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Abstract

The study of optical properties and localized surface plasmon resonance (LSPR) of magnetite/silver nanocomposites (NCs)
has been successfully investigated. The NCs were synthesized using the co-precipitation method and coated on the Au
film surface with a four-layer Kretschmann configuration system. Light source wavelengths of 405 and 450 nm were used
to investigate the influence of the varied wavelength on t the optical properties and LSPR curve characteristics. Electric
fields of 1.6, 2.4, and 3.2 V/cm were applied to the substrate/Au film/magnetite/silver NCs/air sample structure for ellip-
someter and SPR testing. The findings indicate that the use of an electric field improves the optical properties, a real part
of optical conductivity o ;, complex dielectric constant (real part, € ; and imaginary part, €s), complex refractive index
(real part, n and imaginary part, k), and optical absorption ( « ), resulting in a rise in the LSPR angle and a decrease in
minimum reflectance. Furthermore, the variation in the incident light wavelength at 405, 450, and 632.8 nm causes an
increase in the LSPR angle by 1.21°, 0.97°, and 0.66°, respectively. At a wavelength of 405 nm, the application of electric
fields of 1.6, 2.4, and 3.2 V/cm induced shifts in the LSPR angle from 65.87° to 65.99°, 66.23°, and 66.49°, respectively.
At 450 nm, the LSPR angle shifted from 63.41° to 63.62°, 63.77°, and 63.94°, respectively. The significant change in the
LSPR angle and minimum reflectance due to the applied electric field and wavelength indicates that applying an electric
field to the LSPR sensor surface with varied wavelengths provides the scenario to improve the performance of the SPR
biosensor for future applications.

Keywords Au thin film - Magnetite/silver nanocomposite - Optical properties - Surface plasmon resonance -
Spectroscopic ellipsometry

1 Introduction

Nanoscience and nanotechnology are the latest break-
throughs in science and technology that have exhibited rapid
development in recent decades. Materials at the nanoscale
exhibit behaviour that is intermediate between macroscopic
solids and atomic systems due to quantum confinement
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widely utilized in various fields, including biosensing [6],
photothermal therapy [7], diagnostics [8] etc. SPR marks an
advance in optical biosensor technology, with the advantages
of real-time testing, label-free detection, fast response time
[9], and non-destructive measurement [10]. These advan-
tages contribute to its effectiveness in detecting organic
analytes, especially in the fields of drug screening [9], clini-
cal diagnosis [11], and food quality control [12]. SPR is a
collective oscillation of electrons induced by electromag-
netic waves at the interface of materials exhibiting opposite
permittivity, commonly observed in metals and dielectrics
[13, 14]. It occurs when p-polarized light at a specific wave-
length is directed onto a metal-coated prism at a particular
angle, generating surface plasmons (SP) [15] through elec-
tromagnetic waves, known as evanescent waves, at the
metal-dielectric interface. These evanescent waves decay
exponentially across the boundary, fading within approxi-
mately 200 nm of the sensor surface. Resonance is achieved
when the propagation constant of the evanescent wave is
equal to the propagation constant of the SP [16, 17], where
the physical parameter of the resonance can be identified
by observing the reduction in reflected light intensity at a
defined angle called the SPR angle [18-20], which depends
on the refractive index of the prism, the dielectric constant
of the metal, and the detected material [21, 22].

SPR with a Kretschmann configuration system consisting
of a prism, metal thin film, and air has weakness in detecting
biomolecules with tiny sizes and refractive index [22, 23].
Modifications are needed to increase the sensitivity of the
SPR biosensor. One of the modifications that can be per-
formed is by adding the nanoparticles (NPs) [24, 25]. NPs
in composite structures, commonly referred to as nanocom-
posites (NCs), composed of two or more materials, such as
metals and semiconductors, have attracted the attention of
researchers in recent years due to their unique properties,
including composition versatility, good stability, monodis-
persity, and self-assembling ability. Metal/semiconductor
NCs exhibit a strong exciton coupling effect between the
SPR phenomena of metal nanoparticles and semiconductor
excitons, enhancing their applicability in SPR-related appli-
cations. Among various inorganic semiconductor nanopar-
ticles, magnetite (Fe;0,) is of interest to research due to its
size-dependent electronic and optical properties. Addition-
ally, their widespread availability and significant utility in
immobilizing and purifying biomolecules in SPR sensors
highlight several key advantages. Firstly, its outstanding
magnetic properties allow direct capture of target molecules.
Secondly, the large surface area allows high-density immo-
bilization of biomolecules; and thirdly, its high molecular
weight and refractive index enhance the SPR signal, making
them very suitable as an active material in SPR-based appli-
cations [26]. Furthermore, magnetite in the nanoparticle
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scale with a specific size exhibits superparamagnetic char-
acteristics that can increase the effective mass on the sur-
face of SPR sensors [22, 23, 27, 28]. In addition, the high
reactivity of iron (Fe) atoms in magnetite enables easy func-
tionalization with additional materials. However, magnetite
NPs are easily oxidized, which reduces their chemical and
physical stability and decreases their magnetic properties
[24, 25, 29-33].

These challenges can be overcome by combining magne-
tite with noble metals such as Ag in magnetite/silver NCs.
Ag exhibits good chemical stability, flexibility, and easy
functionalization with other materials [34], such as magne-
tite nanoparticles [35]. In addition, Ag nanoparticles dem-
onstrate low optical loss in the visible spectrum and possess
a negative real dielectric constant [36], which enables local-
ized surface plasmon resonance (LSPR) effect when they
interact with light [37]. The LSPR effect can strongly con-
fine the electromagnetic field, while significantly amplifying
the local electric field near the metal surface. It is influenced
by factors, such as the dielectric environment, the size of the
nanomaterials, and their composition [38—40]. Magnetite/
silver NCs have significant potential for various applica-
tions as they combine the unique properties of metals and
semiconductors, leading to the emergence of new electrical
and optical characteristics through the synergistic interac-
tions between the metal and semiconductor components
[41]. Thus, the surface modification of magnetite NPs with
Ag NPs to form a magnetite/silver NCs structure provides
a scenario to enhance the stability of the nanoparticle in
solution, improve their dispersibility, generate plasmonic
effects, and amplify SPR signals [42—44].

On the other hand, the SPR curve characteristics, includ-
ing SPR angle, reflectance, and full width at half maximum,
are strongly affected by the dielectric constant of the prism,
metal, and detected material, as well as the wavelength of
the incident light. Metals have free electrons that follow the
Drude dielectric function model, where modifications to
their dielectric constant influence the optical response and
the coupling point between the evanescent wave vector and
the surface plasmon wave vector, resulting in changes to
the characteristic surface plasmon resonance (SPR) curve
[42]. The dielectric constant can be manipulated by apply-
ing an electric field to the sensing surface, which utilizes
the electro-optic effect. When a low-frequency electric field
is applied, free electrons in the metal redistribute, leading
to a surface charge density (charge per unit surface area),
which causes the change in the number of free electrons per
unit area of the surface, modifying the dielectric function
of the metals, which in turn changes the coupling points
of the surface plasmon and evanescent wave vectors. As a
result, there are observable changes in the SPR angle and
the minimum reflectance [45]. Moreover, applying electric
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fields causes alterations in the charge carriers, thereby gen-
erating active plasmons capable of amplifying the detection
signal of the SPR biosensor [45]. Some previous research
has been performed on the application of electric fields
for LSPR applications. Enhancing SPR spectroscopy with
electric fields offers a promising approach to advancing fun-
damental research and enabling new applications for SPR
sensors, leading to greater sensitivity than traditional SPR
techniques [46].

On the other hand, other modifications to improve the
performance of SPR biosensors can be achieved by varying
the wavelength of the light source [47—49]. Altering the light
source’s wavelength modifies the coupling point between
the evanescent wave and the surface plasmon wave, conse-
quently changing the SPR angle. Therefore, combining an
electric field with magnetite/silver NCs as an active material
with varied wavelengths enhances the potential of EO-mod-
ulated biosensors to exhibit superior sensitivity compared
to conventional SPR biosensors. We recently reported the
impact of varying electric fields on the LSPR characteris-
tics of magnetite/silver NCs using a light source wavelength
of 632.8 nm [50]. Applying the electric field increased the
SPR angle and minimum reflectance; a higher electric field
resulted in larger SPR angle and minimum reflectance val-
ues. In this study, we conducted continuous research by
investigating the changes in the optical properties and LSPR
of magnetite/silver NCs by applying an electric field and
light source variation. Modulating the wavelength changes
the displacement of the coupling point between evanescent
waves and surface plasmon waves, which results in a shift
of the SPR angle. This phenomenon is due to the real and
imaginary components of the wavelength-dependent dielec-
tric constant of the NCs, which induces changes in the opti-
cal response [45].

Therefore, the objective of this study is to explore how
varying the electric field and incident light wavelength
influences the optical properties and LSPR characteristics
of magnetite/silver NCs. This research demonstrates how
these two factors can enhance the performance of magneto-
plasmonic NCs. The novelty of this research lies in the
comprehensive analysis of how the electric field and wave-
length variation can simultaneously affect both the optical
and plasmonic properties of magnetite/silver NCs. Addi-
tionally, this study provides insight into how the manipula-
tion of both electric field and light wavelength can shift the
LSPR characteristics, such as the LSPR angle and minimum
reflectance [51, 52]. These changes are significant because
they directly impact the sensitivity and performance of SPR
sensors. Therefore, by understanding these correlations, the
research opens the door to developing more efficient and
sensitive biosensors, which could have applications that can
be utilized in various fields of technology. This study seeks

to enhance the fundamental understanding of magnetite/sil-
ver NCs’ optical and plasmonic properties and demonstrates
how these insights could be leveraged to improve SPR bio-
sensor technology.

2 Experimental details
2.1 Reagents

The materials used in this study include FeSO,-7H,0,
FeCl;-6H,0, AgNO;, APTMS (97%), ethanol (96%), and
aqueous ammonia (25%). All chemicals for nanoparticle
synthesis were analytical grade and purchased from Merck
(Germany) and Aldrich (USA).

2.2 Synthesis of magnetite/silver NCs

The synthesis of NCs is carried out in three stages. In the first
stage, magnetite NPs are synthesized via co-precipitation,
using (FeSO,-7H,0) and (FeCl;-6H,0) as Fe ion sources
in a 1:2 molar ratio, with NH,OH acting as the reducing
agent. A solution of 4.170 g of (FeSO,-7H,0) and 8.109 g
of (FeCl;-6H,0) in 15 mL of water is mixed using a mag-
netic stirrer, while 36 mL of pure water dissolves 24 mL of
NH,OH for 15 min. The NH,OH solution is slowly added to
the previous solution for about 90 min, maintaining constant
stirring at 450 rpm and a temperature of ~60 °C. The solu-
tion was dark in colour, washed, and dried at 80 °C for 2 h
to yield magnetite NPs, as shown in Fig. 1(a). In the second
stage, magnetite NPs are functionalized with C¢H;;NO;Si
(APTMS) as a linker between magnetite and silver NPs. A
mixture of 500 mg of magnetite NPs, 10 mL of APTMS,
200 mL of ethanol, and 10 mL of NH,OH is sonicated for
60 min at room temperature, then cleaned and dried at 70 °C
for 2 h as shown in Fig. 1(b). In the final stage, a mixture
of magnetite NPs-APTMS, 20 mM AgNO;, and 400 mL of
ethanol is stirred for 4 h at ambient temperature. The mag-
netite/silver NCs are separated from the solution using a
permanent magnet and dried at 70 °C for 2 h, as illustrated
in Fig. 1(c).

2.3 Characterization and sample preparation

X-ray diffraction (XRD) analysis was performed to iden-
tify the crystalline phase of the nanoparticles. The mag-
netic properties of the NPs were evaluated using a vibrating
sample magnetometer (VSM), and transmission electron
microscopy (TEM) and energy-dispersive X-ray spectros-
copy (EDX) were used to examine the morphology and
elemental composition of the NPs.
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(@) Fe(ll)Cl, Fe(Il)SO,

Fe;O, NPs

Constant stirring (450
rpm for 90 min at + 60°c)

(b) Fe;O, NPs NH,OH

Ve

CeH;,NO,Si Fe,O,/APTMS
(APTMS) Sonicated (60 min at room
temperature)
Fe;O,/APTMS
Fe,O,/Ag NPs
AgNO, 34

Constant stirring (600 rpm
for 4 h at room temperature)

Fig. 1 Synthesis scheme of magnetite/silver NCs, including (a) synthesis process of magnetite NPs, (b) surface modification of the magnetite NPs
utilizing APTMS, and (c¢) deposition of Ag NPs on magnetite/APTMS NPs
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Fig. 2 Schematic diagram of the five-layer multilayer optical
model (Air/EMA/magnetite/silver NCs/Au Film/glass substrate)
with a refractive index of N, N, N,, N;, and N, respectively.

Air

(234)

depma, dnps, day, and dgyups are the thickness of EMA, NCs, Au,
and substrate, and 71234 and t1234 are reflectance and transmittance
of the layers [55]

00@00000@000@004— Fe;0,/Ag NCs
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4= Prism
—— Incident

light

Fig. 3 Schematic diagram illustrating the Kretschmann array with layer structure of prism/Au film/magnetite/silver NCs/air [53]

To perform optical properties and SPR testing, 0.025 g of
Au was evaporated on the top of the glass substrate to form
a glass substrate/Au film structure. The NCs were deposited
on the surface of the Au film utilizing a spray method to form
glass substrate/Au film/NCs for optical property measure-
ments using spectroscopic ellipsometry. A similar process
was performed for the SPR test but using a half-cylindrical
prism substrate. The Au film thickness was approximately
40 nm, as reported in previous studies [53].

2.4 Multilayer system structure
The ellipsometer examination was conducted on a five-lay-

ered structure comprising a glass substrate, an Au film, NCs,
and air serving as the dielectric medium. Figure 2 displays

the optical model of the multilayer structure to depict the
sample configuration [54]. Figure 3. Illustrates the multi-
layer structure utilizing the Kretschmann array to measure
the SPR characteristics comprising a prism, Au film, mag-
netite/silver NCs, and air. Symbol notation is described in
the subsequent discussion.

2.5 Optical properties measurements

The optical properties measurement was performed utiliz-
ing a homemade rotating analyzer ellipsometer (RAE), as
shown in Fig. 4. The RAE components have been reported
in detail in previous studies [56]. The measurement was car-
ried out using the incident angle of 75° and the polarization
angle of 45°. The electric field was applied on the sample
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Fig. 4 Rotating Analyzer Ellipsometer (RAE) setup under an electric field. The voltage from the power supply is induced to the Au surface using
a single wire, while a voltmeter reads the incoming voltage on the Au thin film

Table 1 Variations in electric voltage, electric current, and electric
field induced to the surface of the multilayer structure

No  Electric Voltage Electric Current (A) Electric Field (V/cm)

(Volt)
10 0 0
2 2 0.44 1.6
303 0.63 24
4 4 0.75 32

@ Springer

surface through the electric voltages of 2, 3, and 4 V gen-
erated by a Keithley source. The silver paste was used as
an electrode to attach the single wire to the sample surface.
The details about the electric field, voltage, and current are
attached in Table 1.

The measurement was performed on the following sam-
ple structures: sample 1 (S,), consisting of a glass substrate/
Au film; sample 2 (S,), comprising a glass/substrate/Au
film/magnetite/silver NCs; and samples 3, 4, and 5 (S;, S,,
and S;) consist of a glass/substrate/Au film/magnetite/silver
NCs with varying electric field strengths of 1.6, 2.4, and
3.2 V/em, respectively. The y and A values obtained from
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the measurements were investigated using IGOR Pro 7 soft-
ware to develop the precise optical model for determining
the optical properties of the material, including optical con-
ductivity, refractive index, dielectric constant, and absorp-
tion coefficient. The fitting process was completed until the
root mean square error followed the standards. The relation-
ship between the parameters of y and A and the optical prop-
erties is formulated as [57, 58]:

. 701,234,
p = tan (Y )exp(id) = —=2LF (1)
T,01,234,s

where 7 01,234, and 701,234, represent the reflection coef-
ficients of p(s) polarized light of the five-layer optical
model. Tan y is equal to the absolute value of the ratio of
the reflection coefficients of p- and s-polarized light. The
angle A varies from 0° to 90°. The p and s-polarization are
in phase due to RAE, and the incident light is linearly polar-
ized. After reflection, the phases may alter because of the
characteristics of the complex refractive index and optical
interference in multilayer thin films. 701234 and 7,01 934
are expressed as [57, 58]:

701471234 €xp (—i203 1)
14701 71234 €xp (=123 )

2

75012,34 =

r1o4 (123 + r3aexp (—i20 5)) exp (—i20 5)

234 = 7 + 712 (1 + rogrss exp (—i20 3))exp (—i20 5) Q)
where Bq= (27r diveq1 — €osin’d 0) /A

, By = (27Td2\/62—€08i77,290> /A, and
6 3= (27T d3 VE3—€ 08in29 0) /)\ . Meanwhile, dl, dg7

and dj is the thicknesses of the EMA layer, magnetite/sil-
ver NCs layer, and Au thin film. Meanwhile, €, €2, and
€ 3 symbolize their complex dielectric constants, respec-
tively. The reflectivity coefficients of layers can be obtained
employing the Fresnel formulation as follows [57, 58]:

< .2y \1/2 e .2 \1/2
f(f m — €08in 00) — T":(( n — €08IN 00)

Tmnp = ‘ 4

- %((m7eos7ﬁn2€0)1/27,/%(enfeosinzeo)l/z ( )
(e m — €08in’0 0) 12 _ (e n — €08in’0 0) 12

Tmn,s = 172 (5)

(e m — €08in’0 0) 12 _ (e n — €08in’0 0)

where m and n are consecutive indices, the fitting process
involves aligning the v and A data with the appropriate
model to obtain the best match. Specifically, the Cauchy
model is suitable for the transparent materials employed in
this investigation, such as glass. This model is defined as
[55]:

B C

where A, B, and C represent fitting parameters. These
parameters remain constant for each thickness, with only
the Drude-Lorentz parameters being adjusted.

The free parameters are the oscillator peak corresponding
to the plasma frequency (w ), the transfer frequency corre-
sponding to the peak position (w (), the oscillator width ( I’
), the Au film thickness ( dz), and glass substrate thickness
(d3). The Drude-Lorentz model for metal materials is used
to model the Au film and the NCs, the Cauchy dispersion
model is for glass substrate, and Bruggeman’s EMA theory
[59] was used to model the roughness of the Au, consist-
ing of 50% Au and 50% air [55, 60, 61]. The extraction of
optical properties involves modelling and comparing the
experimental data obtained by adjusting several parameters,
such as optical constant and thickness. The values closest to
the experimental results are determined during this iteration
procedure by reducing the mean square error ( x ?) of the
modelled data [57].

2 2 2
X = X psi + X el (7
2 _ 1
X" = Jm—p-1 ) ) ®)
I [Yenp@i)= car(wy) Deap(W ) =Dear(w
{Z ;Li1[ S'j(l)(w])l ]} +[ p(JJA)(w]) . ])] }

where M and P represent the number of data and param-
eters, respectively; ¢ ., and ¢ ., denote ¢ from experi-
ment and calculation, respectively; A ¢, and A .o are A
from experiment and calculation at a certain frequency w j,
respectively; v and 6 A correspond to the measurement
error in (¥, A). The Drude-Lorentz formulation can be
calculated as follows [54]:

2
“p.k

_ N
E(W)—Eoo-i-zlc:lwak_wg_iwpk )

where € o, signifies the high-frequency dielectric constant.
The parameters w g, wy, I denote the transverse fre-
quency (eigenfrequency), plasma frequency, and line width
(scattering rate) of the ky, oscillator. The EMA Bruggeman
formulation is given by [55]:

€q4—€ €p—€

fa +(1_fa) =0 (10)

€4 — 2€ €p — 2€
where € , and €, are the dielectric constants of components
a and b, respectively. The f and 1 — f, denote the volume
fractions of components a and b, respectively. The real part
of optical conductivity (o 1) is related to the imaginary part
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of the dielectric constant ( € 2) through the following equa-
tion [55]:

— (11)

Meanwhile, the absorption coefficient, which is associated
with the imaginary refractive index, can be calculated as
follows [62].

a=—". (12)

2.6 SPR characteristics measurements

SPR characteristics were measured using the Kretschmann
configuration with the sample structures of S,, S,, S;, S,,

Computer

Detector 1 -

Laser He-Ne

and Sg, as described in the ellipsometry tests. The setup of
the SPR homemade components is displayed in Fig. 5 and
has been reported in detail in previous studies [63]. The
mechanism of an electric field application to the sample’s
surface is the same as that performed in the ellipsometer
test. A voltmeter was used during the measurement process
to monitor voltage variations at 30-second intervals dur-
ing the 7-minute observation period (representing one SPR
measurement cycle).

Main Unit

=)
2

—
~ .
»

Detector 2 |m

~ Single wire

Power supply

Polarizer Beam Splitter

Rotation Stage

Voltmeter

%

7

Fig.5 Setup of SPR Spectroscopy under an electric field. The voltage from the power supply is induced to the Au surface using a single wire, while
a voltmeter reads the incoming voltage on the Au thin film
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3 Result and discussion

3.1 Phase, morphology, magnetic properties, and
composition of magnetite/silver NCs

The successful combination of magnetite and silver was
characterized by the presence of magnetite NPs diffraction
peaks at 220, 311, 400, 511 and 440 and silver NPs at 111
and 220, as shown in Fig. 6(a). The lattice parameters of
magnetite and silver are 0.81 and 0.41, respectively, and the
phase composition is 91.5 and 8.5, respectively. Magnetite

and magnetite/silver lattice parameters are 13.7 and 12.7,
respectively. The magnetite NPs and magnetite/silver NCs
exhibit soft ferromagnetic with the saturation magnetization
(Ms) at about 77 emu/g and 52 emu/g, respectively, the mag-
netic remanence (Mr) is 8 and 12.7 emu/g, and the coercive
field is 49 and 156 Oe, respectively, as shown in Fig. 6(b).
Meanwhile, the NCs are mostly spherical, with an average
size of 13.22+0.78 nm, as shown in Fig. 6(c). Meanwhile,
three distinctive elements are observed in the NCs with the
composition of Fe 55%, O 24%, and Ag 20%, indicating

(b)

Magnetite NPs

' Nanocomposite

Magnetite/Silver NCs

*.20
‘_'.,r'
N

< Fe304 NPs *AgNPs ' a-Fe304 NPs (a) - 100
$(311)  __ Magnetite (JCPDS) £ 80f
— Magnetite NPs o 60}
— Magnetite/Silver NCs g
3| @ o) | & 40
P 2 (400) 1) ¥ N 5
P8 am 200 = 20f
-:Z; P N -4 g 0
g ® 20}
£ N
E, -40
o -60}
JCPDS (0]
(01-07547?33) I . , N = -80F ) )
25 30 35 40 45 50 55 60 65 -15 -10

20 (degree)

5 0 5 10 15

Applied field, Hz (kOe)

Fe I 55 ©-
Ag Il 20 %
o 24 %

@@

(d)

Overlapped

f i

00 13 26 39 52

Energy (keV)

65 78 91 104 11.7 13.0

Fig. 6 (a) The image of the XRD spectrum, (b) FTIR curve, (¢) TEM image, and (d) Elemental mapping with the EDX spectrum of the NCs.

(Modified from Riswan et al. [46] under CC BY-NC-ND license).
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the successful deposition of silver NPs on the surface of the
magnetite NPs, as depicted in Fig. 6 (d).

3.2 Optical properties studies

Figure 7 featured the experimental parameters of y and A of
the 40 nm air/EMA/Au film/glass observed at a 75° incident
angle. The amplitude ratio (y) value denotes the refractive
index, n, while the phase difference (A) value denotes the
extinction coefficient, k, of the material. The value of y does
not change too much with the angle of incidence because the
reflected p-polarized and s-polarized light is almost equal in
magnitude. Meanwhile, the angle-of-incidence dependent A
value lowers as the electric field amplitude increases, imply-
ing a change in the optical parameter. The outcomes of the
model fitting demonstrate promising performance, as evi-
denced by an overall mean square error (MSE or ¥?) of 0.05,

120 (a) -
O Psi_experiment
> O Del i t
z 80k o Mzaglxpenmen
> 40
0
156 20 25 30 35 40 45 650
Photon Energy (eV)
120F
5 g O Psi_experiment
< 80F O Del_experiment
<1 F mum Model
B" 40 ?---l.--....
] S T TP TR TR PR PR
16 20 25 30 35 40 45 50

Photon Energy (eV)

below 1, indicating a perfect fitting result. The figure shows
the y and A of Au thin film and magnetite/silver NCs with
and without an electric field application.

We now present the optical properties of the sample struc-
ture of a glass substrate/Au film and a glass substrate/Au
film/ magnetite/silver NCs with varied electric fields in the
photon energy of 1.5-5 eV. Applying an electric field leads
to improved optical properties of NCs, as seen in Fig. 8. The
Fe;0, and Ag NPs absorb incident photons, which excite
electrons in the valence band, causing them to move to the
conductive band of Ag. When Fe;O, and Ag NPs form a
composite structure, free electrons migrate from the Fermi
level of Fe;O, to the conductive band of Ag, achieving an
equilibrium Fermi state. Applying an electric field increases
the number of charge carriers, affecting the electron tran-
sition and changing the equilibrium Fermi state, thereby
improving the NC’s optical properties [64]. The real part

120 (C)
—_ O Psi experiment
L 80 O Del experiment
<“ =mm Model
> 40
0
15 20 25 30 35 40 45 50
Photon Energy (eV)
120 - (d)
é O Psi_experiment
80F O Del_experiment
3 =mm Model
40 ;JII-I.I.....
(o] S TP TR TR T P PO
16 20 25 30 35 40 45 50

Photon Energy (eV)

120

80

Y, A (%)

40F

(0] TP PR |

) Psi_experiment
O Del_experiment
wmm Model

15 20 25 30 35 40 45 50

Photon Energy (eV)

Fig.7 The y and A, observed at an incidence angle of 75°. (a) Au thin
film, (b) magnetite/silver NCs, (¢) magnetite/silver NCs, E=1.6 V/
cm, (d) magnetite/silver NCs, E=2.4 V/cm, (e) magnetite/silver NCs,
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del experiment, and model, respectively
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of optical conductivity (o 1) and optical absorption («
) are shown in Fig. 8a and b. The deposition of the NCs
on the surface of an Au film causes an increase in the o
in all photon energy, a significant increase occurred in the
high energy range of 3— 5 eV. In the high photon energy of
3-5 eV, the application of an electric field causes the same
trend of increasing o 1, the greater the applied electric field,
the more significant the increase in ¢ ;. However, o1 is
almost constant for low energy of 1.5— 3 eV. This might
occur because at low energies, the electric field is not strong
enough to affect the electrons and change the o ; of the
material. The addition of the NCs increases the « in all
photon energy ranges. « indicates the absorption ability of
the NCs, where the increase in « is relatively tiny but non-
negligible at the high energy of 3 —5 eV after the applied
electric field and remains relatively constant in the low
energy range. The variation in € ; increase after the addition
of the NCs in the high photon energy, as shown in Fig. 8c.
Applying an electric field increases in € ; in the low photon
energy of 2.2 eV— 3.5 eV, and a decrease in € occurs at
high energy for electric field variation. € ; is related to the
polarization curvature caused by the electric field of electro-
magnetic waves. In the energy range of 3.5 —5 eV, a switch-
ing trend occurs, where the increase in the electric field
causes a decrease in € ;. In addition, in the range of 2.5 to
4 eV, the application of the electric field causes a change in
plasmonic characteristics to non-plasmonic, which is char-
acterized by a positive € ; value, indicating no surface reso-
nance in that energy range [64, 65]. These variations in €,
reflect to those in o ; through Eq. (11), where the variation
becomes significant at the higher energy level, as shown in
Fig. 8d. Meanwhile, Fig. 8e and f show the variation in n
and k, where the trend in n follows by that in € 5, and the
variation in k reflects those of a through Eq. (12), where
the variation increases relatively small but non-negligible at
the high energy.

3.3 SPR properties studies
3.3.1 LSPR behavior studies

We now investigate the influence of the NCs deposition on
the SPR curve characteristics by varying the incident light
wavelengths 0f 405, 450, and 632.8 nm. Figure 9 shows that
NCs deposition causes a higher SPR angle and minimum
reflectance for three-wavelengths. The increase in SPR
angle after NCs deposition is 1.21, 0.97, and 0.66 for wave-
lengths 405, 450, and 632.8 nm, respectively. The shift of
SPR angle after the deposition of the NCs on the surface of
the Au film is caused by the change in the surface plasmon
wavevector, leading to a modification in the resonance con-
dition. The resonance condition between evanescent wave
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and surface plasmon wave occurs when the following con-
dition is satisfied [10]:

kew = kspw. (13)

Where the wavevector of the evanescent wave propagating
along the prism/metal interface is formulated as follows [38,
66]

2 .
kpw = Tﬂ\/asm(eo) (14)

where A is a wavelength of the incident light, €, is a dielec-
tric function of the prism, and 6 g is an incident angle. The
surface plasmon wave (SPW) wavevector along the metal/
dielectric interface is [20].

w €Em€d
k = — _— 1
spw =\ (15)

where w represents the angular frequency of the wave, ¢
denotes the speed of light in a vacuum, €,, and €4 are
dielectric functions of the metals and dielectric, respectively

The deposition of magnetite/silver NCs into the prism/
Au film system modifies the material’s dielectric function
to a combined material dielectric function, as shown in
Eq. 14, leading to a change in the wavevector of the surface
plasmon wave, which in turn adjusts the resonance condi-
tion and induces a shift in the SPR angle. The deposition
of the NCs results in an enhanced electric field of electro-
magnetic waves around the NCs, a phenomenon known as
LSPR. The interaction between photons and free electrons
on the surface of the Au film and nanoparticles causes a
robust coupling between surface plasmons localized around
the nanoparticles and surface plasmons propagating on the
surface of the Au film [45]. LSPR occurs due to the con-
finement of surface plasmons inside NCs whose size dimen-
sions are comparable to or smaller than the wavelength
of the incident light. When incident light hits the metal
nanoparticles, the electric field oscillates coherently with
the conduction electrons, resulting in a Coulomb attraction
between the electrons and the nucleus that causes the elec-
tron cloud to shift from equilibrium. As a result, a restoring
force is generated, causing the electron cloud to oscillate.
The frequency of these oscillations is governed by factors
such as effective electron mass, electron density, and the
size and morphology of the charge distribution.

In the LSPR phenomenon, plasmons undergo local oscil-
lations on the NCs, which leads to a shorter electromagnetic
field decay length than SPR and thus increases the sensitiv-
ity to changes in the refractive index of the NCs surface.
In addition, LSPR shows two significant effects: first, the
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electric field near the NCs surface undergoes a substantial
increase, peaking at the surface and decaying rapidly with
distance; second, the optical extinction of NCs shows a
maximum at the plasma resonance frequency, which typi-
cally occurs in the wavelength range seen for noble metal
nanoparticle. Meanwhile, the addition of the conjugated
mass of the NCs causes a change in the refractive index,
which modifies the intersection point between the evanes-
cent and surface plasmons on the dispersion relation curve.
The dielectric constant of a composite material is the result
of a combination of the dielectric constants of each constit-
uent material. Composite structures exhibit different opti-
cal properties due to the interaction between two materials
with different optical characteristics, which significantly
improves the overall optical behaviour.

In addition, the variation in the SPR angle after the
wavelength of incident light is varied is caused by the

modification in the evanescent wavevector, as pointed
out in Eq. 13. The wavevector of the evanescent wave is
inversely proportional to the wavelength of the incident
light. A decrease in the wavelength of the light source leads
to an increase in the wavevector of the evanescent wave,
causing a higher resonance condition, characterized by a
higher LSPR angle, as described in Eq. 12. Meanwhile, the
LSPR curve profiles of 405 (Fig. 9a) and 450 nm (Fig. 9b),
are broader than at 632.8 nm (Fig. 9c), a possible explana-
tion for this is that electrons undergo oscillation damping at
the metal/dielectric interface, leading to higher losses in the
surface plasmon polariton mode as the curve broadens. As a
result, the LSPR feature becomes less pronounced and more
challenging to observe. In contrast, the peak excitation of
surface plasmon waves occurs at a wavelength of 632.8 nm,
as evidenced by a sharp, deep curve and a notable shift in
the LSPR angle.
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Table 2 SPR angles of the sample for a Prism/Au film/ magnetite/sil-
ver NCs/air under an electric field (405 nm)

Sample system Applied electric SPR SPR
field angles (°) angles

4shift
)

Au thin film - 64.62 0

Au/magnetite/silver NCs - 65.87 1.25

Au/ magnetite/silver NCs 1.6 V/icm 65.99 1.37

Au/ magnetite/silver NCs 2.4V/cm 66.23 1.61

Au/ magnetite/silver NCs 3.2 V/em 66.49 1.87

Table 3 SPR angles of the sample for a Prism/Au film/ magnetite/sil-
ver NCs/air under an electric field (450 nm)

Sample system Applied electric SPR SPR
field angles (°) angles

4shift
©

Au thin film - 62.60 -

Au/ magnetite/silver NCs - 63.41 0.81

Au/ magnetite/silver NCs 1.6 V/icm 63.62 1.02

Au/ magnetite/silver NCs 2.4 V/icm 63.77 1.20

Au/ magnetite/silver NCs 3.2 V/iem 63.94 1.32

3.3.2 LSPR-based electro optic studies

This section investigates the impact of the electric field on
the LSPR of magnetite/silver NCs using wavelengths of
405, 450, and 632 nm. Figure 10a shows the SPR curve
characteristic of the NCs with a wavelength of 405 nm. After
applying the electric field, the LSPR angle shifted from
65.87° t0 65.99°, 66.23°, and 66.49° for the electric field of
1.6, 2.4, and 3.2 V/cm, respectively. Meanwhile, Fig. 10b
shows the SPR curve characteristic with a wavelength of
450 nm. After applying the electric field, the LSPR angle
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shifted from 63.41° to 63.62°, 63.77°, and 63.94° for electric
fields of 1.6, 2.4, and 3.2 V/cm, respectively. In addition, the
minimum reflectance increases quite significantly with the
increase in the electric field amplitude, as shown in detail in
Tables 2 and 3, verified that the light reflected at resonant
conditions can be tuned through the applied electric field.

Applying an electric field to LSPR modulates the surface
plasmon’s optical properties, signal intensity, and resonant
frequency. This modulation occurs by strengthening the
local electric field around the NCs when an electric field is
applied. The applied electric field causes the polarization of
free electrons in the metal nanoparticles, which alters the
direction and strength of the local electric field generated
by the LSPR resonance; as a result, the resonance posi-
tion between the evanescent wave and the surface plasmon
wave, leading to an increase in LSPR sensitivity. The opti-
cal properties of the material highly depend on the magni-
tude of an electric field. As depicted in Fig. 10, a stronger
electric field leads to a more substantial change in the LSPR
angle, as shown in Tables 2 and 3.

Figure 11 demonstrates the LSPR excitation phenom-
enon after applying an electric field. The electric field of
an electromagnetic wave interacts with the surface charge
on the nanoparticles, strengthening the nanoparticle surface
electric field. When an external electric field is applied,
this surface electric field will be further amplified due to
the polarization of the surface charge, which leads to the
accumulation of additional charge that amplifies the surface
electric field of the sensor, resulting in a modified LSPR
signal. Furthermore, the polarization induced by the elec-
tric field can cause modification in the dielectric tensor of
the material. The dielectric tensor is a measure that char-
acterizes how a material responds to an electric field. The
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alteration in the dielectric tensor of a material caused by the
perturbation caused by an electric field is described by the
following equation [50]:

— <
e =+ A, (16)

where ‘2"’ denotes modification of the dielectric tensor due
to the electric field effect, “&” signifies the initial dielectric

tensor before the contribution of the electric field, and XE)
represents the perturbed dielectric tensor.

The change in the dielectric tensor due to the application
of an electric field can be described by a perturbed dielectric
tensor, which characterizes the sensor surface’s response to
the external electric field [67]. Without an electric field, the
molecular orientation on the sensor surface is defined by the
dielectric tensor in its unperturbed state (zero-dielectric ten-
sor). However, upon the application of an electric field to
the sensor surface, a perturbed dielectric tensor is created,
which can be represented as follows [68]:

0 -n P nP
— z
AE — 1€ an 0 R (17)
-nP, nk, 0

In this context, P,, P,, and P, denote the polarization
component of the material, while # denotes the electrical
impermeability, expressed as # = € o/ € = 1/n?%. In electro-
optical phenomena, when an electric field is induced to the
SPR, the electrical impermeability may be altered through
changes in the refractive index of the sensor surface.
Modifying the dielectric tensor of the material after
applying an external electric field causes a modification in

the SPW wave vector, thus modifying the dispersion rela-
tion and changing the SPR angle [69].

1 enmeq )
— (18)

€Epr€m T €q

0 spr = sin™! (

In addition, the applied electric field also has an impact on
the SPR reflectance, as shown in Fig. 10. Alterations in the
optical properties of materials resulting from the application
of electric fields also result in changes in the amplitude of
the reflection coefficient of light. In the Kretschmann con-
figuration, the SPR can be visualized as a dip in the reflec-
tance curve at a particular angle of incidence. To obtain the
reflectance of the light, we employed the transfer matrix
method. For p-polarised light, the Fresnel reflection coef-
ficients for layered media are given by [70]:

rk = —Z”/ej — ai/€x (19)
/€5 + Kan/ek

Where 1y, is the reflection coefficient for the j- k interface,

e;and €, are the electric permittivities of j and the adja-

cent k*" media, respectively. The k,; and k., are propaga-

tion constants of ;" and kth media that are given by [71]:

kzj = ]{,’0 € i € 15in2¢9 (20)

kzk‘ = ko €L — € 1sin29 (21)
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Where € ; is the electric permittivity of the prism. Thus, the
reflectance for a four-layer system (Rj234) [prism (1) - Au
thin film (2) - NPs (3) - air (4)] can be calculated using equa-
tions as [70]

(R1234)
_ Flotrogei2he2d2 Ly 0i2ka2d2 i2K53ds Ly o po o 0i2K23d3
14712723€12R2292 4+ ro3r34€12F2393 1 5rg ei2F23d3

: (22)

Here, r12, 123, and 134 are the Fresnel coefficient of reflec-
tions at the interfaces of prism-Au thin film, Au film-NCs,
and NCs-air, respectively. k.2, k.3, ds and ds are propaga-
tion constants of light in Au thin film and NCs, the thickness
of Au thin film and thickness of analyte layer, respectively
(shown in Fig. 3). k., and k.4 are the propagation con-
stants of light in prism and air, respectively.

The utilization of the electric field increases the SPR per-
formance characterized by the increase in SPR angle and
minimum reflectance. By controlling the magnitude of the
electric field applied to the LSPR, the sensitivity and selec-
tivity of the LSPR can be adjusted. An electric field can be
used to control the depth of penetration of the evanescent
field into the detected sample, affecting the resolution and
sensitivity of the SPR sensor. In addition, the application
of an electric field causes changes in charge density, NCs
orientation, and surface electron distribution on the sensor’s
surface, modifying the dielectric constant and changing the
LSPR properties of the NCs. Applying an electric field mod-
ifies the phase-coupling conditions and allows for changes
in the characteristics of electro optic-based SPR.

Some findings have been reported to investigate the elec-
tric field effect on the LSPR biosensor, such as the study
performed by Ju-Won Jeon et al. 2016 who found that
applying electric potential from —0.3, 0.5 V with the incre-
ment of 0.1 to Au nanocubes (NCs)/@ polyaniline (PANI)
core/shell nanostructure, with 0.5 M NaCl in 0.01 M HCI
electrolyte causes the position of the UV-vis absorption
peak to shift to the left as the LSPR peak shifts from 555
to 533 nm (blue shift). The change is due to the change in
refractive index. Meanwhile, in the case of the non-aqueous
electrolyte, 0.5 M lithium bis(trifluoromethyl)sulfonylimide
(LiBTI) in propylene carbonate (PC), a smaller LSPR shift
(up 17 nm) was obtained with a 26 nm PANI shell. At high
positive potentials above 0.2 V, the LSPR peak shifted red
when the applied voltage increased from 0.2 V to 0.4 V
[72]. Another study conducted by Petr A. Ledin et al. 2015
applied an electric field from —0.2 to 0.5 V in an increasing
manner with the increment of 0.1 on the sample structure
of Au nanorods/ITO in LiBTI/acetonitrile as an electrolyte
resulting in a 3 nm red shift of the longitudinal mode with a
slight decrease of LSPR intensity [73]. A similar result was
reported by Gupta et al. [74], they used the structure of a
prism/air gap/SBN60/LSCO/Si thin-film multi-structure to
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Table 4 Comparison of electro-optic-based LSPR research results

Sample Voltage Experiment result Ref.
structure
Glass/ITO/Au  —900 to A positive voltage causes a [75]
film/AuNPs  +900 mV redshift of the LSPR peak

from 569 to 591 nm, while

a negative voltage induces a

blue shift.
LiNbO;/Au —1,-0.5,0, The power ratio increases [76]
film/HSA- 0.5,and 1 V  linearly with the voltage
coated Au
NPs/analyte
solution
AuNPs/Lead 50,250,and Applied electric fields [77]
zirconate tita- 500 kV/cm  cause the SPR signals to
nate (PZT) red-shifted to 618, 625, and

649 nm, respectively
Glass/Au —600, —450, The SPR spectrum at 1 pg/ [78]
nanohole =300, —-150, mL CRP concentration shifts
arrays 150, 300, linearly with the applied DC

450, and 600 voltage.
mV

Prism/Au/ 0,2,3,and  The LSPR angle shifts from  This
Magnetite/ 4V 65.87 to 65.99, 66.23, and study
Silver NCs 66.49 for 405 nm wavelength

and shifts from 63.41 to
63.62, 63.77, and 63.94 for
450 nm wavelength.

investigate waveguide-coupled surface plasmon resonance-
based electro-optic modulation by applying electric field
from 25 to 200 kV/cm. They found that a continuous shift
towards higher angles is seen in reflectance spectra for the
WCSPR-SBN75 EO modulator system with increasing the
amplitude of the applied DC electric field. A continuous shift
in SPR reflectance angle (0 spr) from 49.93 to 50.92 was
observed owing to subsequent change in refractive index of
SBN75 layer with different applied field amplitude vary-
ing from 0 kV/cm to 200 kV/cm. They observed a continu-
ous shift to higher angles in the reflectance spectra of the
WCSPR-SBN75 EO modulator system as the amplitude of
the applied DC electric field increased. The SPR reflectance
angle (0 gpp) shifted continuously from 49.93° to 50.92°,
which was attributed to the change in the refractive index
of the SBN75 layer as the applied field amplitude varied
from 0 kV/cm to 200 kV/cm. The variation in the refractive
index of the SBN75 thin film also leads to an increase in the
fitted minimum reflectance ( R, ) value, rising from 0.807
to 0.881 as the electric field amplitude increases. Compari-
son of LSPR research results with the application of elec-
tric fields can be seen in more detail in Table 4. The results
reported in previous research are directly proportional to this
study, where a higher applied electric field leads to a redshift
in the LSPR angle (the LSPR angle increases). The change
in SPR characteristics through the application of an electric
field indicates that the electro-optic effect affects the optical
properties of the material. As the electric field increases, the
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alteration in the material’s optical properties becomes more
significant, resulting in a greater change in the LSPR angle
and minimum reflectance. Therefore, the application of an
electric field to LSPR sensors offers excellent potential for
enhancing the selectivity and sensitivity of SPR biosensors
and developing electronically controlled optical devices.

4 Conclusion

The study of optical properties and localized surface plas-
mon resonance (LSPR) of magnetite/silver NCs has been
successfully investigated. The NCs were synthesized using
the co-precipitation method and coated on the Au film sur-
face with a four-layer Kretschmann configuration system.
Light source wavelengths of 405 and 450 nm were used to
investigate the influence of the varied wavelength on t the
optical properties and LSPR curve characteristics. Electric
fields of 1.6, 2.4, and 3.2 V/cm were applied to the sub-
strate/Au film/magnetite/silver NCs/air sample structure for
ellipsometer and SPR testing. The findings indicate that the
use of an electric field improves the optical properties, a real
part of optical conductivity o ;, complex dielectric constant
(real part, €; and imaginary part, €2), complex refrac-
tive index (real part, n and imaginary part, k), and optical
absorption (), resulting in a rise in the LSPR angle and a
decrease in minimum reflectance. Furthermore, the variation
in the incident light wavelength at 405, 450, and 632.8 nm
causes an increase in the LSPR angle by 1.21, 0.97, and
0.66, respectively. At a wavelength of 405 nm, the applica-
tion of electric fields of 1.6, 2.4, and 3.2 V/cm induced shifts
in the LSPR angle from 65.87° to 65.99°, 66.23°, and 66.49°,
respectively. At 450 nm, the LSPR angle shifted from 63.41°
to 63.62° 63.77°, and 63.94°, respectively. The significant
change in the LSPR angle and minimum reflectance due to
the applied electric field and wavelength indicates that the
application of an electric field to LSPR sensor surface with
varied wavelengths provides the scenario to improve the
performance of SPR biosensors for future applications.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s42247-0
25-01085-w.
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