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H I G H L I G H T S

• THz Spectroscopy reveals dielectric changes in chitosan-Ag.
• Drude-Smith & Havriliak-Negami models elucidate relaxation dynamics in chitosan composite.
• Ag NPs modify the local electric field in chitosan.
• Ag NPs alter electro-optical properties of chitosan films.

A B S T R A C T

This study investigates the influence of silver nanoparticle incorporation on the electro-optical properties of chitosan, a biocompatible and versatile polymer with 
promising applications in biomedicine, energy storage, and sensing technologies, to name a few. Silver nanoparticles were synthesized by nanosecond laser ablation 
of the silver target in the polymeric solution. Terahertz time-domain spectroscopy was used to determine the complex dielectric function of pure chitosan and 
chitosan-silver nanocomposite films over a broad frequency range. The experimental data were analyzed using theoretical models, based on the Drude-Smith and 
Havriliak-Negami equations, to elucidate the underlying charge carrier dynamics and dielectric relaxation processes. Additionally, complex impedance and complex 
dielectric modulus analyses were conducted, incorporating Cole-Cole plots. The findings reveal a significant enhancement in the relaxation dynamics of the 
nanocomposite compared to pure chitosan, evidenced by a shift towards higher frequencies in the imaginary part of the dielectric function and a characteristic 
quarter-circle arc in the Cole-Cole plot. This study provides valuable insights into the structure-property relationships governing the electro-optical behavior of 
chitosan-based nanocomposites, paving the way for their tailored design and optimization for advanced technological applications.

1. Introduction

The terahertz regime, situated between electronics and photonics, 
holds immense potential for applications ranging from high-speed 
communication and non-destructive imaging to sensing and spectros
copy [1–3]. However, this potential can be fully realized only by 
developing materials with tailored properties in this unique frequency 
range. Nanoparticle-embedded polymers have emerged as promising 
candidates, offering a versatile platform to engineer dielectric properties 
and manipulate THz wave interactions [4]. Chitosan (CT) has garnered 
significant attention due to its exceptional properties, including high 
biocompatibility, biodegradability, low toxicity, and inherent proton 
conductivity, as well as its ability to form flexible, transparent films [5,

6] including the development of sustainable and environmentally 
friendly materials for flexible electronic applications, such as 
biopolymer composites based on chitosan and polyvinyl alcohol [7].

. Previous research has focused on the biomedical applications of CT 
and CT-based composites [8–11], such as the curative effect on wounds, 
the useful effects on skin, and the ability to remove mercury and cad
mium from solutions [12–15]. Similarly, incorporating nanofillers like 
nanocurcumin, grape seed extract, chicory extract, aluminum oxy
hydroxide, and nickel oxide offers a versatile approach to tailoring the 
properties of chitosan composites. [16–18]. Various approaches also 
include hybrid approaches such as the use of Chitosan/Phosphosilica
te/Al2O3 [19] or Gelatin-Mg3Si2O54 nano-composites [20].

Recent examples demonstrate the modification of permittivity 
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(silver-modified chitosan-corn starch-SiO2) [21], conductivity 
(Fe2O3@NiO in Chitosan-PEG) [22], optical properties (Amino
propyltriethoxysilane-SiO2 with carbon nanotubes) [23], and THz 
absorbance (Copper Doped Zinc Magnesium Titanate Nanoceramics) 
[24].

Recently, the growing need for sustainable and efficient energy 
technologies has also driven extensive investigations into the use of 
chitosan as a polymer electrolyte in electrochemical devices, fuel cells, 
batteries, supercapacitors, and sensor technologies [25–28]. Although 
the conductivity of pure chitosan is often insufficient for practical ap
plications, the electrical properties can be tuned by adjusting the filler 
concentration, allowing for significant enhancement of insulating 
polymer conductivity through the incorporation of conductive fillers 
[29–31].

This study employs terahertz Time Domain Spectroscopy (THz-TDS) 
to investigate the enhanced relaxation dynamics in silver-doped chito
san nanocomposites, aiming to better understand the influence of the 
electronic properties and charge transport mechanisms within the CT 
matrix. By deeply studying the dielectric properties of chitosan 
enhanced with silver nanoparticles (CT-Ag), we explore the potential of 
these materials for THz technology applications, including high-speed 
communication, non-destructive imaging, sensing, and medical di
agnostics [5,6].

Ag nanoparticles were synthesized using nanosecond laser ablation 
in liquid, a technique offering distinct advantages over traditional 
chemical synthesis methods [32,33]. Intense laser pulse irradiation of a 
solid target results in the formation of laser-induced plasma. In laser 
ablation in liquid experiments, the medium tightly confines the plasma, 
resulting in the formation of a cavitation bubble with oscillating dy
namics. Within this cavitation bubble, the nucleation and growth of 
nanoparticles occur. Upon bubble collapse, the nanoparticles are 
released into the surrounding liquid. This technique produces 
high-purity nanoparticles without requiring stabilizing agents or 
reducing chemicals. Moreover, laser ablation in liquid is environmen
tally friendly, as it generates minimal chemical waste and avoids the use 
of toxic substances. These advantages make it an ideal method for pro
ducing nanoparticles for applications in sensitive environments, such as 
biomedical and sensing technologies, where purity and precise control 
over particle characteristics are essential. By incorporating silver 
nanoparticles produced via laser ablation in liquid, this study not only 
optimizes the dielectric properties of CT-Ag composites for THz appli
cations but also enhances the material’s sustainability and safety profile. 
This approach further supports the development of advanced materials 
that are both effective and environmentally responsible, aligning with 
the growing demand for green synthesis techniques in nanotechnology.

To interpret the observed dielectric response, we employed several 
theoretical models and analysis techniques. After extracting the dielec
tric function of the CT and the CT-Ag composite, we used the Drude- 
Smith (DS) equation to describe the frequency-dependent conductivity 
of the samples, providing insights into the dynamics of free and bound 
charge carriers. Moreover, we employed the Havriliak-Negami (HN) 
equation to model the complex dielectric function, accounting for the 
distribution of relaxation times often present in heterogeneous materials 
like polymer composites. From the outcome of the initial analysis, we 
further investigated the complex impedance and dielectric modulus 
analysis to gain deeper insights into the electrical relaxation processes 
taking place in the composites. Finally, to complete and visualize the 
dielectric response, we utilized Cole-Cole plots, providing a clear 
graphical representation of the dielectric data and facilitating the 
analysis of relaxation processes and impedance characteristics.

By combining the results obtained from THz-TDS measurements with 
insights derived from the Drude-Smith, Havriliak-Negami and Cole-Cole 
analyses, in correlation with the complex impedance and the complex 
dielectric modulus analysis, we aim to elucidate the underlying physics 
governing the electron transport and electro-optical properties of chi
tosan and its nanocomposite counterpart. Our findings reveal that the 

addition of silver nanoparticles significantly alters the dielectric relax
ation behavior, as evidenced by the Cole-Cole plot analysis. This analysis 
sheds light on the significant role of interfacial effects and the intrinsic 
properties of silver nanoparticles in governing the electrical relaxation 
dynamics of the composite material.

2. Materials and methods

2.1. Sample fabrication and characterization

Silver nanoparticles (Ag-NPs) were synthesized by nanosecond laser 
ablation of an Ag target (Goodfellow, 99.999 %) in a 1 g/L chitosan 
solution. The solution was prepared by dissolving chitosan (100–300 
KDa, deacetylation degree 75 %, Acros Organics) in 0.1 % acetic acid 
(Sigma-Aldrich, 99.8 %) and stirring at 35 ◦C for 4 h until fully dissolved. 
A nanosecond Nd:YAG laser (Handy-YAG – Quanta System) with a 
wavelength of 532 nm, pulse duration of 7 ns, repetition rate of 10 Hz, 
and power of 150 mW was used for the ablation experiments. The laser 
beam was vertically focused on the silver target using a lens with a focal 
length of 50 mm, obtaining a spot size of 0.8 mm, for a fluence of 1.5 J/ 
cm2. The target was placed in a beaker containing 50 ml of the chitosan 
solution, the liquid column was maintained at a height of 2 cm and the 
ablation lasts for 45 min. The Ag NP concentration was 8 μg/mL, as 
evaluated weighting the silver target before and after the ablation pro
cess. By using these conditions, it is possible to obtain stable colloidal Ag 
NPs embedded in the polymeric solution, avoiding the polymer degra
dation during the ablation experiment [34]. 20 ml of the Ag-CT solution 
was dried at room temperature in a 25 × 25 mm2 plate to prepare free 
standing films of the same size and approximate thickness in the orders 
of 50 μm. Ag NPs are present in the composite films with an amount of 
0.8 %ww.

Morphology and size distribution of the Ag NPs were characterized 
by TEM analysis. Few drops of the colloidal solution were dropped on 
Holey Carbon copper grids (Agar Scientifics) and observed with a FEI 
TECNAI G2 F20 instrument operating at 200 kV. Images were analyzed 
by using the free software ImageJ. ATR-FTIR ALPHA instrument 
(Bruker) was used to characterize the prepared films. Spectra were ac
quired in the 400-4000 cm− 1 range with a resolution of 2 cm− 1. XRD 
diffractogram of the composite was obtained by using a D5000 instru
ment (Siemens) in a Bragg-Brentano configuration, equipped with a 
CuKα radiation source, operating at 40 kV, 32 mA, in the 5–60 2θ range.

2.2. Terahertz time domain spectrometer

Terahertz Time Domain Spectroscopy served as the primary experi
mental technique, enabling us to determine the complex dielectric 
function of our samples over a broad frequency range (0.2–2.5 THz). 
TDS transmission measurements were carried out using a femtosecond 
laser-driven, all-fiber-coupled THz spectrometer (TERAK15, Menlo 
Systems). Photoconductive antennas were employed for both THz gen
eration and detection, in line with Polymethylpentene (TPX) lenses used 
to collimate and focus the broad THz frequency range onto the samples. 
The time-domain signals passing through the sample at normal inci
dence and the free-space reference were acquired separately and 
transferred into the frequency domain using a Fast Fourier Transform 
procedure. The material transfer complex function T̃(ω) was extracted 
from the ratio of the electric field Es(ω) transmitted through the sample 
and the reference signal Er(ω) transmitted in air. The complex index of 
refraction ñ(ω) = n(ω) + ik(ω) was then extracted from the transfer 
function and used to evaluate the complex dielectric function, ε̃ = έ +

εʹ́ , where έ = n2 − k2 and εʹ́ = 2nk, and the absorption coefficient α =

2ωk/c.
The dielectric response of the mixture was obtained from the fre

quency domain analysis using an algorithm that iteratively minimizes 
the distinct peaks arising from the multiple reflections inside the sample 
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due to periodic Fabry–Perot oscillations [35]. The same algorithm pre
cisely determined the thickness by applying an additional Fourier 
transform to the frequency domain data, which generates information in 
a quasi-space domain allowing the actual sample thickness to be pre
cisely determined [36]. The normalized quasi-space peaks plotted as a 
function of thickness revealed clear minima at 36 μm for the CT film and 
46 μm for the silver-nanoparticle doped chitosan film [37]. This mea
surement, with an associated ±1 μm uncertainty, was considered in the 
error analysis of the complex refractive index and complex dielectric 
function.

2.3. Model fitting procedure

The fitting of all models employed in this analysis was performed 
using a custom non-linear regression algorithm implemented in MAT
LAB. The algorithm utilizes the Levenberg-Marquardt method to opti
mize model parameters and minimize the error between theoretical 
predictions and measured values. The Levenberg-Marquardt algorithm 
is particularly well-suited for non-linear least-squares problems, offering 
a balance between the steepest descent and Gauss-Newton methods to 
efficiently converge towards optimal parameter values. This custom 
implementation provided flexibility in adapting the fitting procedure to 
the specific characteristics of the models and datasets.

3. Results and discussion

3.1. Chitosan + Ag NPs composite characterization

Size and morphology of Ag NPs obtained by laser ablation of a silver 
target in the polymeric solution were investigated by TEM analysis(see 
Fig. 1). Well dispersed spherical Ag NPs were obtained, characterized by 
a mean Feret diameter of 14 nm and an aspect ratio of 1.1.

ATR-FTIR analysis allows to highlight the interaction between 
AgNPs and the polymer. In Fig. 2 vibrational spectra of Chitosan and 
Chitosan + AgNPs films are reported. In both spectra are present the 
broad band between 3600 and 3000 cm− 1 due to the stretching of the 
O–H and N–H bonds, the band centered at 2800 cm− 1 due to the 
stretching vibration of the C–H groups and the signals at about 1670, 
1580 and 1315 cm-1, related to the stretching of C––O bonds in amide II, 
to the bending of N–H of amide II and to the C–N stretching of amide III, 
respectively. The observed decreasing of the band at 1580 cm− 1 for the 
Chitosan + AgNPs film suggests the interaction of the metallic nano
particles with the amino groups of the polymer [38,39].

The XRD diffractogram of Chitosan + AgNPs film shows two bands at 
about 10◦ and 20◦ that can be assigned to (020) and (200) reflections of 
chitosan, respectively [40] and a low intensity peak at 38,2◦, that can be 
assigned to the (111) planes of silver in the FCC crystal structure (JCPDS 
card no. 87–0720).

3.2. THz frequency domain analysis

The complex index of refraction and the absorbance plots of the 
samples under test are given in Fig. 3(a) and (b) respectively.

The measured values of the complex index of refraction and absor
bance are in line with previously reported data for similar materials 
[41].The scattered points at around 1.1, 1.8, 1.9, 2.0, and 2.5 THz 
correspond to water vapour absorption peaks, which are inherent to THz 
time-domain spectroscopy measurements performed under ambient 
conditions. The raw frequency-domain plots include these data points, 
but they have been removed from the modelled complex dielectric 
function to enhance visual clarity and facilitate interpretation of the 
underlying dielectric response. This removal does not affect the analysis 
or conclusions.

3.3. Drude-Smith model

The THz frequency range corresponds to the typical timescales of 
carrier scattering events in materials, allowing the direct study of charge 
carrier dynamics, including the effects of localization, by probing ma
terials with THz radiation. The Drude-Smith (DS) model is a suitable 
choice for analyzing the chitosan-silver nanoparticle system at terahertz 
frequencies [42,43]. It accounts for the potential localization of charge 
carriers due to the nanoscale dimensions of the particles and the influ
ence of the CT matrix. By fitting the DS model to the experimental data, 
we extracted valuable information about the charge transport properties 
of the composite material, such as the degree of localization and the 
scattering rate of charge carriers [44,45,48].

Nanomaterials have often dimensions comparable to the mean free 
path of electrons, making them more susceptible to scattering off 
boundaries and interfaces rather than other electrons or lattice vibra
tions. This scattering behavior leads to localized charge carriers, which 

Fig. 1. (a) TEM micrograph illustrating the morphology and dispersion of silver 
nanoparticles within the chitosan matrix of the CT + AgNP composite. (b) Size 
distribution histogram of the AgNPs, revealing a mean Feret diameter of 14 nm 
and an aspect ratio of 1.1.
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do not move freely throughout the material. The DS model is an 
extension of the classical Drude model, which assumes completely free 
electrons. The key difference is the inclusion of the phenomenological 
backscattering parameter c1, ranging between 0 and -1, which accounts 
for the persistence of velocity after a collision. A negative value indicates 
a higher probability of backscattering, characteristic of localized carriers 
in nanomaterials [46–50].

Within the DS model the dielectric function ε̃(ω) of a nanomaterial 
system can be well described under the single-scattering approximation 
using the following formula: 

ε̃(ω)= ε∞ −

{
ω2

p

ω2 + iωωτ

(

1+ c1
ωτ

ωτ − iω

)}

(1) 

where ε∞ is the background permittivity, ω = 2πν is the radial fre
quency, ωτ = 1/τ is the relaxation frequency (τ is the carrier collision 

time) and ωp is the plasma frequency. c1 accounts for the fraction of 
charge carriers’ initial velocity retained after one collision only. The 
corresponding complex conductivity can be obtained using the expres
sion: σ̃(ω) = − i[̃ε(ω) − ε∞]ε0ω, where ϵ0 is the free space permittivity. 
The Drude-Smith model fit to the complex dielectric function is shown in 
Fig. 4(a) and (b), for the pure CT film and the silver nanoparticle-doped 
CT composite film respectively.

Fig. 4 shows a nice matching between fits provided using Eq. (1) and 
the experimental data for both the CT and CT-Ag composite materials, 
demonstrating the model capacity to account for the localization of 
charge carriers.

The corresponding analysis provides several key insights into the 
impact of incorporating silver nanoparticles into the CT composite. 
Firstly, the higher plasma frequency observed in the composite suggests 
either a greater concentration of mobile charge carriers or enhanced 
charge carrier mobility, which can be attributed to the addition of the 
silver nanoparticles. Furthermore, the composite exhibits a shorter 
scattering time, indicating that charge carriers experience more scat

Fig. 2. (a) ATR-FTIR spectra of chitosan and Chitosan + AgNP films, showing 
characteristic vibrational bands. The decrease in the 1580 cm-1 band for the 
composite indicates interaction between AgNPs and the amino groups of chi
tosan. (b) XRD diffractogram of the Chitosan + AgNP film, revealing chitosan 
reflections at 10◦ and 20◦ and a silver peak at 38.2◦ (shown with a star).

Fig. 3. (a) Complex refractive index and (b) absorbance of the pure CT film and 
silver nanoparticle-doped CT film, as extracted from THz-TDS transmission 
measurements. Error bars represent ±1 μm uncertainty in thickness measure
ments plot with contrasting colors to improve visibility. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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tering events due to the presence of the silver nanoparticles within the 
CT matrix. Additionally, the confinement parameter c1 ≈ − 1 indicate 
that the charge carriers are fully localized for both the pure CT and the 
composite material. Lastly, the higher value of ε∞ in the composite 
suggests a greater contribution from fast polarization mechanisms at 
high frequencies, which could be attributed to the influence of the Ag 
NPs. The DS fitting parameters are given in Table 1.

While precise error quantification for the fitting parameters is not 
possible due to the lack of statistical data, the Drude-Smith model ex
hibits excellent agreement with the empirical data, achieving R2 values 
greater than 0.95.

The decreased resonance frequency observed in the composite 

material indicates that the incorporation of silver nanoparticles in
fluences the oscillatory behavior of bound charges within the chitosan 
matrix when subjected to the electromagnetic field. In other words, the 
shifts observed in the resonance frequency of the composite material can 
be understood because of the complex interplay between the silver 
nanoparticles and the molecular-scale structure of the chitosan matrix, 
which manifests as alterations to the vibrational response of the material 
as a whole.

These mechanisms depend strongly on the properties and distribu
tion of the nanoparticles. The observed shifts can be attributed to two 
primary factors. The first is the potential alteration of the local dielectric 
environment, wherein the presence of silver nanoparticles introduces 
interfacial regions and modifies the local dielectric constant surrounding 
the chitosan molecules. This altered dielectric environment influences 
the electric field distribution experienced by the bound charges, effec
tively reducing their restoring force and thus lowering the resonance 
frequency. The second factor is the modification of the bonding envi
ronment, wherein the interaction between silver nanoparticles and 
chitosan molecules can potentially alter the bonding characteristics 
within the polymer matrix, such as changes in hydrogen bonding net
works, coordination bonds, or other intermolecular interactions [28,30,
51–53].

An alternative vision of the transport mechanisms ruling the elec
trodynamics of the two films may be obtained looking at the comparison 
between the experimental conductivities and the DS fit results shown in 
Fig. 5. Here both the real and imaginary term of σ̃(ω) are plotted.

As already said, the fitting procedure yields for both samples c1 = − 1 
within the uncertainties of the calculation, which is consistent with the 
observed frequency behavior for the complex conductivity. Specifically, 
the real part approaches zero at DC, while the imaginary part is negative. 
This is interpreted in the DS model as conductivity being dominated by 

Fig. 4. Drude-Smith model fits to the complex dielectric function of (a) the 
pure chitosan film and (b) the silver nanoparticle-doped chitosan composite 
film. The real (ε′) and imaginary (ε") components of the dielectric function are 
shown as a function of frequency. Experimental data are represented by red and 
black squares for the real and imaginary components, respectively. The corre
sponding Drude-Smith fits are shown as dash-dotted lines, following the same 
color scheme. Error bars represent ±1 μm uncertainty in thickness measure
ments plot with contrasting colors to improve visibility. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Table 1 
Drude-Smith model fitting parameters for the pure chitosan film and the silver 
nanoparticle-doped chitosan composite film.

ωp[THz] εDS
∞ c1 ωτ [THz]

Chitosan 3.4 2.48 − 0.99 18.70
Chitosan + Ag NPs 7.5 2.86 − 0.99 33.90

Fig. 5. Complex conductivity of the pure chitosan film and the silver 
nanoparticle-doped chitosan composite film as a function of frequency. 
Experimental data are represented by square symbols: black (red) for the real 
part (σ′) and green (blue) for the imaginary part (σ") of the pure CT (CT-Ag) 
film. The solid lines represent the corresponding Drude-Smith model fits to the 
complex conductivity, following the same color scheme. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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carrier backscattering. This suggests that the transport in all samples is 
dominated by localized charge carriers, consistent with the nanoscale 
morphology of the samples.

The composite sample exhibits a relatively higher conductivity 
compared to the pristine chitosan at higher frequencies, indicating that 
the incorporation of silver nanoparticles enhances the charge transport 
in the material at these higher frequencies. However, it is important to 
note that in the studied system the volume fractions of the nanoparticles 
are below the percolation threshold. Even with the effect of the silver 
nanoparticles, both systems are behaving like insulators. The observed 
increase in the absolute values of conductivity can be explained by the 
high density of structural defects induced by the adopted synthesis 
conditions, and these defects become more discernible as the wave
lengths get closer to the size of the particles or the distance between the 
charge carriers. Structural defects in chitosan, such as chain ends, en
tanglements, and crystallinity variations, can be exacerbated by the 
inclusion of silver nanoparticles, creating interfacial defects. Solution 
casting, particularly with rapid solvent evaporation, can further trap 
these defects [51,54,55]. The addition of silver nanoparticles, even at 
concentrations below the percolation threshold, appears therefore to 
significantly influence the dielectric properties of the composite mate
rial. While the nanoparticles do not induce a transition to a conductive 
state, they may impact the density and behavior of structural defects 
within the material, leading to a “nuanced” effect on the dielectric 
response.

3.4. Havrialik-Negami model

The relatively low conductivity observed within the measured fre
quency range may suggest that the dielectric relaxation process is the 
dominant factor, potentially masking any underlying conductive 
behavior in the material. It is possible that some degree of charge 
transport exists, but it is overshadowed by the more prominent relaxa
tion phenomena occurring in the system.

The HN model is a generalized dielectric relaxation function that can 
describe a wide range of polarization phenomena in materials, including 
those with a distribution of relaxation times [56,57]. It is an empirical 
modification of the Debye model to account for the broadening (β) and 
asymmetry (γ) of the dielectric dispersion curve, considering that there 
is a distribution of relaxation times instead of a single relaxation time 
and a non-symmetric shape of the dielectric spectrum. Consequently, the 
HN equation may adequately capture the overall shape of the experi
mental data without the need to explicitly account for the conductivity 
contribution.

The Havriliak-Negami equation is expressed as: 

ε̃(ω)= ε∞ +
Δε

(
1 + (iωτHN)

β)γ (2) 

where Δε represents the dielectric relaxation strength (the difference 
between the low-frequency and high-frequency permittivity), and τHN is 
the characteristic relaxation time.

The Havriliak-Negami (HN) equation can describe the frequency 
dispersion of the dielectric response in a wide range of materials, 
including polymer composites with nanoscale fillers [56,58]. In a 
common sense, β and γ are shape parameters, both typically ranging 
from 0 to 1. β expresses the broadening of the dielectric loss peak, 
whereas γ provides information on the asymmetry in its shape. When 
β = γ = 1, the HN equation reduces to the Debye equation, representing 
a single relaxation process. When β = 1 and 0 < γ < 1, it becomes the 
Cole-Davidson equation. When 0 < β < 1 and γ = 1, it becomes the 
Cole-Cole equation [59]. Exceeding the typical range of 0–1 for the 
shape parameters in the HN [56,60]equation suggests complex relaxa
tion processes that depart from standard Debye behaviour.

The Havriliak-Negami model fits to the complex dielectric function 
are presented in Fig. 6, and the corresponding fitting parameters are 

summarized in Table 2.
Again, there is an excellent agreement between fitting curve and 

experimental data, with R2 values greater than 0.95. This strong corre
spondence is visually confirmed in Fig. 4, where the HN model effec
tively captures the key features of the dielectric response, such as the 
overall shape of the curves and the position of peaks.

Fig. 6. Havriliak-Negami model fits to the complex dielectric function of (a) 
the pure chitosan film and (b) the silver nanoparticle-doped chitosan composite 
film. The real (ε′) and imaginary (ε") components of the dielectric function are 
shown as a function of frequency. Experimental data are represented by square 
symbols (black for the real part and red for the imaginary part). The corre
sponding HN fits are displayed as solid lines. Error bars represent ±1 μm un
certainty in thickness measurements plot with contrasting colors to improve 
visibility. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Table 2 
Havriliak-Negami model fitting parameters for the pure chitosan film and the 
silver nanoparticle-doped chitosan composite film.

Δε β γ τHN [fs] εHN
∞

Chitosan 1.75 1.00 1.00 100 2.08
Chitosan + Ag NPs 2.99 0.84 0.82 70 1.85
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Data analysis provides several key insights into the impact of 
incorporating silver nanoparticles into the CT composite. First, the 
shorter relaxation time τ observed in the composite indicates faster 
relaxation processes, which aligns with the higher frequency response 
seen in the Drude-Smith model analysis. This suggests that the silver 
nanoparticles facilitate or accelerate the relaxation of chitosan dipoles. 
The shorter relaxation time (τ) observed in the composite indicates 
faster relaxation processes. This suggests that the silver nanoparticles 
facilitate or accelerate the relaxation of chitosan dipoles. Additionally, 
the composite exhibits an increased Δε, implying a larger relaxation 
strength, likely nanoparticle mediated silver. The ε∞ value is lower in 
the composite film, suggesting a reduced contribution from electronic 
polarization mechanisms at higher frequencies, possibly due to in
teractions between the silver nanoparticles and the chitosan matrix. The 
near-unity values of both β and γ for both films indicate near-Debye 
behaviour with minimal asymmetry in the dielectric loss peak. The 
decrease in β in the composite suggests a broadening, not narrowing, of 
the relaxation time distribution, which could be attributed to the het
erogeneity introduced by the silver nanoparticles. This heterogeneity 
could arise from factors such as an inhomogeneous distribution of 
relaxation times within the material, interfacial polarization effects, or 
variations in the local environment surrounding the polymer chains due 
to the presence of the nanoparticles.

In summary, the Havriliak-Negami model offers a flexible, empirical 
framework to capture the dielectric response, whereas the Drude-Smith 
model provides a more physically grounded approach. Using a combi
nation of these models and carefully analyzing their parameters one can 
provide a more comprehensive understanding of the complex dielectric 
behavior of the chitosan-silver nanoparticle system. The matching of 
both the Drude-Smith and Havriliak-Negami models with the experi
mental data may suggest that the chitosan-silver nanoparticle compos
ites exhibit significant charge carrier localization and a distribution of 
relaxation times, likely due to the complex morphology of the com
posite, including the interfaces between chitosan and silver 
nanoparticles.

3.5. Cole-Cole plots

To further analyze the dielectric properties of the chitosan and 
chitosan-silver nanoparticle composite films we analyzed the Cole-Cole 
(CC) plot of the two samples. The plot displays the imaginary part of the 
complex permittivity against the real part, and can reveal information 
about the distribution of relaxation times and the presence of multiple 
polarization processes [57,61–63]. The CC plots, along with the corre
sponding high-order polynomial fits, are presented in Fig. 7.

The CC plot for pure chitosan exhibits a clockwise semi-circular arc 
with its center positioned to the left of the positive x-axis. This suggests 
the material exhibits a relatively Debye-like dielectric relaxation process 
with a distribution of relaxation times. The presence of a distribution of 
relaxation times indicates that not all dipoles within the material relax at 
precisely the same rate. This distribution can lead to a slight deviation 
from the ideal Debye semicircle, such as a broadening or flattening of the 
arc. In contrast, the plots for the silver-embedded CT composite show a 
shift of the arc towards the right side of the axis, forming a quarter-circle 
with a larger radius. This indicates an increase in the real part of the 
permittivity at lower frequencies, likely due to the addition of conduc
tive silver nanoparticles enhancing the material’s ability to store elec
trical energy [51]. Furthermore, the change in shape to a quarter-circle 
and the larger radius suggest a broader distribution of relaxation times 
in the composite compared to pure CT [64,65]. This could be attributed 
to the introduction of new interfacial polarization mechanisms at the 
chitosan-silver boundaries, where the silver nanoparticles, with their 
free electrons, can accumulate charges at the interfaces, leading to 
additional polarization effects that contribute to the dielectric response.

In an ideal Debye model, the Cole-Cole plot would form a perfect 
semi-circular arc centered on the real axis. The fact that in the pure CT 

film the center of the semi-circle is slightly to the left of the positive real 
axis suggests a distribution of relaxation times, indicating that the chi
tosan molecules do not all relax at precisely the same rate [57,59,60,66,
67].

In the NP doped sample, instead, the presence of a linear line with a 
positive slope following the quarter-circle arc in the CC plot suggests an 
additional conduction mechanism that might imply a significant DC 
conductivity contribution in the CT-Ag nanocomposite, indicating a 
pathway for direct current flow through the material due to the presence 
of the conductive silver nanoparticles. This finding is also consistent 
with the increase in conductivity observed at higher frequencies from 
the complex conductivities extracted using the DS model.

Several sources discuss the interpretation of Cole-Cole plots and 
deviations from ideal Debye behavior. In Refs. [62,63,66] authors pro
vide relevant discussions on Cole-Cole analysis and interpretations. 
Additionally, information on the relationship between Cole-Cole plots 
and the distribution of relaxation times can be found in Refs. [59,60,67].

The observed changes in the Cole-Cole plots clearly demonstrate that 
the incorporation of silver nanoparticles significantly alters the dielec
tric relaxation behavior of chitosan [51].

Integrating the insights from the Drude-Smith and Havriliak-Negami 
models provides a cohesive and complementary understanding, while 
further analysis of the complex modulus and complex impedance offers 
additional confirmation of the findings [28,56,68].

The broadening of the relaxation time distribution observed in the 
Havriliak-Negami analysis, indicated by the decrease in β for the 
chitosan-silver nanocomposite, is further corroborated by the Cole-Cole 
plots. A deviation from the ideal Debye semicircle, potentially towards a 
skewed or flattened arc, would visually represent this broadened dis
tribution and suggest a departure from a single relaxation process. 
Analysis of the complex modulus and impedance data provides com
plementary insights into the relaxation dynamics. The complex modulus 
formalism is particularly sensitive to conductivity contributions and 
interfacial phenomena. A non-Debye response in the complex modulus, 
such as a broadened or asymmetric peak in the imaginary component 
(M"), would support the presence of multiple relaxation processes or a 
distribution of relaxation times within the composite. Similarly, the 
complex impedance data can reveal information about charge transport 

Fig. 7. Cole-Cole plot for the pure chitosan film and the silver nanoparticle- 
doped chitosan composite film. The imaginary part (ε") of the complex 
permittivity is plotted against the real part (ε′). Experimental data for the pure 
chitosan film are represented by empty black squares, while filled black squares 
represent the data for the composite film. The corresponding high-order poly
nomial fits to the data are shown in red. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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mechanisms. A depressed semicircle in the complex impedance plane, or 
the presence of multiple semicircles, would further indicate the influ
ence of interfacial polarization and the heterogeneous nature of the 
composite material. These combined analyses provide a comprehensive 
picture of the enhanced and more complex relaxation dynamics in the 
silver-doped chitosan nanocomposite compared to pure chitosan.

3.6. Complex impedance and modulus analysis

Analysis of the complex impedance Z̃ has been widely employed to 
identify these individual processes, and the data have been analyzed by 
measuring the complex modulus M̃, which is the inverse of complex 
permittivity ̃ε and is related to the complex impedance: 

M̃(ω)= 1
ε̃ (ω) = Mʹ + jMʹ́ = jωC0 Z̃(ω) (5) 

where; 

Mʹ=
έ

(έ 2 + εʹ́ 2)
,Mʹ́ =

εʹ́

(έ 2 + εʹ́ 2)
and Z̃= Zʹ + jZʹ́  

Here the parameters Z′ and Z’’ represent the resistance and reactance of 
the material, respectively. The vacuum capacitance C0 is calculated as 
ε0A/d, where A is the area and d the thickness of the sample space.

The sample thicknesses were estimated using an iterative quasi-space 
approach, which was described in detail in a previous section, and since 
the dielectric response was probed using transmitted THz waves the 
sample surface area A was determined based on the 1 mm spot size of the 
THz beam.

The complex modulus formalism helps to distinguish the effects of 
electrode polarization and interfacial phenomena. The imaginary part of 
the complex modulus plotted against frequency provides insights into 
the true electrical relaxation processes within the material. In the ideal 
case, this can be characterized by a conductivity relaxation time. Under 
such ideal conditions, the peaks in the imaginary part of the complex 
impedance and complex modulus spectra occur at the same frequency, 
and their shapes are identical to those predicted by the Debye theory for 
dielectric loss [69,70]. The imaginary part of the impedance and 
modulus are plotted in Fig. 8(a) and (b) for the pure chitosan film and 
the silver nanoparticle-doped chitosan composite film respectively.

The complex modulus analysis reveals that the incorporation of sil
ver nanoparticles into the chitosan matrix leads to significant changes in 
the electrical relaxation behavior, as they depart from the ideal Debye 
theory for dielectric loss, even if the predicted response is observed. This 
deviation suggests that while the CT system exhibits some characteris
tics consistent with Debye behavior, such as a single relaxation time in 
certain frequency ranges, the presence of silver nanoparticles introduces 
additional complexities. One possible explanation for this deviation is 
the heterogeneous nature of the composite material. The introduction of 
silver nanoparticles, even below the percolation threshold, can create 
interfaces between the CT matrix and the nanoparticles [54]. These 
interfaces can act as trapping sites for charge carriers, leading to a dis
tribution of relaxation times rather than a single relaxation time as 
predicted by the Debye model [52,55]. This hypothesis is supported by 
the Havriliak-Negami analysis, which indicates a broadening of the 
relaxation time distribution in the composite material compared to pure 
CT.

Furthermore, the silver nanoparticles themselves can contribute to 
the observed deviation from Debye behavior. The inherent surface 
charge and potential for aggregation of the nanoparticles can influence 
the local electric field distribution within the CT matrix. This altered 
electric field can affect the dipole orientation and relaxation dynamics, 
leading to deviations from the ideal Debye response. Therefore, the 
observed departure from Debye behavior in the complex modulus 
analysis underscores the significant role of both interfacial effects and 

the intrinsic properties of the silver nanoparticles in influencing the 
electrical relaxation behavior of the chitosan-silver nanoparticle com
posite. Another important complementary result we observe from the 
given plot is the absence of a clear upward trend in the imaginary 
impedance with increasing frequency within the measured frequency 
range. This supports the idea that conductivity is not a major contributor 
in this specific frequency window, which is also consistent with the 
findings from the Drude-Smith model fits.

4. Conclusion

The dielectric properties of the chitosan-silver nanoparticle com
posites were investigated using terahertz time-domain spectroscopy. 
The obtained data were analyzed adopting different theoretical ap
proaches, specifically the Drude-Smith and the Havriliak-Negami 
models, and using the Cole-Cole plots and the complex impedance and 
complex modulus formalisms to provide a comprehensive understand
ing of the dielectric response in the samples under test.

The Drude-Smith model revealed a significant increase in conduc
tivity at higher frequencies for the composite material compared to pure 
chitosan, indicating the contribution of the silver nanoparticles to the 

Fig. 8. Frequency dependence of the imaginary part of the complex impedance 
(Z") and the complex modulus (M") for (a) the pure chitosan film and (b) the 
silver nanoparticle-doped chitosan composite film. Black squares represent the 
imaginary part of the modulus (M"), whereas blue squares represent the 
imaginary part of the impedance (Z"). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.)
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material’s ability to conduct electricity. However, it is important to note 
that in the studied system, the volume fractions of the nanoparticles are 
below the percolation threshold, and even with the effect of the silver 
nanoparticles, both films are behaving like insulators. The observed 
increase in the absolute values of conductivity can be explained by the 
high density of structural defects induced by the adopted synthesis 
conditions, and these defects become more discernible as the wave
lengths get closer to the size of the particles or the distance between the 
charge carriers.

The Havriliak-Negami model analysis reveals key differences in the 
dielectric relaxation behavior of the chitosan-silver nanocomposite 
compared to pure chitosan. Both materials exhibit near-Debye behavior, 
suggested by β and γ values close to unity, however, the composite ex
hibits enhanced relaxation dynamics, characterized by both a decreased 
relaxation time (τ) and a broadened distribution of relaxation times 
(lower β value). This would indicate that the incorporated silver nano
particles influence the relaxation dynamics by introducing additional 
relaxation pathways and facilitating faster dipole reorientation within 
the chitosan matrix. The observed decrease in ε∞ further indicates that 
the silver nanoparticles alter the high-frequency dielectric response, 
likely due to interactions at the chitosan-silver interface.

The Cole-Cole plots provided further insights into the dielectric 
relaxation behavior. The pure CT exhibited a shape closer to a semi
circle, characteristic of a Debye-like relaxation process. However, the 
composite material showed a distinct deviation from the ideal Debye 
behavior, with the plot resembling a quarter-circle followed by a linear 
region. This change in shape suggests a broader distribution of relaxa
tion times in the composite, likely due to the interfacial polarization 
effects at the chitosan-silver boundaries.

Complex impedance and complex modulus analyses were employed 
to decouple the various contributions to the dielectric response. The 
complex modulus analysis highlighted the significant changes in the 
electrical relaxation behavior upon the incorporation of silver nano
particles. While the chitosan system exhibited some characteristics 
consistent with Debye behavior, the composite material showed a clear 
departure from this ideal model. This deviation was attributed to the 
heterogeneous nature of the composite and the influence of the silver 
nanoparticles on the local electric field distribution. The absence of a 
clear upward trend in the imaginary impedance with increasing fre
quency further supported the findings from the Drude-Smith model, 
indicating that conductivity is not a dominant factor in the measured 
frequency range. Overall, the results demonstrate that the incorporation 
of silver nanoparticles into a CT matrix significantly alters the dielectric 
properties and relaxation behavior of the material. The observed 
changes are attributed to a combination of factors, including the 
increased conductivity due to the silver nanoparticles, the introduction 
of interfacial polarization effects, and the influence of the nanoparticles 
on the local electric field distribution. These findings highlight the po
tential of chitosan-silver nanoparticle composites for various terahertz 
technology applications requiring precise control over dielectric prop
erties. These include devices, flexible electronics, polymer electrolytes 
in electrochemical devices, supercapacitors, and sensor technologies. To 
further refine our understanding, future studies will employ imaging- 
based techniques and mean-field theories to map concentration- 
dependent electro-optical parameter alterations, enabling a more 
quantitative assessment of the AgNP influence on the composite’s 
dielectric behaviour.
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[45] H. Němec, P. Kužel, V. Sundström, Far-infrared response of free charge carriers 
localized in semiconductor nanoparticles, Phys. Rev. B Condens. Matter (2009), 
https://doi.org/10.1103/PhysRevB.79.115309.

[46] C.S. Yang, et al., Non-drude behavior in indium-tin-oxide nanowhiskers and thin 
films investigated by transmission and reflection thz time-domain spectroscopy, 
IEEE J. Quant. Electron. (2013), https://doi.org/10.1109/JQE.2013.2270552.

[47] N.V. Smith, Classical generalization of the drude formula for the optical 
conductivity, Phys. Rev. B Condens. Matter 64 (15) (2001), https://doi.org/ 
10.1103/PhysRevB.64.155106.

[48] W.C. Chen, R.A. Marcus, The drude-smith equation and related equations for the 
frequency-dependent electrical conductivity of materials: insight from a memory 
function formalism, ChemPhysChem (2021), https://doi.org/10.1002/ 
cphc.202100299.

[49] C. Imparato, et al., Photocatalytic hydrogen evolution by co-catalyst- -free TiO2/C 
bulk heterostructures synthesized under mild conditions, RSC Adv. 10 (2020) 
12519–12534, https://doi.org/10.1039/D0RA01322F.

[50] C. Koral, B. Ortaç, H. Altan, Terahertz time-domain study of silver nanoparticles 
synthesized by laser ablation in organic liquid, IEEE Trans. Terahertz Sci. Technol. 
6 (4) (2016) 525–531, https://doi.org/10.1109/TTHZ.2016.2572360.
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