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A nondestructive optical method for determining the complex 
dielectric permittivity ε(ω) of silicon photovoltaic converters 
(PVC) surfaces modified with silver nanoparticles is developed 
and experimentally validated. The method is based on 
backscattered radiation analysis and enables reconstruction of 
both real and imaginary components without altering the 
structure of objects under study [Kuric 2022]. Modified PVCs 
demonstrate a 2–5-fold increase in backscattering intensity and 
a 9–30% increase in photovoltaic pow er is observed, attributed 
to localized surface plasmon resonance. Compared to 
conventional ellipsometric approaches, the proposed method 
provides a simpler and robust alternative for in-situ diagnostics 
of plasmonic coatings. The obtained results indicate that the 
imaginary part of the dielectric permittivity plays a crucial role in 
determining the efficiency of electromagnetic energy 
absorption. The experimentally observed increase in 
photovoltaic power correlates with both the enhancement of 
the local electromagnetic field and the rise in effective 
dissipative losses in the near-surface region. Despite the 
theoretically predicted high absorption of electromagnetic 
energy, the overall efficiency gain of photovoltaic cells remains 
limited due to the localized nature of localized surface plasmon 
resonance, as well as scattering effects and structural 
inhomogeneity in the nanoparticle distribution. 
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1 INTRODUCTION 

The development of advanced functional (“smart”) materials 
and coatings represents a key direction in modern materials 
science and technology, driven by the need to enhance 
performance without altering bulk properties. Such systems are 
typically classified as composite materials with structurally 
integrated functional components distributed either within the 
volume or at the surface, where their synergistic interaction 
determines the overall material response [Abu-Thabit 2020, 
Husain 2021, Grigoriev 2023, Mascenik 2024, Yelwa 2024]. 
In recent decades, the focus of materials engineering has shifted 
from extensive approaches toward surface modification 
strategies, collectively referred to as surface engineering. This 
approach enables targeted control of surface-dependent 
properties such as wear resistance, optical response, catalytic 
activity, and electrical behavior, while maintaining the integrity 
of the substrate [Suslov 2008, Ramezani 2023]. A particularly 
important trend is the incorporation of nanoscale features into 
material surfaces. Metallic nanoparticles (e.g., Ag, Au) deposited 
on semiconductor substrates, such as silicon, can significantly 
enhance light–matter interaction through plasmonic effects, 
resulting in improved optical absorption and increased efficiency 
of optoelectronic devices [Catchpole 2008, Yu 2017, Preston 
2021, Gulyaev 2022, Krenicky 2024, Taha 2024, Parveen 2025]. 
In a number of our preceding works, we also presented 
experimental data showing that the deposition of silver 
nanoparticles on silicon photovoltaic converters (PVC) receiving 
surface causes a plasmonic resonance effect, which leads to an 
increase in electricity generation [Krit 2020, Mogilnaya 2021a,b]. 
A fundamental characteristic governing elect;omagnetic 
interaction with such materials is the complex dielectric 
permittivity, ε = ε′ + iε″. Accurate determination of dielectric 
properties is therefore essential for predicting the performance 
of functional coatings. However, the measurement of dielectric 
permittivity in nanostructured and multilayer coatings presents 
a significant challenge. Conventional techniques—including 
microwave resonators, impedance spectroscopy, transmission 
line methods, and time-domain reflectometry—all face 
limitations when applied to nanoscale systems [Chen 2004, 
Baker-Jarvis 1993, Krupka 2021, Schenk 2018]. 
One of the most widely used approaches for dielectric 
characterization is based on the determination of scattering 
parameters (S-parameters), as implemented in the Nicolson–
Ross–Weir (NRW) method. While this technique is well 
established in the microwave domain, its application to optical 
frequencies is limited Objects 
Silver-based nanostructures exhibit strong localized surface 
plasmon resonance (LSPR), enabling enhanced of the 
electromagnetic field configuration fixing and providing a basis 
for sensitive optical diagnostics. Despite these advantages, 
experimental determination of plasmon resonance parameters 
is constrained by angular limitations, optical losses, and 
boundary conditions. These limitations necessitate the 
development of advanced modeling approaches for reliable 
measurement of dielectric properties [Ordal 1983, Yang 2026, 
Kubota 2024, Mcoyi 2025]. 
Considering of the above, this paper aims to develop and test a 
method based on the analysis of electromagnetic radiation 
scattering to determine the complex dielectric constant. Unlike 
conventional optical characterization techniques such as 
ellipsometry, which require complicated instrumentation and 
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are sensitive to surface uniformity, the proposed method 
provides a nondestructive and experimentally accessible 
approach for retrieving complex dielectric permittivity based on 
backscattering analysis. This enables in-situ diagnostics of 
plasmonic coatings under realistic operating conditions. 

2 MATERIALS AND METHODS 

A total of 12 commercially produced silicon photovoltaic 
converters (PVC) were selected for the study. The selection 
procedure was performed in accordance with the methodology 
described in (Krit 2024). The external appearance and cross-
sectional structure of the PVC are presented in Fig. 1. The 
architecture of the PVC consists of nine functional layers. Layers 
H1 and H2 form the contact grid, while layer H3 (~0.07 μm) acts 
as a transparent protective coating. The active layers responsible 
for photovoltaic conversion are H4–H6, and the silicon substrate 
surface is considered the primary functional interface. To ensure 
reproducibility and standardization of measurements, ten 
reference points were defined on the active surface of each PVC 
in regions free from metallization. 

 
(a)   (b) 

Figure 1. Photograph (a) and schematic cross-sectional view (b) of the 
PVC 

Table 1. Parameters of the structural components of the PVC 

Designati
on 

Thickness 
(μm) 

Conductivi
ty type 

Sheet 
resistan
ce 

Material (grade) 

H1 0,7 - - POVI-0.5 solder 

H2 2 - - M1 copper 

H3 0,07 - 30-80 IN-2 indium 

H4 0,7 N 50-80 orthophosphoric 

acid (OSCh 13-3) 

H5 300 P 3-10 PSKKDB 3-10 

silicon 

H6 2 N 4-8 boric acid (OS413-
4) 

H7 0,05 - - VT1-00 titanium 

H8 0,8 - - M1 copper 

H9 0,7 - - POVI-0.5 solder 

Silver nanoparticles were deposited onto the PVC surface using 
an electrochemical deposition system which was previously 
described in the paper [Mogilnaya 2021a] and is shown in Fig. 2. 
The PVC was placed in a cuvette with electrical contact provided 
by a stainless-steel cathode. The anode consisted of a metallic 
mesh electrode. A colloidal solution of silver nanoparticles was 
supplied into the system. Under the applied electric field, 
positively charged nanoparticles migrated and deposited onto 
the PVC surface. The system ensured continuous circulation of 
the solution.  
The colloidal solution was synthesized by electro-pulse spark 
dispersion in distilled water. The resulting suspension contained 
Ag nanoparticles with a concentration of 50 mg/L and particle 
sizes in the range of 20–40 nm [Krit 2020). 
The complex permittivity was determined based on 
measurements of electromagnetic radiation backscatter using a 
created special experimental setup, which will be described 
below. 

 
Figure 2. Scheme of the apparatus for silver nanoparticle deposition: (1) 
top clamping lid with inlet fitting, (2) top electrode in a Plexiglas frame, 

(3) PVC, (4) cuvette, (5) bottom electrode, (6) tray with outlet fitting 

Electrical performance was evaluated by measuring the output 
power under open-circuit conditions using a digital multimeter 
Fluke 17B+. Illumination was provided by four halogen lamps (35 
W). Measurements were conducted based on current–voltage 
characteristics in accordance with standard procedures [IEC 
60904-1 2006]. 
 
Modeling of the Scattering Diagram 
The evaluation of plasmon resonance conditions in Ag/Si 
nanostructures was performed using the Drude–Lorentz model. 
That approach allows estimation of angular positions of 
maximum reflected and scattered radiation. 
Fig. 3 shows electron micrograph of samples after modification.  

 
Figure 3. Electron micrograph of the modified PVC surface 

The electron micrographs reveal that the nanoparticles are 
sparsely deposited on the substrate. These permits calculations 
using the simplified geometry shown in Fig. 4. In addition, the 
particles are nearly spherical (Fig. 3), which enables evaluation 
of the scattering diagram using the simplified model geometry 
[Mogilnaya 2020].  

 
Figure 4. Schematic of the model geometry 

The use of a simplified potential-based model (including 
elements of the Woods–Saxon formalism) is not intended for 
direct physical interpretation at the atomic scale, but rather 
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serves as an effective approximation for describing resonance 
behavior in confined nanoscale systems [Saga 2011, Schenk 
2018]. This approach allows capturing the essential features of 
plasmonic response while maintaining analytical tractability. 
The model is approximated as follows. A linearly polarized plane 
wave propagates through a medium with refractive index n_α 
and is incident on the surface at an angle α in the plane 
perpendicular to the grating. The dielectric material has a 
refractive index n_β, and the average distance between the 
nanoparticles is d. 
The model calculates the transmission and reflection coefficients 
corresponding to refraction, specular reflection, and first-order 
diffraction. 
The expression describing the field of a two-dimensional 
Gaussian beam in the paraxial approximation is as follows: 

𝐸𝐺(𝑥, 𝑦) = 𝐸0√
𝜔0

𝜔(𝑦)
⋅ ⅇ−(𝑥 𝜔(𝑦)⁄ )2

⋅

ⅇ𝑥𝑝
(−𝑖 (𝑘𝑦 − 𝜂(𝑦) +

𝑘𝑥2

2𝑅(𝑦)
)) ⅇ

    (1) 

is approximated by a plane-wave expansion: 

𝐸𝑝𝑤 = ∑ ∗𝑀
𝑗=−𝑀𝑘=0 ∑ 𝛼𝑗𝑘𝑢̂𝑘(𝑘𝑗)

1

𝑗=−𝑀𝑘=0
⋅ ⅇ𝑥𝑝 (−𝑖(𝑘𝑗 ⋅ 𝑟))          (2)                                                          

where  
each wave vector k_jpoints in a different direction specified by 
the index j; 
a_jk is the amplitude, which takes different values for each wave 
vector and for each  
 of the two possible polarization directions associated with that 
wave vector (u^"kkj“ ) ̂; 
 ω_0is the plasma frequency, and e is the electron charge. 
 
Within this approximation, the response to the optical wave, 
independent of resonance type, can be obtained from the 
dielectric permittivity given by the Drude–Lorentz model [Car 
2025]. The response to an optical wave at frequency ω can then 
be obtained from the expression for the dielectric permittivity of 
the skin layer at the material interfaces: 

𝜀𝑟(𝜔) = 𝜀′ + 𝑖𝜀′′                     (3) 

where ε_r (ω) is the complex dielectric permittivity of the skin 
layer; 
ε^'and ε^''are the real and imaginary parts, respectively. 
 
For plasmonic resonance, the spherical approximation [Zharova 
2019] is adopted. In calculations of plasmonic phenomena, a 
nanoparticle consisting of N atoms can then be treated as a 
sphere of radius R=rN^(1/3), where r is the Wigner-Seitz radius 
and N is the number of atoms in the cluster. The Woods-Saxon 
potential can then be expressed as [Car 2025]: 

U(r) = −
U0

exp[
r−R

a
]+1

                   (4) 

where U_0 is the depth of the potential well (a typical value of 
50 MeV); 
R=r_0 A^(1/3) is the nuclear radius (r_0≈1.25 fm is a parameter 
approximately equal to the average distance between nucleons 
in the nucleus; 
A is the mass number of the nucleus), and a is the diffuseness 
parameter that characterizes the smearing of the potential well 
edge (a typical value of 0.5 fm). 
The plasmonic resonance condition can be written as follows 
[Bohren 1983, Luukkonen 2011]: 

R(𝜀′(𝜔) + 2𝜀𝑟𝑠) = 0                      (5) 

Since the particles are sufficiently separated, the field is treated 
as that produced by a single particle. In this case, the electric 
field distribution can be written as: 

𝐸(x, y, z) = 𝐸̃(𝑥, 𝑦)ⅇ−𝑖𝑘𝑧𝑧            (6) 

and the refractive index: 

𝜖𝑟 = (𝑛 − 𝑖𝑘)2 𝜎 = 0 𝜇𝑟 = 1                (7) 

the propagation equation, however, takes the following form: 

∇ × (∇ × 𝐸) − 𝑘0
2𝜖𝑟𝐸 = 0.                   (8) 

In the resonance region, constructive interference occurs when 
the optical path difference between the two paths is an integer 
multiple of the vacuum wavelength, which is equivalent to the 
resonance condition: 

𝑚𝜆0 = 𝑑(𝑛𝛽 sin 𝛽𝑚 − 𝑛𝛼 sin 𝛼)                (9) 

where m=0,±1,±2,…, λ_0 is the vacuum wavelength, and β_m is 
the transmitted diffracted beam of order m.  
For m=0, this reduces to refraction, as described by Snell’s law: 

sin 𝛼0 = sin 𝛼                      (10) 

2𝜆0 > 𝑑𝑛𝛼(1 + |sin 𝛼|)        (11) 

Since only first-order diffraction is considered in this work, the 
criterion for constructive interference—and consequently for 
resonance—is that the optical path difference between the two 
paths equals an integer multiple of the vacuum wavelength, or: 

𝑚𝜆0 = 𝑑𝑛𝛼(sin 𝛼𝑚 − sin 𝛼) (12) 

sin 𝛼0 = sin 𝛼 (13) 

2𝜆0 > 𝑑𝑛𝛼(1 + |sin 𝛼|) (14) 

Fig. 5 shows the backscattering coefficients as a function of the 
angle of incidence. 

 
Figure 5. Backscattering coefficients as a function of the angle of 
incidence 

These results indicate that resonance of the reflected radiation 
occurs for all wavelengths in the angular range of 20°–25°. This 
resonance enables a more accurate determination of the plate 
parameters. These findings are confirmed by our experimental 
studies [Tolmachev 2017, Zharova 2019, Saito 2021]. 

3 EXPERIMENTAL SETUP 

The system is an optoelectronic platform based on coherent 
semiconductor laser sources (Fig. 6). A single-frequency laser 
module incorporating a distributed Bragg reflector (DBR) cavity 
(𝜆 ≈ 0.635–0.685 𝜇m) was used to generate a stable, well-
collimated beam with low divergence, eliminating the need for 
additional alignment optics. 
The laser source and photodetector were positioned at equal 
angles of incidence and detection (α=β), ensuring symmetric 
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measurement geometry. The setup provides precise control of 
the angular configuration and alignment among the source, 
sample, and detector. 

 
  
Figure 6. Schematic of the experimental measurement setup: (1) 

combined laser and photodetector unit, (2) computer monitor with base 
unit, (3) sample, (4) platform 

The sample was mounted on a precision translation stage 
equipped with a micrometer-driven linear actuator along the 
optical axis. This configuration enabled controlled variation of 
the distance between the optical system and the sample. It is 
also facilitating analysis of the signal response near the reference 
position as well as evaluation of sensitivity and linearity. 
Signal acquisition was performed using high-sensitivity, low-
noise photodetectors optimized for the operating wavelength 
range. The system incorporates a power supply with 
independent channels, a control and processing unit, and a data 
acquisition interface. 
Stabilization of the incident radiation intensity ensures that only 
the relative intensity of the backscattered signal is measured, 
thereby enabling accurate determination of the S_11 and S_21 
parameters. 

4 MEASUREMENT METHODOLOGY 

According to [Kadochkin 2013], the effective refractive index 
(and consequently the complex dielectric permittivity) can be 
determined from the S-parameters (S_11 and S_21). 
S_11 is the input reflection coefficient, defined as the ratio of the 
reflected signal amplitude from the substrate to the incident 
signal amplitude. S_21 is the transmission (or modified 
reflection) coefficient associated with the coated sample. 
The measurement principle is illustrated in Figure 7. Laser 
radiation was directed onto selected regions of the bare 
substrate, and the backscattered signal was recorded to obtain 
S_11. Identical measurements were performed on samples 
coated with Ag nanoparticles to determine S_21, with the 
measurement positions kept the same through eucentric 
alignment. 

 
Figure 7. Schematic of the backscattering measurement principle 

The permittivity is calculated using the formulas in [Luukkonen 
2011] which demonstrates that the complex permittivity and 
complex magnetic permeability can be obtained from measured 
S-parameters after some mathematical transformations 
[Miglierini 2006]. Indeed, using the reflection coefficient from 
the boundary of a semi-infinite layer of material.  

𝜀  =  𝜀𝑟  𝜀0  =  (𝜀𝑟
′   −  𝑗 𝜀𝑟

′′) 𝜀0. (15) 

𝜇  =  𝜇𝑟 𝜇0  =  (𝜇𝑟
′   −  𝑗 𝜇𝑟

′′) 𝜇0. (16) 

𝑐  =  1/√𝜀0 𝜇0 (17) 

χ =
S11

2−S21
2−Γ

1−(S11+S21)Γ′
. (18) 

Γ = χ ± √χ2 − 1. (19) 

n = −√[
с

𝜔𝑑
𝑙𝑛(ⅇ𝛾𝑑)]

2

+ (
𝜔𝑐

𝜔
)

2

=

−√[
с

𝜔𝑑
𝑙𝑛 (

S11+𝑆21−Γ

1−(S11+S21)Γ′
)]

2

+ (
𝜔𝑐

𝜔
)

2

. 

(20) 

𝑛2 = ε𝑟μ𝑟 = − [
𝑐

ω𝑑
ln(ⅇγ𝑑)]

2

+ (
ω𝑐

ω
)

2

. (21) 

𝜇ᵣ =
1 + 𝛤

1 − 𝛤
√

𝑛2 − (𝜔𝑐/𝜔)2

1 − (𝜔𝑐/𝜔)2
. (22) 

Where: 
S11 - is the ratio of the amplitude of the signal reflected from the 
silicon substrate to the amplitude of the incoming signal; 
S21 - is the reflectivity of the coated sample; 
χ is the susceptibility of the medium; 
Γ(ω) (Gamma function of frequency) is the complex frequency 
response, reflecting the frequency dependence of the system's 
response and including information about the amplitude and 
phase of the signal; 
ωc is the resonant frequency, corresponding to the laser 
frequency; 
γ - is the attenuation/linewidth index, characterizing the 
resonance width and relaxation rate of the system; 
ω_c/ω -is the deviation from the resonant frequency. 
Since the S coefficients were determined using radiation from a 
single, highly stabilized source, calculation of these coefficients 
was reduced to measuring the intensities of the reflected signal 
with known laser parameters. 

5 RESULTS AND DISCUSSION 

Table 2 presents the averaged experimental values of 
backscattering intensity indicators for PVCs measured in the 
points not shielded by the contact grid (see Fig. 1), along with 
the corresponding values of complex dielectric permittivity 
calculated from these data. Additionally, the table includes the 
relative power increase (%) of converters modified with silver 
nanoparticles as compared to unmodified ones. These values 
were obtained from experimentally measured current–voltage 
characteristics. 
It is well known that the real part of the complex dielectric 
permittivity (ε′) of silicon is positive over a wide frequency range. 
However, under resonant conditions, when the frequency of 
incident radiation matches that of plasmonic excitations, the real 
part may become negative. In the present case, negative values 
of ε′ indicate the presence of metallic nanoparticles on the 
surface and the possible presence of resonant phenomena. 



 

 

MM SCIENCE JOURNAL I 2026 I JUNE  

9354 

 

In the visible and near-infrared spectral ranges, silver 
nanoparticles support localized surface plasmon resonances 
(LSPR). These resonances correspond to collective oscillations of 
conduction electrons, leading to strong enhancement of the 
local electromagnetic field near the particle surface and at the 
nanoparticle–silicon interface. This field enhancement increases 
the absorbed optical power density in the near-surface region of 
silicon, where electron–hole pair generation occurs which leads 
to an increase in energy production. Thus, the negative real part 
of the dielectric permittivity serves as a physical indicator of 
plasmonic resonance and assumes enhance in photoelectric 
conversion. 

Table 2. Data of backscatter intensity and output increase 
measurements  

PVC 
number 

S_11 S_21 Emod\
Ecr 

Complex 
dielectric 

permitivity 

Power 
increase, 

% 

1 83 260 3.13 ε= -14.695 + 
0.564i 

18.81 

2 54 210 3.89  ε= -16.263 + 
1.167i 

29.63 

3 23 80 3.48  ε= -11.779 + 
0.593i 

22.32 

4 29 115 3.97  ε= -14.695 + 
1.575i 

30.14 

5 32 123 3.84 ε= -16.263 + 

1.033i 

28.05 

6 94 355 3.78 ε= -16.263 + 

0.977i 

28.63 

7 23 65 2.83  ε= -16.263 + 
0.347i 

16.76 

8 21 45 2.14 ε = -16.263 + 
0.279i 

12.94 

9 39 136 3.49 ε = -16.263 + 
0.599i 

21.98 

10 105 369 3.51 ε = -16.263 + 
0.833i 

23.45 

11 22 42 1.91 ε= -14.626 + 

0.229i 

9.05 

12 85 310 3.65 ε= -16.263 + 

0.953i 

27.96 

Particular attention should be paid to the imaginary part of the 
complex dielectric permittivity (ε"), which characterizes the 
dissipative processes in the material. Positive values of ε" 
correspond to the effective absorption of scattered 
electromagnetic energy, the volumetric amount of which can be 
described by the classical expression [Bohren 1983]: 

𝑄𝑎𝑏𝑠 =
1

2
ε0𝜔ε′′(𝜔)|𝐸|2. (23) 

where ω is the angular frequency of incident radiation,  
ε″ is the imaginary part of the complex dielectric permittivity,  
|E| is the amplitude of the local electric field. 
According to the plasmonic absorption model for small metallic 
particles, excitation of localized surface plasmons leads to an 
additional strong enhancement of the local electric field 
intensity near the particle surface due to scattered 
electromagnetic radiation [Bohren 1983]. As a result, even 
moderate values of ε″ can lead to a significant increase in 
absorbed power. 
For silicon, at λ = 635 nm irradiation, the imaginary part of the 
complex dielectric constant was estimated using the optical 
constants (n, k). The calculation using the formula ε" = 2nk 
yielding ε" ≈ 0.147. 
As follows from Table 2, the backscattering intensity 
enhancement factor E_mod/E_cr (and respectively ε") varies in 

the range of 1.9–3.9 fold. Here〖 E〗_mod is the amplitude of 

the local field of the modified plate; E_cr is the amplitude of the 

local field of a silicon substrate when illuminated by a laser with 
a wavelength of 635 nm. According to the relation (22), this 
should correspond to a theoretical increase in the absorbed 
power by a factor of η^2≈4"–" 15 times. 
Direct measurements of the output electrical characteristics in 
an open-circuit condition demonstrate a clear correlation 
between an increase in the PVC power generation and an 
increase in the intensity of the local electromagnetic field due to 
LSPR and the back scattering of electromagnetic radiation by the 
surface, as evidenced by the sign of the real part and the 
corresponding increase in the imaginary part of the complex 
dielectric constant. 
However, despite the significant increase (up to an order of 
magnitude) in the local absorption of radiation energy expected 
in theory due to such an increase in the total intensity of 
electromagnetic radiation, the experimentally measured 
increase in PVC power productivity is within the range of 9-30%. 
This discrepancy can be explained by the high localization of the 
field amplification caused by both plasmon resonance and 
scattering, which does not spread evenly throughout the 
volume. Differences between the estimated and measured 
values may also be related to the structural heterogeneity of the 
coatings and the surface condition, including inherent and 
modified defects and morphological features of the PVC. 

6 CONCLUSION 

The nondestructive optical method for determining the complex 
dielectric permittivity ε(ω)= ε′(ω) + iε″(ω) of silver nanoparticle-
modified silicon surfaces has been developed and 
experimentally validated. The method is based on analysis of 
backscattered radiation and enables reconstruction of both real 
and imaginary components of permittivity without altering the 
sample structure.  
It was demonstrated that the formation of a metallic nanophase 
leads to a 2–5-fold increase in backscattering intensity, 
corresponding to a significant modification of the optical 
response of the system. This behavior is associated with the 
excitation of localized surface plasmon resonances (LSPR), 
characterized by the condition ε′(ω) < 0. 
The obtained results show that the imaginary part of the 
dielectric permittivity ε″ plays a key role in determining the 
efficiency of electromagnetic energy absorption. The 
experimentally observed increase in photovoltaic power (9–
30%) correlates with both the enhancement of the local 
electromagnetic field and the increase in effective dissipative 
losses in the near-surface region. 
Despite the theoretically predicted of high electromagnetic 
energy absorption, the total efficiency of PVCs’ productivity gain 
remains limited due to localized nature of the LSPR and 
scattering effects and structural inhomogeneity of the 
nanoparticle distribution. 
The proposed method demonstrates good agreement with 
reference optical data and can be considered a reliable tool for 
diagnostics and optimization of plasmonic coatings in 
photovoltaic and optoelectronic systems. 
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