. 

In detail, the reconfigurable LSPR spectrum based on different 
voltages signal of 0 V/2 V, 0 V/2 V/6 V, and 0 V/8 V/10 V, are shown in 
Fig. 3(a), 3(b), and 3(c), respectively. The results demonstrate that the 
comparison between the OFF and ON (2 V/4 V/6 V/8 V/10 V) condi-
tions produced a higher reflection value with a shorter wavelength; that 
is, it had a blueshift effect. Using this method, we obtained robust data 
that showed that the change in the input voltage was affected by 
different-amplitude shear horizontal surface waves that could adjust the 
AuNP arrays structure and lead to reconfiguration of the LSPR spectrum. 
Moreover, Fig. 3(d) shows the peak wavelength position with different 
input voltages for Dev (1), Dev (2), and Dev (3). We can see that the 
blueshift was obtained consistently compared to references or peak 
wavelength at OFF-condition (V = 0). Finally, we confidently concluded 
that a reconfigurable LSPR spectrum was successfully developed. More 
specifically, the proposed method can comfortably switch the λP and 
QFWTQM of the LSPR spectrum, and it can also be easily reversed to its 
original position. 

Fig. 3. The reconfigurable LSPR spectrum based on the OFF/ON sine signal at (a) 0 V/2 V, (b) 0 V/2 V/6 V, and (c) 0 V/8 V/10 V. (d) the peak wavelength position 
with different input voltages for Dev (1), Dev (2), and Dev (3), (e) the RF input signal at frequency of 51.5 MHz with voltage variation of VP-P from 2 V, 4 V, 6 V, 8 V, 
and 10 V, (f) the RF output signal at input frequency of 51.5 MHz. 

T. Firmansyah et al.                                                                                                                                                                                                                            



Applied Surface Science 571 (2022) 151331

5

2.3. The effect of different driving electric input signal 

As mentioned above, we designed the IDT structure to resonate at a 
frequency of 51.5 MHz. Therefore, an RF signal should be supplied with 
a frequency of 51.5 MHz to excite the shear wave vibration. Fig. 3(e) 
shows the RF input signal at 51.5 MHz with voltage variation VP-P from 
2 V, 4 V, 6 V, 8 V, and 10 V. Then, Fig. 3(f) illustrates the RF output 
signal. We can see that the output voltage has a high value with the same 
frequency as the input. Therefore, the measurement result was indicated 
that the piezoelectric phenomena occurred. Then, we can conclude that 
the shear-wave vibration excites successfully. 

Moreover, Fig. S2(a) shows the RF input signal at 36.5 MHz with 
voltage variation VP-P from 2 V to 10 V. It should be noted that the RF 
input signal has a lower frequency than the IDTs operation. Then, the RF 
output signal is shown in Fig. S2(b). In the opposite position, Fig. S2(c) 
shows the RF input signal at 66.5 MHz, or it has a higher frequency than 
the IDTs operation. The output RF signal is shown in Fig. S2(d). We can 
see that both RF input signals have high voltage values, as shown in 
Figs. S2(a) and S2(c). However, the result indicates that both RF output 
signals have small voltage, as shown in Figs. S2(b) and S2(d). This result 
is indicated that the share-waves vibration is not excited. This condition 
happened because the RF input signal frequency did not match with the 
IDT design structure. Besides, the function of IDTs as a resonator be-
comes ineffective. This circumstance will lead the piezoelectric crystal 
to the nonlinear condition. The nonlinear condition of piezoelectric 
occurs when electric field, strain, and dielectric responses become 
nonlinear [35,36]. Therefore, it is important to note that our research 
was focused on the linear condition of piezoelectric to make sure that the 
arrays AuNPs have vibration smoothly. 

Fig. S2(e) shows the DC input signal with VP-P voltage from 2 V, 4 V, 
6 V, 8 V, and 10 V. Then, the DC output signal is shown in Fig. S2(f). 
Similarly, the DC input signal leads to a tiny output signal. Therefore, 
the result indicates that the share-waves vibration is not excited. 
Implementing DC source as an input signal to IDTs structure could lead 
to another characteristic such as electrostriction phenomena which 
could distort the lattice. However, the electrostriction phenomena can 
be obtained by meeting essential parameters including high DC input 
voltage, high electric field, tiny coupling, and low dielectric permittivity 
[37,38]. Therefore, the DC input voltage is not useful for our proposed 
devices which use the piezoelectric phenomena. In addition, it also does 

not meet the criteria of electrostriction phenomena. 
In brief, our proposed method is focused on make the shear-wave 

vibration excited. Thus, the acousto-dynamic coupling in arrays 
AuNPs can be produced to obtain a reconfigurable LSPR spectrum. The 
shear-wave vibration is obtained by a matching condition between the 
IDT frequency with RF input signal frequency. Furthermore, an input 
signal with the alternate polarity between positive and negative is also 
required. Consequently, the DC source as an input signal is not suitable 
for our proposed device structure. 

3. Fabrication and morphological characterization 

3.1. Fabrication of arrays AuNPs on 36XY-LiTaO3 

In general, we fabricated arrays AuNPs on a 36XY-LiTaO3 substrate 
by the following steps. The first step was to prepare a piezoelectric 
substrate based on 36XY-LiTaO3, which was followed by Cr and Au 
deposition to fabricate IDTs [26]. Then, Au deposition, annealing, and 
quenching were performed to develop AuNPs [39]. The complete pro-
cedure is shown in Supplementary Material S2. Then, the examination of 
the IDT structure and electrical scattering parameter responses due to 
deposition of AuNPs are depicted in Suplementary Material S3 and 
Figs. S3(a–d). Moreover, Fig. 4(a-h) show the morphological charac-
terization of AuNPs on a 36XY-LiTaO3 substrate. 

3.2. Morphological characterization 

The morphology of the gold thin film before and after annealing with 
quenching was investigated using atomic force microscopy (AFM) (SPA- 
400, Seiko Instruments Inc. (SII), Japan). Before the AFM measure-
ments, the device was ventilated using an ion removal air blower 
(Keyence SJ-F250., Japan). The noncontact mode of a microcantilever- 
type SI-DF40 K-A102002760 [Si: for DFM] (Hitachi, Japan.) was 
utilized. 

The morphology data were visualized and analyzed using Gwydion 
2.55 software [40]. Fig. 4(a) shows the detailed morphology of the 
AuNPs at the center of the SH-SAW device using the 2D AFM image 
before annealing and quenching. The height, 3D AFM image for an area 
of 0.04 µm2, and particle distribution for an area of 1 μm2 are shown in 
Fig. 4(b)–(d). Moreover, the morphology of the AuNPs after annealing 

Fig. 4. The morphology of the AuNPs at the center of the SH-SAW device. The 2D AFM image, height, 3D AFM image for an area of 0.04 µm2, and particle dis-
tribution for an area of 1 µm2 are shown in (a)-(d) before annealing and quenching and (e)-(h) after annealing and quenching, respectively. 
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and quenching is depicted in Fig. 4(e)-(h). Table 1 summarizes the sta-
tistics of the surface analysis parameters for the AuNPs. 

As is evident in Table 1, the data were divided into two columns of 
detailed information, with or without annealing and quenching. The 
maximum height of the surface (SZ), average diameter equivalent (DEQ), 
and interparticle distance (ID) of AuNPs from all data slightly changed. 
We can see that after annealing and quenching, the SZ and DEQ of AuNPs 
slightly increased. From the AFM measurements, the DEQ value was 
approximately 23.16 nm, and its value could also be observed in the 
scanning electron microscopy (FE-SEM) morphological analysis. 

3.3. Reproducing the morphological structure of the arrays AuNPs 

Fig. 5(a) shows a fabricated of the proposed device including input/ 
output IDTs and arrays AuNPs on 36XY-LiTaO3 substrate. Then, the 2D 
morphology image of the arrays AuNPs on the propagation surface of the 
SH-SAW device using FE-SEM (JSM-7600F) is shown in Fig. 5(b). 
Moreover, in order to perform the FDTD computational analysis, we 
reproduced the morphological structure of AuNPs on 36XY-LiTaO3 
substrate base on a 2D SEM image. The structures were separated into 
three classifications such as; identical dimer AuNPs, nonidentical dimer 
AuNPs, and arrays of AuNPs structure. In details, the identical dimer 
AuNPs, nonidentical dimer AuNPs, and arrays AuNPs structure for OFF- 
condition are shown in Fig. 5(c–e), respectively. Then, the AuNPs 
structures with ON-condition are shown in Fig. 5(f–h). By using these 
approaches, we examined the plasmonic enhanced near field and LSPR 
spectrum. 

4. FDTD computational analysis base on reproducing the 
morphological structure 

For FDTD computational analysis, a parallel structure model was 
used where the direction of the light was perpendicular to the positions 
of the hemispherical AuNPs on the 36XY-LiTaO3 substrate. Then, the 
AuNPs structure was reproduced from Fig. 5(c–e). In detail, the identical 
dimer hemispherical AuNPs, nonidentical dimer hemispherical AuNPs, 
and arrays hemispherical AuNPs on the 36XY-LiTaO3 substrate were 
investigated. 

4.1. Reconfigurable LSPR of identical and nonidentical dimer AuNPs 

Before moving forward to simulation result, several important notes 
should be included. The 36XY-LiTaO3 substrate has anisotropic optical 
characteristics and it has different characteristics compared to a glass 
substrate. Therefore, the refractive index value of 36XY-LiTaO3 sub-
strate has followed two principal components, including an extraordi-
nary ray (ne) and an ordinary ray (no) [41,42]. Fig. S4(a) shows the ne, 
no, and n of the 36XY-LiTaO3 substrate. Then, Fig. S4(b) illustrates the 
comparison of the absorption (σabs) value of AuNPs on glass and 36XY- 
LiTaO3 subsrate. Next, Fig. S4(c) shows the simulated plasmonic 
enhanced near field distributions calculated. The maximum value and 
skin depth values (δ) normalized to the wavelength are listed in Table 2. 
The skin depth denotes the distance where plasmonic enhanced near 

field on the AuNPs surface reaches the value of 1/e. 
Fig. 6(a) and (b) show the 2D plasmonic enhanced near field of the 

identical dimer of AuNPs with a small interparticle distance and a large 
interparticle distance in an air environment, respectively. These results 
were obtained by FDTD simulation of identical dimer structures in Fig. 5 
(c) and 5(f). The AuNPs in dimers have a hemispherical shape with a 
radius of rA = 12.5 nm. We can see that a high value of 2D plasmonic 
enhanced near field was generated for small interparticle distance. 
Therefore, it has meant that a strong interaction was observed between a 
close couple of AuNPs that produced a plasmonic enhanced near field of 
6.85 V/m. However, for the same AuNP radius, a weak 2D plasmonic 
enhanced near field was produced for a large AuNP dimer with a value of 
3.98 V/m. 

Furthermore, as mentioned above, the reconfigurable LSPR spectrum 
was obtained by acousto-dynamic coupling of AuNPs. Here, we use the 
difference interparticle distance of the dimer AuNPs (dA1) to represent 
the acousto-dynamic coupling of AuNPs. Then, Fig. 6(c) illustrates the 
effect of adjusting the interparticle distance of the dimer AuNPs on the 
36XY-LiTaO3 substrate to the value and peak position of σabs with a 
constant AuNP radius of rA = 12.5 nm. The dA1 was varied with 1 nm, 5 
nm, 10 nm, 20 nm, and 40 nm. This result was representing the condi-
tion of Fig. 5(c) and (f). Then, Fig. 6(d) shows the σabs value and peak 
position for nonidentical dimer AuNPs with a radius rA = 12.5 nm and rB 
= 17.5 nm using the interparticle distance dB(1) as a variable. The dB1 
was varied with same values of dA1. This result was representing the 
condition of Fig. 5(d) and (g). We can see that the increase of inter-
particle distance of identical dimer and nonidentical dimer generated a 
blueshift effect. 

4.2. Reconfigurable LSPR of arrays AuNPs using symmetric/asymmetric 
structure and reproducing morphological structure 

Besides the dimer AuNPs composition, we also have simulated the 
reconfigurable LSPR based on arrays AuNPs structure. For the arrays 
AuNPs structure, the configuration was separated into two architectures 
such as symmetric/asymmetric structure and reproducing morpholog-
ical structure. The symmetry structure was used to see the behavior in 
ordered AuNPs configuration. It was only focusing on simulation data 
without fabrication, as shown in Fig. 7(a–e). Moreover, the second 
simulation is developed base on real arrays AuNPs scheme that repro-
duced from morphological data in Fig. 5(e) and 5(h). The results are 
shown in Fig. 8(a–c). 

The symmetric arrays AuNPs structure was arranged as a matrix 
shape using 3 lines and 6 columns with a total of 18 AuNPs. The first 
AuNP and the last AuNP were called A (1,1) and A (3,6), respectively, as 
shown in Fig. 7(a). Fig. 7(a) illustrates the near-field coupling of an array 
of AuNPs with symmetric relative to the T–T′ plane. We can see that 
symmetric arrays of AuNPs has produced a strong near-field coupling 
configuration. This result was examined with FDTD simulations of 2D 
plasmonic enhanced near field distribution, as depicted in Fig. 7(b). The 
symmetric arrays of AuNPs has generated a 2D plasmonic enhanced near 
field of 78.0 V/m. 

Moreover, the existence of shear horizontal vibration has influenced 
the array structure. Here, the arrays of AuNPs with asymmetric structure 
with respect to the T–T′ plane were used to represent the effect of shear 
horizontal vibration. The asymmetric arrays of AuNPs configuration 
generate a weak near-field coupling structure, as depicted in Fig. 7(c). 
The FDTD simulation was utilized to verify the 2D plasmonic enhanced 
near field distribution of the asymmetric arrays AuNP structure, as 
depicted in Fig. 7(d). We can see that the asymmetric arrays of AuNPs 
generated a low plasmonic enhanced near field of 34.5 V/m. Further-
more, Fig. 7(e) shows the wavelength values comparison of σabs peak for 
symmetric/asymmetric arrays AuNPs. The blueshift effect was produced 
from symmetric to asymmetric arrays AuNPs. 

Then, the next simulation was developed using the arrays AuNPs 
configuration that reproduced from a morphological structure. Fig. 8(a) 

Table 1 
Surface analysis parameters of AuNPs such as the amount of Au deposition, 
annealing, quenching, AFM capture size, number of particles (N), maximum 
surface height (SZ), average equivalent diameter (DEQ), and interparticle dis-
tance (ID) of AuNPs.  

Method   N SZ 

(nm) 
DEQ 

(nm) 
ID 
(nm) 

Au 
deposition 

Annealing Quenching     

5 mg – – 484  9.30  18.55  45.45 
5 mg 500 ◦C for 5 

min 
− 40 ◦C/ 
min 

486  11.2  23.16  45.36  
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shows the 2D enhanced near field distribution from an FDTD simulation 
of arrays AuNPs structure for OFF-condition. It has produced a 2D 
plasmonic enhanced near field of 4.25 V/m. Moreover, Fig. 8(b) illus-
trates the 2D enhanced near field distribution from an FDTD simulation 
of arrays AuNPs structure for ON-condition. The ON-condition structure 

was approached due to the existence of shear wave vibration. It has 
produced a 2D plasmonic enhanced near field of 3.93 V/m. Even the 
simulation structure has a higher number of particle AuNPs. However, 
the AuNPs particle has a random position. This condition makes the 2D 
plasmonic enhanced near field value significantly lower. Furthermore, 
Fig. 8(c) shows the wavelength values comparison of σabs peak for OFF- 
and ON-condition of SH-SAW, we can see that the blueshift effect was 
obtained. This data was also supported by higher 2D plasmonic 
enhanced near field for OFF-condition compared to ON-condition. 
Overall, the FDTD method has confirmed the reconfigurable LSPR 
spectrum with the result in a blueshift effect compared to the initial 
structures. The proposed method can be applied for multifunctional 
sensors with the high possibility of integration into a wireless network. 

5. Conclusion 

We successfully developed a reconfigurable LSPR spectrum by 

Fig. 5. (a) A fabricated of the proposed device including the structure of input/output IDTs and arrays AuNPs on 36XY-LiTaO3 substrate, (b) the 2D the morphology 
image of the arrays AuNPs on the propagation surface of the SH-SAW device using FE-SEM. Reproducing the morphological AuNPs structure to (c) identical dimer 
AuNPs, (d) nonidentical dimer AuNPs, and (e) arrays AuNPs structure for OFF-condition. The AuNPs structure with ON-condition for (f) identical dimer AuNPs, (g) 
nonidentical dimer AuNPs, and (h) arrays AuNPs for ON-condition. 

Table 2 
Maximum E plasmonic enhanced near field and skin depth values (δ) normalized 
to wavelength.  

Wavelength 
(nm) 

Plasmonic enhanced near field 
(V/m) 

δAuNP 

(λ) 
δ36XY-LiTaO3 – air 

(λ) 

400  2.35  0.0192  0.0080 
500  3.50  0.0033  0.0021 
600  4.98  0.0020  0.0032 
700  9.14  0.0008  0.0040 
800  6.33  0.0010  0.0051 
900  3.02  0.0009  0.0121  

Fig. 6. The direction of the light was perpendicular to the positions of the hemispherical AuNPs on the 36XY-LiTaO3 substrate. (a) the 2D plasmonic enhanced near 
field for identical dimer of hemispherical AuNPs with a small interparticle distance and (b) a large interparticle distance in an air environment. (c) The σabs values for 
identical dimer AuNPs with a constant radius rA = 12.5 nm using the interparticle distance dA(1) of AuNPs as a variable. (d) The σabs values for nonidentical dimer 
AuNPs with a radius rA = 12.5 nm and rB = 17.5 nm using the interparticle distance dB(1) as a variable. 
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acousto-dynamic coupling in arrays of AuNPs induced by shear- 
horizontal vibrations. The vibrations were produced by piezoelectric 
phenomena. The experimental results demonstrated that the ON- 
condition produced a blueshift effect on the peak position with an 
adjustment quality factor compared to the OFF condition. Moreover, we 
also have reproduced the morphological structure of array AuNPs from 

SEM images. The structures were separated as identical dimer AuNPs, 
nonidentical dimer AuNPs, and arrays AuNPs on the 36XY-LiTaO3 
substrate. The FDTD computational analysis has confirmed that the 
reconfigurable LSPR spectrum was produced with a blueshift effect 
compare to the initial structures. The proposed method has several ad-
vantages, such as being tenable and having a high possibility for 

Fig. 7. The symmetric arrays AuNPs with the first AuNP and the last AuNP are called A (1,1) and A (3,6), respectively. (a) An array of AuNPs with symmetric relative to 
the T–T′ plane and near-field coupling structure, (b) the 2D enhanced near field distribution from an FDTD simulation of an AuNP array with symmetric structure 
with respect to the T–T′ plane, (c) an array of AuNPs with asymmetric structure relative to the T–T′ plane, and near-field coupling structure, (d) the 2D enhanced near 
field distribution from an FDTD simulation of an AuNP array with asymmetric structure with respect to the T–T′ plane, (e) the wavelength values comparison of σabs 
peak for symmetric/asymmetric arrays AuNPs. 

Fig. 8. (a) The 2D enhanced near field distribution from an FDTD simulation of arrays AuNPs structure for OFF-condition, (b) the 2D enhanced near field distribution 
from an FDTD simulation of arrays AuNPs structure for ON-condition, (c) the wavelength values comparison of σabs peak for OFF- and ON-condition of SH-SAW. 
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multifunctional sensor applications. 
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