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ABSTRACT
In this work, the optical properties of silver nanoparticles (AgNPs) were explored 
using Mie theory compared with the experimental AgNPs using the chemical 
reduction method. Mie’s theory is suited for accurately evaluating the scatter-
ing, absorption, and extinction cross-sections of spherical AgNPs. Therefore, the 
wavelength of localized surface plasmon resonance (LSPR) in the optical spectra 
of the spherical AgNPs was calculated. The experimental AgNPs have a spherical 
shape with an average particle size of 30 nm. In addition, the crystalline structure 
of AgNPs was found to be cubic with fcc structure with lattice constant a = 4.155 
Å. Moreover, the excitation of the LSPR of the AgNPs was simulated using the 
finite-difference time-domain (FDTD) method at different wavelengths to explore 
the LSPR phenomena. The results show that spherical AgNPs are the most widely 
used materials in biosensors, biomedicine, optoelectronic devices, and solar cells 
due to their surface plasmon resonances in the visible spectrum region.

1 Introduction

Metallic nanostructures have lately attracted atten-
tion due to their large surface area to volume ratio 
and the quantum confinement effects, which affect 
the physical and chemical properties, such as the opti-
cal, electrical, and catalytic properties, and increase 
their ability to interact with their surroundings [1]. 
Also, due to the large surface area and the quantum 
effects, there is a variation in the properties of the nan-
oparticles compared to the bulk material giving them 
unique characteristics compared to the conventional 
particles [2, 3]. In general, the properties of metallic 
nanoparticles depend on their size, shape, and crystal 
structure [4]. Among these metallic nanostructures, 

silver nanoparticles (AgNPs) have unique physical 
and chemical properties compared to others, includ-
ing optical, excellent thermal stability, high electrical 
conductivity, and antimicrobial [5, 6]. These properties 
made them useful in various daily activities, including 
medical, therapeutic, health care, food, and industrial 
applications [5]. Silver nanoparticles efficiently absorb, 
and scatter light, and the color of colloidal AgNPs 
depends on their size and shape [7].

Moreover, the localized surface plasmon resonance 
(LSPR) band characterizes the optical spectra of the 
metal nanoparticles (MNPs) [8]. LSPR is a collective 
oscillation of the electron density at the metal/medium 
interface revealed from the incident photons—MNPs 
interactions which induce an electric field at the 
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interface [9, 10]. The LSPR peak of light occurs when 
the incident photons’ frequency matches the surface 
plasmons’ natural frequency, and the result appears 
as an absorption peak in the absorption spectrum [11, 
12]. This phenomenon is helpful in various applica-
tions, such as biosensors, biomedicine, optoelectronic 
devices, and solar cells [13, 14]. The outcomes of the 
phenomenon release surface radiation through Mie 
scattering or may even converge to thermal energy 
[15]. The MNPs characteristics, including structure 
dimensions, metallic nan composition, and the surface 
ambient, designated the nature of the LSPR [16]. Also, 
the LSPR of MNPs is characterized by the absorption 
and scattering of incident light at specific wavelengths 
depending on different parameters such as the nan-
oparticles’ size, shape, and dielectric environment 
[17]. For example, the resonant frequency will change 
because any alteration to the metal particle’s shape or 
size will modify how free electrons oscillate [18].

Theoretical and experimental investigations of the 
optical properties of the MNPs are of the essential 
need for investigating the dynamical phenomenology 
of scattering and absorbing light [19]. Mie’s theory has 
been used to explore the light scattering and absorp-
tion caused by spherical nanoparticles by solving 
Maxwell’s equations [15]. Mie’s theory characterizes 
the interactions of the electromagnetic waves with the 
MNPs at the boundaries of the surfaces. The complex 
permittivity of the MNPs evaluated by Drude’s theory 
is also an essential parametric function for calculat-
ing the light scattering and absorption caused by the 
spherical nanoparticle [20].

Silver nanoparticles (AgNPs) received a great 
deal of interest due to their exceptionally significant 
absorption coefficient and extinction coefficient, 
which reveal biosensing platforms in the visible spec-
trum range [21]. The spherical AgNPs acquire dis-
tinct LSPR bands in the visible region (blue light, in 
particular) [22], which can be adjusted by modifying 
their nano size and non-structural shapes [23]. One 
typical example is that spherical AgNPs only exhibit 
one surface SPR band, but triangular AgNPs show 
three SPR bands corresponding to dipole and quad-
rupole plasmon resonance [24]. Further, some pre-
vious studies revealed that the position of the LSPR 
peak exhibited a red shifting from 390 to 460 nm as 
a result of an increase in AgNPs size [25]. Accord-
ing to the literature, colloidal AgNPs in deionized 
water exhibit LSPR peaks ranging from 380 to 460 
nm, typical of monodispersed silver nanoparticles 

with an average diameter of less than 100 nm [26]. 
Spherical AgNPs with about 30–40 nm diameter have 
the LSPR peak at ∼ 400 nm, giving the colloidal a dis-
tinctive yellow color. AgNPs are particularly desir-
able for surface plasmon applications due to their 
considerable enhancement of near fields compared 
to gold nanoparticles, where the signal improvement 
obtained from silver nanoparticles is most noticea-
ble when the LSPR is activated by the incident light 
under a resonant situation [27, 28]. Additionally, 
compared to other metal films, silver nanofilms are 
more responsive to changes in the medium around 
them [29]. As reported, the LSPR of AgNPs has a 
significant role in several applications, including 
nanophotonic devices, surface-enhanced fluores-
cence (SEF), and surface-enhanced Raman scattering 
(SERS) [30]. Furthermore, SPR peak positions can be 
used as detectors for low quantities of interesting 
biological compounds because of their sensitivity to 
slight changes in the dielectric environment [31]. In 
this work, LSPR parameters, particularly the light 
scattering, and absorption that occurred due to the 
AgNPs, were investigated and explored using the 
Mie theory and the modified Drude theory compared 
to the experimentally measured outcomes.

2  Theoretical backgrounds

2.1  Localized surface plasmon resonance

The resonance absorption and scattering bands of the 
MNPs in the visible region are related to the collective 
oscillation of the electron density at the metal/medium 
interface, resulting from the light wave’s interaction 
with the MNPs. Plasma frequency ( �

p
=
√
4�ne2∕m ) is 

a crucial property of MNPs. The incident electric field 
(E) of the electromagnetic light wave interrupts the 
cloud of the freely distributed electrons revealing an 
ambient around the MNPs of uncompensated charges, 
as seen in Fig. 1. As a result of the light-MNPs interac-
tion, a coherent vibrational oscillation occurred to the 
electron cloud around the MNPs’ surface caused by 
the reflected forces from the uncompensated charges 
[8]. Figure 1 shows the block diagram of the unper-
turbed electron cloud, which has been disturbed by 
the incident electric field of the light wave causing 
coherent localized surface plasmon oscillations in the 
MNPs.
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2.2  Modified drude model

The permittivity of a bulk metal system, which 
includes the atom’s inner electrons and a monochro-
matic electric field oscillating with frequency � , i.e., 
E
0
∼ e

−i�t is given by the following equation [19]:

 where: �
p
 is the plasma frequency, �

bulk
 is the damp-

ing factor for bulk metal, and �∞ represents the interac-
tion of inner electrons with light,

 where: N
0
 is the number of Lorentz oscillators, j pre-

sents the special kinds of electrons located at inner 
levels. In addition, the permittivity of the individual 
nanoparticle is given by the following equation [19]:
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 where the sum of the first two terms is �∞ for the 
bulk metal, and �

NP
 is the damping factor for the 

nanoparticle.

2.3  Mie theory

Mie’s theory facilitates the investigation of the light 
wave scattering and absorbing by a spherical MNPs 
surrounded by a homogeneous medium [32] via solv-
ing Maxwell’s equations outside and inside the sphere. 
Mie’s theory evaluates the absorption and scattering 
cross-sections of the MNPs and consequently simu-
lates the optical properties of the spherical MNPs [33]. 
In quasi-static approximation, the scalar potential 
( �� = 0) in the Laplace formula is employed to govern 
the isotropic polarizability (α) of a spherical NP with 
specific permittivity ( �

1
 ) and radius ( a ) bounded by a 

medium with specific permittivity ( �
2
 ), as given by [34]:

The scattering ( C
sca

(�) ) and absorbing cross sections 
( C

abs
(�) ) are evaluated by knowing the entire dipole 

radiation and absorption power, according to the fol-
lowing equations [34]:

where: k is the incoming wave-vector. Know-
ing the extinction cross section ( C

ext
(�) ) as given by: 

C
ext

(�) = C
sca

(�) + C
abs

(�) , Mie theory approximates 
the polarizability of a sphere with volume (V) as [35, 36]:

 where: q is a dimensionless variable given by:
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Fig. 1  Schematic diagram of localized plasmon oscillations in 
MNPs under irradiation of light waves
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3  Experimental procedures

Silver nitrate  (AgNO3, 169.87 g/mol), trisodium cit-
rate  (Na3C6H5O7, 258.06 g/mol), and ascorbic acid 
 (C6H8O6, 176.12 g/mol) were all purchased from 
Sigma-Aldrich. The stock solution was prepared by 
dissolving 0.01 g of ascorbic acid as a stabilizing agent 
and 0.88 g of trisodium citrate as a reducing agent in 
100 ml of deionized water. Silver nitrate solution was 
prepared by dissolving 16.987 g of  AgNO3 in 1 ml of 
deionized water. The stock solution was then placed 
in a condensation system with continuous stirring 
at 96 °C. After boiling the solution, 1.0 ml of  AgNO3 
solution was added in drop by drop addition until 
the solution became yellow. The solution was well-
maintained, continuously boiling on a stirrer for one 
hour before cooling down to room temperature [37]. 
Scanning electron microscopy (Quanta FEG 450, SEM), 
X-Ray diffraction (Rigaku Ultima IV, XRD), and UV-
Vis spectrophotometer (Shimadzu U-3900 H) were 
used to characterize the resultant silver nanoparticles 
(AgNPs).

The simulation and theoretical calculations were 
performed using the finite-difference time-domain 
(FDTD) method by Lumerical software. First, we 
design a water medium with a single AgNP in a 2D 
model. A default design parameter includes incident 
angle ( � = 90

◦ ) and AgNP diameter (range from 30 
to 70 nm). The full-field electromagnetic simulations 
were performed to investigate the local electric field 
enhancement as well as scattering, absorption, and 
cross-sectional extinction spectra based on Mie’s the-
ory. The base solver directly solves Maxwell’s equa-
tions in time and space on a spatial grid without sim-
plifying approximations, making the analysis far more 

accurate. The vector K was defined to propagate in the 
y direction with a polarization mode either in the x- or 
z-directions (p- and s- polarization, respectively).

4  Results and discussion

According to the SEM image and the size distribu-
tion analysis, The AgNPs were spherical within 30 
nm nano-size, as seen in the morphological and size 
distribution analysis in Fig. 2a and b. The powder 
XRD patterns of the AgNPs exhibit several peaks at 
37.5°, 43.6°, and 63.8°, corresponding to the diffrac-
tion planes (111), (200), and (220), respectively (Fig. 2c) 
[37]. These diffraction patterns matched with the sil-
ver’s face-centered cubic (fcc) structure (JCPDS file No. 
04-0783), which indicates mainly an fcc cubic polycrys-
talline microstructure with preferred (111) orientation. 
The lattice constant ( a ) is determined using the equa-
tion: a =

√
3d(111) is 4.155 Å. The UV–Vis absorbance 

spectrum of AgNPs exhibits a fingerprint peak at 414 
nm, corresponding to the surface plasmon resonance 
of AgNPs (Fig. 2d).

The real and imaginary parts of dielectric permittiv-
ity for AgNPs were calculated using modified Drude 
theory by Maple software. Figure 3 shows the real and 
imaginary parts of dielectric permittivity for AgNPs 
dedicated obtained from modified Drude theory by 
considering only the interband contribution of bound 
electrons. The interband contribution of bound elec-
trons defers between the real and imaginary part of 
dielectric permittivity for AgNPs since the real part 
reflects the dispersion behavior of the material, while 
the imaginary part refers to the resonance behav-
ior. The vertical dotted line represents the resonant 

Fig. 2  a SEM micrograph, b size distribution, c XRD patterns, d absorbance spectra of silver nanoparticles (AgNPs)
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frequency (�
0
) , which is found to be 5.18 × 10

+15
s
−1 . 

The real part of the dielectric permittivity has a single 
peak at 386 nm, which is a higher wavelength than 
the main peak in the imaginary part. For a Lorentz 
oscillator, the real part of permittivity has positive val-
ues, while the imaginary part has negative values, a 
slightly higher wavelength than the resonance wave-
length [38].

Figure 4 shows the scattering, absorption, and cross-
sectional extinction spectra by 50 nm diameter AgNPs, 
as calculated using Mie’s theory. The scattering and 

absorption spectra show resonance interactions at 353 
nm and 328 nm, respectively. The extinction cross-
section is the sum of scattering and absorption cross-
sections. The resonance of the extinction cross-section 
occurs at 330 nm. In addition, increasing the particle 
size reveals a shift in the localized surface plasmon 
resonance wavelength towards the red region. Fig-
ure 5 shows the effect of the AgNP size (30, 40, 50, 60, 
and 70 nm) for different variations in the spectrum. 
The absorption parameter is generally more robust, 
broader, and highly redshifted as the sphere diameter 
is increased, and the least is shown when the 30 diam-
eter spheres are considered. The same behavior was 
found in a previous study that reported that increasing 
particle size improved absorption efficiency [39].

The experimental and analytical optical absorbance 
spectra of the AgNPs with an average size of about 30 
nm in a water medium at the same particle size are 
shown in Fig. 6. The experimental and analytical opti-
cal absorbance spectra have different resonance wave-
lengths attributed to the impurities in a water solution 
resulting from the preparation process. The theoretical 
spectrum is concerned with only one Ag nanoparticle 
[25]. In contrast, the experimental spectrum represents 
many AgNPs colliding in water and the different dis-
tributions of the AgNP sizes compared with the fixed 
size of one AgNP in the analytical approach [40]. As 
previously mentioned, the LSPR peak depends on the 
nanoparticle’s size, shape, and surrounding environ-
ment, which changes how free electrons oscillate [17, 
18]. Additionally, the experimental absorbance spec-
tra show a drop in absorption after the plasmon fre-
quency compared to the simulated data due to low 
concentrations of AgNPs in the solvent, which means 
that the solvent absorbance significantly affects the 
total absorbance spectra [37]. As reported, the die-
lectric environment affects the LSPR peak and the 
absorbance spectra of MNPs [17]. T. Gong et al. [41] 
found and reported the exact behavior of experimen-
tal absorbance spectra of silver nanoparticles at 419 
nm with an average size of 30 nm and reported the 
discrepancy of experimental and theoretical spectra is 
attributed to the ideal conditions that were assumed, 
such as the AgNPs’ uniform diameter and the dipole 
approximation.

Figure 7 shows the excitation of LSPR of the 
AgNPs at different times using the finite-difference 
time-domain (FDTD) method, creating strong electric 
fields and propagating waves that contribute to light 
absorption and scattering. Figure 7a and b represent 

Fig. 3  Contribution of the bound electrons in metal silver to the 
permittivity
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the AgNPs before interacting with the light wave. 
Interacting the light wave with the AgNPs reveals 
exciting free electron densities at the surface, conse-
quently generating collective electron density oscilla-
tions at the metal/medium interfaces (Fig. 7c and d). 
By turning off the light source, the electric field of the 
electromagnetic wave causes a field perturbation to 
the free electron cloud revealing empty compensation 
to the charges near the NP surface, causing coherent 
vibrational oscillations due to the persistent forces of 
uncompensated charges on the surface (Fig. 7e and f). 
After a long time, the AgNPs return to the initial state 
(Fig. 7 g and h) and vibrational resonance damping 
trend.

 Figure 8 shows the excitation of LSPR of the AgNPs 
at different light wavelengths using the finite-differ-
ence time-domain (FDTD) method. The free-electron 
cloud around the nanoparticle’s surface forms coher-
ent vibrational oscillations in the free electron clouds 
for different wavelengths (200, 300, 400, 500, 600, and 
700 nm) of the light source. The highest energy of 
the coherent oscillations of the free electron clouds 
occurred at the wavelength of around 300 nm (Fig. 8b), 
which is consistent with the optical scattering cross-
section spectra in Fig. 4.

5  Conclusions

In this work, the optical properties of silver nano-
particles (AgNPs) were explored in Mie theory and 
compared with the experimental AgNPs using the 
chemical reduction method. The SEM micrograph 
shows that the AgNPs have a spherical shape with 
an average particle size of 30 nm. The XRD patterns 
confirm that the AgNPs have fcc cubic structure with 
lattice constant a = 4.155 Å. In addition, the UV-Vis 
absorbance spectrum of the AgNPs exhibits a fin-
gerprint peak at 414 nm, which corresponds to the 
surface plasmon resonance of AgNPs. According to 
Mie’s theory, the wavelength of localized surface 
plasmon resonance (LSPR) for the spherical AgNPs 
has a different value compared with the experimen-
tal spectrum due to the impurities present in water 
that results from the preparation process, in addi-
tion to the fact that theoretical spectrum takes care 
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of single sized one Ag nanoparticle. In contrast, the 
experimental spectrum represents many distributed 
sizes of AgNPs collided in water. Moreover, the exci-
tation of the LSPR of the AgNPs was simulated using 

the finite-difference time-domain (FDTD) method at 
different wavelengths. The results show that spheri-
cal AgNPs are the most widely used materials in 
biosensors, biomedicine, optoelectronic devices, and 

Fig. 7  The excitation of LSPR of the AgNPs using finite-differ-
ence time-domain (FDTD) method: a, b before interacting the 
AgNPs with the light wave, c, d during the interaction of AgNPs 

with the light wave, e, f just after the light source is turned off, 
and g, h after a long time from turning off the light

Fig. 8  The excitation of LSPR of the AgNPs using finite-difference time-domain (FDTD) method at wavelength of a 200 nm, b 300 nm, 
c 400 nm, d 500 nm, e 600 nm, and f 700 nm
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solar cells due to their surface plasmon resonances 
located in the visible spectrum region.
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