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Abstract— The surface plasmon absorption of metallic 

nanoparticles is of great interest due to their wide range of 

applications, predominantly with optical technology. Therefore, 

a reliable plasmon spectrum analysis tool would greatly value 

the researchers working in this area.  Mie theory-based 

theoretically computed spectrum generating tools are used in 

the literature to analyze the surface plasmon absorption of 

monodisperse particles. However, none of them can 

accommodate size distribution contributions. As monodisperse 

nanoparticle dispersions are practically impossible to achieve in 

synthesis, incorporating the particle size distribution effect into 

the surface plasmon analysis tools makes them more reliable. In 

this study, we investigated the effect of particle size distribution 

on the surface plasmon absorption bands of silver nanoparticles 

suspended in water. Mie theory-based simulations were 

performed for different particle sizes ranging from 1 to 40 nm 

and for different size distributions. The maximum absorbance, 

peak position, and full width at half maximum (FWHM) 

variations with respect to particle radius were analyzed.  

Keywords— Optical Properties, Metal Nanoparticle, Mie 

Theory, Scattering, Absorption 

I. INTRODUCTION 

Nanoparticles have attracted the interest of industries due 

to their exceptional physical and chemical properties that 

differ from bulk materials and single atoms [1]. The larger 

surface area to volume ratio, small dimension, and quantum 

confinements effects lead to such application possibilities. 

Metal nanoparticles are the most promising among them due 

to the properties arising from the confinements of free 

electrons [2-4]. Metal nanoparticles, such as gold and silver, 

are currently one of the most investigated nanomaterials in 

many tech fields, including photonics, electronics, and 

bioengineering, due to their unique application potential and 

unsophistication in synthesis [18]. 

Silver particles have attracted substantially greater 

interest for commercial applications than other 

nanomaterials. They are vastly used in electronic product 

developments [1], biomedical diagnostics in the health 

industry [2-5,18], textile coatings [6], environmental 

applications [7], and food storage [9]. These particles' most 

significant portion of application potential is due to their 

electric, catalytic and photonic properties [8]. 

The ultraviolet-visible (UV-Vis) spectroscopy has been 

one of the most common investigative techniques for silver 

nanoparticles due to the readily observable intense surface 

plasmon absorption band in the visible spectrum region 

[1,10,11].   The surface plasmon absorption is caused by the 

collective oscillation of conduction electron cloud due to the 

influence of the incident electromagnetic field. 

When the frequency of the oscillating incident 

electromagnetic field equals the surface plasmon frequency 

of metal nanoparticles, the surface plasmon resonance occurs, 

and higher absorption is expected at the resonance. The 

properties of the surface plasmon absorption band of 

nanoparticles depend on the particle size, shape, chemical 

composition, and the local dielectric environment [10, 11]. 

Gustav Mie published a theory to explain colloidal 

particle absorption and scattering based on his observations 

of the diverse colors of colloidal gold particles [12]. Under 

the assumption of a perfectly spherical particle, Mie theory 

derived expressions for absorption and scattering cross-

sections of a single nanoparticle.  

The above theory was adopted to compute the surface 

plasmon absorption spectrum and compared calculated 

spectra with the experimental data to evaluate the reliability 

of the computations. Only minor misalignments were 

reported [8,10,11,13]. Samples with narrow size distributions 

such as the diameter distribution of 10% to 20% standard 

deviations were used as monodisperse particles. [13]. 

However, it is well-established in the literature that 

nanoparticle dispersions generally have relatively broad 

particle size distributions. 

Polydispersity is therefore unavoidable in any practical 

nano synthesis process. However, all currently available Mie 

theory-based plasmon spectrum simulators deal with a single 

particle or monodisperse particles. Removing the mono-

dispersity assumption from plasmon spectral analysis tools 

and incorporating the particle size distribution contribution 

into them make the analysis more reliable. Hence, a 

methodology that can accommodate the size distribution 

effects into plasmon spectral simulators is a vital knowledge 

gap to explore. 

This paper presents a Mie theory simulator tool capable 

of analyzing the particle size distribution effect on metal 

nanoparticle dispersion's surface plasmon absorption bands.  

In the present work, spherical silver nanoparticles of radii 

from 1 to 40 nm with different particle size distributions were 

investigated to demonstrate the variations of fundamental 

optical characteristics such as maximum absorbance, peak 

position, and FWHM. To numerically solve the mathematical 

model MATLAB program was employed. 



 

 

II. THEORY AND MODEL 

When the size of metal particles is comparable to the 

mean free path (around 50 nm for silver) of conduction 

electrons, conduction electron collisions with particle 

surfaces become significant. Due to this collision process, 

damping frequency became prominent and affected the 

complex dielectric function. Therefore, the optical properties 

of a metal nanoparticle become size-dependent [10]. 

The complex dielectric constant of metal nanoparticles 

contains real and imaginary components. Based on the 

extended Drude theory, the contribution to the dielectric 

constant (𝜖) of silver nanoparticles by conduction and bound 

electrons can be represented by A1, A2, and B1, B2[14]. 

𝜖 =  𝜖1 + 𝑖𝜖2                                       (1) 

𝜖 =  𝐴1 + 𝐵1 + 𝑖(𝐴2 + 𝐵2)             (2) 

𝜖 =  𝑛2 − 𝑘2 + 𝑖(2𝑛𝑘)                    (3) 

Where the refractive index is n, while the extinction 

coefficient is k and i = √(-l). 

𝐴1 = 1 −
𝜔𝑝

2

𝜔2 + 𝜔0
2                               (4) 

𝐴2 =
𝜔𝑝

2 𝜔0

𝜔(𝜔2 + 𝜔0
2)

                               (5) 

Here collision frequency 𝜔0 and 𝜔𝑝 is the plasma frequency 

as below 

𝜔0 =
1

𝜏𝑠

                                                  (6) 

𝜔𝑝 =
4𝜋𝑁𝑒𝑒2

𝑚∗
                                       (7) 

Here, 𝜏𝑠 is the time taken for static collision, Ne is the number 

density of conduction electrons, e is the charge of an electron, 

and m* is the effective mass of a conduction electron [9]. 

The time taken for static collision of the bulk silver is found 

to be 𝜏𝑠 =3.7 x 10 -14 sec. Hence, Fermi velocity 𝑣𝑓 = l.4 x l06 

m/sec was taken to calculate the mean free path of the 

conduction electrons of bulk silver as 𝑙𝑚𝑒𝑎𝑛 = 𝑣𝑓 𝜏𝑠 = 52𝑛𝑚 

[10,13].  

Because conduction electrons collide with the particle surface 

in nanoparticles, their mean free path is reduced. This is 

represented with an additional term 1/𝜏𝑁𝑃 as per 

Matthiessen's rule, 

1

𝜏
= ∑

1

𝜏𝑖
𝑖

=
1

𝜏𝑠

+
1

𝜏𝑁𝑃

                              (8) 

𝜏𝑁𝑃 =
𝑟

𝑣𝑓

                                                          (9) 

As a result, in a nanometal particle, the effective mean free 

path of an electron is a function of the particle radius r,[19] 

𝜔0(𝑟) = 𝜔0 +
𝑣𝑓

𝑟
                                             (10) 

The parameters 𝜔𝑝 and 𝑣𝐹 are assumed to be unaffected by 

particle size. Hence, Eq10 can be used to explain the effect of 

particle size on A1 and A2. 

The absorption and scattering of light by a particle mainly 

depend on its size, shape, chemical composition, and 

surrounding dielectric medium. Extinction is caused by both 

absorption and scattering. The extinction cross-section of 

metal nanoparticles can be described using Mie theory based 

on classical electrodynamic theories. In Mie's theory, 

scattering and extinction cross-sections were defined for a 

single spherical particle submerged in a medium with a 

refractive index as nm at a particular wavelength of 𝜆 [9,13]. 

𝜎𝑒𝑥𝑡 =
2𝜋

𝑘2
∑(2𝑗 + 1)𝑅𝑒(𝑎𝑗 + 𝑏𝑗)          (14)
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𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎                                        (16) 

where 𝜎𝑒𝑥𝑡  is the extinction cross section, 𝜎𝑠𝑐𝑎  is the 

scattering cross section, in addition 𝜎𝑎𝑏𝑠  define as the 

absorption cross-section. Also, 𝑘 = 2𝜋𝑛𝑚/𝜆 is the incident 

photon wave vector. The scattering coefficients 𝑎𝑗  and 𝑏𝑗 

given as: 

𝑎𝑗 =
𝑚𝜑𝑗(𝜔)𝜑𝑗

′(𝑣) − 𝜑𝑗(𝑣)𝜑𝑗
′(𝜔)

𝑚𝜑𝑗(𝜔)𝜀𝑗
′(𝑣) − 𝜀𝑗(𝑣)𝜑𝑗

′(𝜔)
  (17) 

𝑏𝑗 =
𝜑𝑗(𝜔)𝜑𝑗

′(𝑣) − 𝑚𝜑𝑗(𝑣)𝜑𝑗
′(𝜔)

𝜑𝑗(𝜔)𝜀𝑗
′(𝑣) − 𝑚𝜀𝑗(𝑣)𝜑𝑗

′(𝜔)
  (18) 

𝑚 is the relative refractive index (𝑚 = 𝑛/𝑛𝑚 ) where n is the 

reflective index of particle. Where 𝜔 = 𝑚𝑣  and 𝑣 = 𝑘𝑟  is 

the particle size parameters. Also, 𝜑𝑗  and 𝜀𝑗  are Ricatti–

Bessel functions [11-12]. 

𝜑𝑗(𝑥) = √
𝜋𝑥

2
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The Helmholtz differential equation can be solved by 

spherical polar coordinates and segregated parameter 

dependent separate equations. One known as the spherical 

Bessel differential equation. Bohren and Huffman published 

the mathematical foundation for this differential equation 

derivation [12]. 

𝑥2 𝑑2𝑅

𝑑𝑥2 + 2𝑥
𝑑𝑅

𝑑𝑥
+[𝑥2 − 𝑣(𝑣 + 1)]𝑅 = 0        (21)  

The spherical Bessel functions are the two linearly 

independent solutions to above differential equation which is 

𝑗𝑣 and 𝑦𝑣, where 𝐽𝑣 and 𝑌𝑣 are first and second order ordinary 

Bessel functions. Denoted by standard MATLAB functions, 

called respectively besselj and bessely respectively [12,17-

18] 
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Riccati–Bessel functions only slightly differ from spherical 

Bessel functions  

𝜑𝑣(𝑥) = 𝑥𝑗𝑣(𝑥) = √
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ℎ𝑣 can be written as Hankel functions with spherical analogs, 

ℎ𝑣(𝑥) = 𝑗𝑣(𝑥) + 𝑖𝑦𝑣(𝑥)                                 (26) 

𝜑𝑗(𝑥) and 𝜀𝑗(𝑥) is equal to the sum of sines and cosines. The 

initial terms, for example, are as follows: 

𝜑0(𝑥) =  sin 𝑥                                                   (27) 

𝜀0(𝑥) = sin 𝑥 − 𝑖 cos 𝑥                                   (28) 

𝜑1(𝑥) =
sin 𝑥

𝑥
− cos 𝑥                                     (29) 

𝜀1(𝑥) =
sin 𝑥

𝑥
− 𝑖 [

cos 𝑥

𝑥
+ sin 𝑥]               (30) 

In Eq. (17 & 18), up to j =N, the total over j can be limited 

to only a few terms. proposed the values [12,17] 

𝑁 = 𝜐 + 4𝜐
1
3 + 2                                     (31) 

In Eq. (17 & 18), Differentiation is indicated by the primes in 

relation to the argument in parenthesis and the expressions 

for can be formulate as follows, 

𝜑𝑗
′(𝑥) = 𝜑𝑗−1(𝑥) −

𝑗

𝑥
𝜑𝑗(𝑥)                         (32) 

𝜀𝑗
′(𝑥) = 𝜀𝑗−1(𝑥) −

𝑗

𝑥
𝜀𝑗(𝑥)                            (33) 

When an oscillating electric field is illuminated on a metallic 

nanoparticle, collective oscillation of conduction electron 

cloud leads to a polarization of the particles with respect to 

the fixed positively charged lattice, emphasizing how 

confinement affected the particle absorption and scattering of 

incident light. By following this expression for dilute 

spherical nanoparticle dispersions, experimental absorbance 

and calculated extinction coefficient can be merged [9-10]. 

𝐴(𝜔) =
𝜎𝑒𝑥𝑡  𝑙 𝑁

2.303
                                       (34) 

The spectrometer's path length is denoted by l, which is 1 cm 

in this example, and the number density of particles per unit 

volume is denoted by N. Under the assumption that the 

particles have the same density (𝜌 =10.5gcm-3) similar to 

bulk, particle number density was calculated. 

𝑁 =
3𝑀

4𝜋𝑟3𝜌
𝐶𝐴𝑔                                    (35) 

here 𝐶𝐴𝑔 is the concentration of silver atoms and M is atomic 

mass of silver. The observed absorbance varies as the particle 

number density decreases, according to this equation. 

From basic absorbance theory, when multiple species of 

chromophores are present in a solution, absorbance becomes 

additive. This fact was used to model the absorbance 

spectrum of a solution with particle size distribution. 

Therefore, the total absorbance spectrum comprises the sum 

of the weighted combination of the absorbance spectra of 

each particle size.  

𝐴𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐴(𝑟𝑖)𝑊(𝑟𝑖)

𝑛

𝑖=1

                          (36) 

Here 𝐴(𝑟𝑖) is the absorbance of the ith radius particle, and 

𝑊(𝑟𝑖) is the number density of the ith radius particle in the n 

number of total particle sizes in the distribution. 

 Since MATLAB's standard library includes built-in 

functions for solving spherical Bessel differential equations, it 

was chosen to develop a software program to solve the above 

mathematical model. Firstly, a MATLAB code was developed 

to calculate surface plasmon absorbance in a single 

nanoparticle in a given wavelength range. In practice, 

preparing a perfectly monodispersed nanoparticle solution is 

highly unlikely. Generally, nanoparticle solutions are 

mathematically formulated with a particle size distribution. 

So, the MATLAB code was extended to get the absorbance 

curve for particle size distribution. Finally, MATLAB code 

was developed to generate surface plasmon absorption curves 

including manipulation capabilities like input wavelength 

range, mean radius, particle size distribution parameters, and 

reflective index of the medium. 

III. RESULTS AND DISCUSSION 

Surface plasmon absorbance bands and their fundamental 

characterization curves, such as the peak position, maximum 

absorbance, and bandwidth at half-maximum absorption with 

respect to size parameters and wavelength, can be obtained 

using the above software tool. 

 

Fig. 1: Surface plasmon absorption bands of different 

particle size (normal) distributions comprised of mean 
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particle radius from 1 to 40 nm with fixed standard deviation 

as a function of wavelength. 

The surface plasmon absorption bands of silver nano colloids 

suspended in water are shown in Figure 1. Surface plasmonic 

spectrum were calculated for different particle size 

distributions. The particle size distributions were assumed to 

be normally distributed with a standard deviation of 5 and 

mean values varying from 1 to 40 nm, with a fixed 

concentration of 10-5 gcm-3 silver. The figure comprised of 40 

different spectrums one for each particle size distribution.  

 

Fig. 2: Surface plasmon absorption bands of different 

particle size (lognormal) distributions comprised of mean 

particle radius from 1 to 40 nm with fixed standard deviation 

as a function of wavelength. 

 

Fig. 3: maximum absorbance variation of each particle size 

distribution (normal) based on particle mean radius 

Similar characteristics are shown in Fig. 2, but the 

distribution type is lognormal instead. Both figures exhibit 

pronounced surface plasmon bands of silver nanoparticles in 

the visible region. The peak absorption position moved to 

higher wavelengths as the particle size increased. Also, for 

larger particles, the impact of particle size on the location of 

the peak absorption was more substantial. This behavior was 

characteristic and aligned with the previous works [10-

11,13].  

Both particle size distributions are shown in fig. 1 and fig. 2, 

with the peak position at wavelengths between 405 nm and 

475 nm. Grijalva et al. and Bijanzadeh et al. reported similar 

theoretical studies but in the assumption of monodisperse 

sample. In a realistic situation, particle size distribution was 

inevitable; therefore, a small deviation in plasmon peak 

position was expected compared to those studies [10-11].  

 

Fig. 4: maximum absorbance variation of each particle size 

distribution (lognormal) based on particle mean radius 

 

Fig. 5: maximum absorbance variation of two mediums with  
different refractive indices 

The data from Fig. 1 are used to generate Fig. 3, which 

represents the maximum absorbance as a function of the 

mean radius of each size distribution. The maximum 

absorbance of each band increases up to a mean radius of 10 

nm and then decreases again, as shown in fig. 3. The 

lognormal type distribution, however, displayed maximum 

absorption at the lowest mean value and subsequently started 
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to decay after that, as seen in fig. 4. Similar qualitative results 

were reported by Grijalva et al. [10]. 

The peak position shift and maximum absorbance change 
caused by the medium's small change in the reflective index 
are clearly shown in this figure. Two absorption spectra 
belonging to two different dispersing mediums with similar 
silver nanoparticle size distributions are shown in fig.5. One 
medium was water with a reflective index of 1.333, and the 
other had a reflective index of 1.4. An increase in absorbance 
is seen with the change in the reflective index, along with a 
redshift in frequency. 

Synthesized nanoparticle dispersions primarily comply with 
normal or lognormal distribution patterns, implying that most 
particle density distributions can be described using mean 
value and standard deviation parameters. The effect of 
standard deviation and the mean radius on the absorption 
spectrum is shown in fig.6. peak absorption variation with the 
standard deviation can be explained using the intensity of the 
same size particle density in the solution. Hence, intense peak 
absorptions were exhibited by narrow distributions.  

 

Fig. 6: absorption spectrums for the same mean sizes with 

nanoparticle distributions, between 1 and 20 nm, and 

different standard deviations between 1 to 10. 

IV. CONCLUSION  

Mie scattering theory, modified with electron density 
oscillations coupled to localized electromagnetic fields, 
demonstrated promising potential in describing the 
absorption spectrum of silver nanoparticles in a size range 
from 1 to 40 nm. The maximum absorption variation and 
peak wavelength shift, as a mean particle radius, reasonably 
agreed with the literature [9-11,13]. 

Most other investigations in the literature have used the 
mono-dispersion assumption for computations [10-11,13]. 
However, this study demonstrates how influential the particle 
size distribution is on the surface plasmon absorption 
spectrum and the erroneous conclusion one might arrive at by 
ignoring this effect. The qualitative impact of the 
polydispersity index on the absorption spectrum was 
discussed using simulated spectra.   

The influence of the local reflective index on spectral 
characteristics is also demonstrated in the discussion. The 

program can add value to experimental results analyses by 
providing information about the impact of size distribution 
and local dielectric on the SPR spectrum.  
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