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which comes in two varieties known as p-type silicon (p-Si) 
wafer and n-type silicon (n-Si) wafer, is a useful structure 
type for creating new gadgets in contemporary technol-
ogy [3–5]. It is a problem for researchers to engineer sili-
con wafer structures to become more effective. There are 
more than 2 degrees of freedom when it comes to process-
ing silicon (for example creating undercut structures is also 
possible). Etching can change the thickness and the surface 
chemistry [5–7]. Since it is uncommon to alter the thickness 
of silicon wafers, scientists have looked at several methods 
to alter the physiochemical characteristics of the wafer sur-
face. The silicon etching procedure, which leaves the sili-
con wafer with a porous surface, is one of these methods. 
Porous silicon (PS) has been recognized for its physical and 
chemical characteristics, and its applications include the 
fabrication of bioelectronics and biosensors, chemical and 
biological technology, the fabrication of gas sensors, and 
humidity sensors technology [7–10]. The structure of the PS 
layer is crucial in defining the accountability of the device 
on which the layer is based.

Therefore, silicon-based devices are the main structures to 
engineer the Si wafer. Significant attention has been directed 

1  Introduction

Scientists and researchers have investigated the properties 
of silicon, a semiconductor material that is widely employed 
in many industries, in detail over the 20th and 21 st centu-
ries [1–3]. Silicon can be synthesized in a variety of forms, 
sizes, and forms, such as wafer structures, quantum dots, 
and micro and nanostructures. Of them, the silicon wafer, 
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recently toward addressing the key challenges concerning 
metal-semiconductor (MS) contacts or Schottky diodes 
(SDs) [11]. The primary objective has been to enhance the 
overall performance of these contacts. The structural char-
acteristics of the fabricated device are strongly influenced 
by different factors, including the surface preparation tech-
niques, the nature of the barrier height (BH) and interlayer 
materials at the M/S interface, the level of doping atoms, as 
well as the frequency, voltage, and temperature under which 
the devices operate [12]. These variables play a crucial role 
in determining the overall performance and effectiveness of 
MS contacts or SDs, making them essential considerations 
for further advancements and optimization in device design 
and functionality [13].

So, in the last five decades, especially semiconductor 
nanostructures have been given much attention because 
of their physical and chemical properties to improve their 
performance [14–16]. Among these inorganic materials (Si, 
Ge, GaAs, InP, CdS/CdTe), Si is one of the oldest and has 
low cost and high stability. Given its distinct characteristics, 
it finds utility across a wide spectrum of applications span-
ning numerous domains, with a pronounced presence in 
electronics and the fabrication technology of semiconductor 
devices, among others [16–19]. The unique characteristics 
of the Si are more evident when its dimensions are reduced. 
By reducing the size and dimension of Si, its physical and 
chemical properties change due to the quantum confinement 
effect [20, 21].

There are various methods used for the manipulation of 
Si nanostructures to change their physical properties such 
as doping by other materials [22], thermal annealing [23, 
24], plasma treatment [25, 26], and electrochemical etch-
ing [27]. One of these types of manipulations is to create 
porosity in the Si surface called PS. PS is a dielectric mate-
rial composed of silicon dioxide (SiO2) and air, which has 
a structural heterogeneity much smaller than normal light 
wavelength [28]. Electrochemical etching is one of the most 
widely used methods for the surface treatment of Si wafers. 
In this method, the surface morphology of the samples has 
changed with the condition of the electrochemical etching 
[18, 19, 29]. The surface treatment contains the formation 
of porosity in the surface of the Si semiconductors that have 
different applications such as nonlinear optics [30], biol-
ogy [31], solar cells (SCs) [32], and fabrication of Bragg-
reflectors [33], microelectronics [34], waveguides [35], 
optical filter [36], gas sensors [37], photoluminescence 
devices in the visible region [38], energy [39], drug industry 
[40], biotechnology [41], and some other complex optical 
devices due to its high surface-to-volume ratio, high reac-
tivity, luminescence properties at room temperature and its 
adaptive nature. There are several studies on the optical and 
structural applications of PS reported by researchers [28].

Wu et al. highlighted that superhydrophobic nickel sur-
faces provide superior corrosion protection compared to 
traditional methods that require toxic chemical inhibitors. 
While electrochemical etching is a useful technique for 
creating such surfaces, its effectiveness has been hindered 
by low current density and efficiency issues. To overcome 
these limitations, a novel wire electrochemical etching 
method was proposed, involving a controlled wire cathode 
in a NaCl electrolyte. This method successfully generated 
a superhydrophobic nickel surface with distinctive features 
such as a high contact angle and self-cleaning properties. 
By fine-tuning parameters and comprehending the forma-
tion of superhydrophobic surfaces, this approach has the 
potential to advance nickel corrosion protection technology 
by enhancing processing efficiency [19].

The findings of this study provide actionable insights 
for the design and fabrication of advanced silicon-based 
devices. By optimizing the electrochemical etching param-
eters to control porosity and surface oxidation, device engi-
neers can tailor the dielectric properties of Al/p-Si structures 
for specific applications [42–44]. For instance, increasing 
porosity can enhance the capacitance and dielectric con-
stant, which is beneficial for developing high-performance 
capacitors and sensors. Additionally, understanding the 
interplay between surface chemistry and wettability enables 
the creation of PS surfaces with tunable hydrophilicity or 
hydrophobicity, which is valuable for biosensing, lab-on-
chip devices, and microfluidic platforms [45, 46]. The dem-
onstrated methods can also be directly applied to improve 
the efficiency and reliability of Schottky diodes in micro-
electronics, as well as to engineer interfaces for energy stor-
age and conversion systems such as supercapacitors and 
silicon-based batteries [47, 48].

In addition, the dielectric properties of the silicon-based 
SDs with/without an interlayer have been extensively inves-
tigated due to their importance in technological applica-
tions. The increase of the permittivity means an increase in 
the storage of electronic charges or energy, thus reducing 
many surface states (Nss), series resistance (Rs), and dis-
locations [20]. Therefore, many investigations have been 
carried out to control the modification of electronic and 
transport properties of conventional MS-type SD structures 
by using various interlayers that have high-dielectric mate-
rial to reduce leakage current, ideality factor, Nss, Rs and 
thus enhance the device performance [49]. While previous 
studies have primarily focused on either the global prop-
erties of porous silicon or on specific device applications, 
few have systematically mapped the spatial variation of 
key surface and dielectric properties across a single wafer. 
Furthermore, the simultaneous influence of both oxidation 
and pore structure on wettability and dielectric response 
remains underexplored. Our work addresses these gaps by 
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providing a spatially resolved, multi-modal characterization 
of PS surfaces and directly linking these findings to device 
performance.

This study aims to investigate the structural, morphologi-
cal, and wettability of etched surface p-Si and then examine 
the dielectric characteristics of the Al/p-Si SD at different 
points on the silicon surface with different porosity rates. 
First, the EDX and AFM analysis of the PS are performed. 
Second, the effect of the electrochemical etching process 
on the surface contact angle of the p-Si wafer is studied. 
Finally, the dielectric features such as complex permittiv-
ity (ε’, ε’’), loss tangent (tanδ), and electrical modulus (M’, 
M’’) for the Al/p-Si SD with porous Si wafer are calculated 
by measuring the frequency-dependent C and G parameters. 
The findings are thoroughly discussed.

2  Experimental details

For the preparation of PS, a 2-inch p-Si (100) oriented wafer 
(ρ = 1–10 Ω.cm), HF (50%) solution, distilled water, and 
ethanol (99.99%) were used. PS was prepared through the 
electrochemical etching of silicon in an HF solution, result-
ing in partial dissolution of Si. Various factors play a crucial 
role in governing this process, and it is essential to investi-
gate and understand their influence. The choice of electro-
lyte is critical in PS formation. Typically, HF acid is utilized 
in concentrations up to 50% in distilled water. After rinsing 
the samples with ethanol to get rid of any debris, they were 
submerged in 50% HF acid for 15  min to get rid of any 
native oxide layer. To keep these samples submerged and 
preserved in a plastic container filled with methanol to stop 
the formation of an oxide layer on their surfaces once more, 
they were rinsed with ethanol again and then allowed to dry 
for a few minutes in the ambient atmosphere. Each sample 
was then fastened with a sheet serving as an anode and sup-
port material at the bottom of a Teflon singlet anodizing 
system. The cathode was a platinum mesh rod positioned 
1 cm perpendicular to the Si surface. By changing the cur-
rent density while maintaining a constant etching time, or 
vice versa, the final samples were produced. Several experi-
ments were conducted to determine the best ratio for this 
work to approach the helpful solution mixture. To enhance 
the wettability of the PS surface and remove surface con-
taminants, ethanol was added to the solution. Ethanoic solu-
tions infiltrate the pores effectively, leading to improved 
lateral homogeneity of the PS layer. Moreover, the presence 
of ethanol or other surfactants helps in the timely removal 
of hydrogen bubbles formed during the reaction, promoting 
a smoother surface.

The dissolution of silicon can be controlled by either 
regulating the anodic current or the potential. The constant 

current operation is generally preferred as it allows better 
control over the porosity, thickness, and reproducibility of 
the PS layer. The flow of current between the electrodes 
occurs through the Si wafer. HF circulation during the etch-
ing process aids in achieving good depth uniformity and is 
also advantageous from a safety standpoint. A lateral geom-
etry for PS formation has been suggested recently, wherein a 
contact is deposited on the same surface where PS is formed 
[28]. This method promotes lateral rather than depth-wise 
PS formation, resulting in very flat PS/Si interfaces. Over-
all, understanding the various factors influencing the elec-
trochemical etching process is crucial for obtaining uniform 
and high-quality PS layers with desirable properties for 
various applications.

After the electrochemical etching process was completed 
under constant conditions (current density of 10–50  mA/
cm2 for 15 min in 50% HF solution), five distinct regions 
were selected from different locations on the single PS 
wafer. These regions, labeled as P1 to P5, were chosen to 
assess the uniformity and local variations in porosity and 
surface properties across the wafer. All subsequent analyses 
(EDX, AFM, and contact angle measurements) were per-
formed on these specific regions. Therefore, P1 to P5 do not 
correspond to samples prepared at different current densi-
ties, but rather to different areas on the same wafer etched 
under identical conditions.

The surface morphology and roughness measurement 
of the modified p-Si wafer were analyzed by Atomic Force 
Microscopy (AFM) model Nano Surf Core AFM (Switzer-
land). The contact angle was measured by a digital camera 
(Nikon model D7200) in ambient conditions at room tem-
perature (25 °C). The water dropped onto the Si substrate 
from a Hamilton syringe.

After the electrochemical etching process, the wafer was 
thoroughly rinsed and dried. For dielectric property mea-
surements, circular aluminum (Al) contacts (with a diameter 
of 1.2 mm) were thermally evaporated onto each of the five 
regions (P1–P5) using a shadow mask to define the contact 
area. The Al contacts served as the Schottky (rectifying) 
contacts, while the back side of the wafer was coated with a 
continuous Al layer to form an ohmic contact. The thickness 
of the Al contacts was approximately 60 nm, confirmed by a 
quartz crystal microbalance during deposition. The regions 
P1–P5 were selected from different locations across the 
wafer surface after etching, as described previously. Each 
region was individually contacted and measured to assess 
local variations in dielectric properties. The frequency-
dependent capacitance (C-f) and conduction (G/ω-f) of the 
different regions of the sample have been measured by a 
KEYSIGHT impedance analyzer (E4980Al 20 Hz-1 MHz) 
at 25 ˚C. Dielectric measurements were attempted for all 
regions (P1–P5); however, due to technical issues with the 
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Therefore, the Young equation can be used to find the 
contact angle when a liquid drop comes into equilibrium in 
contact with a smooth solid surface, which is given by [51]:

Cosθ = γ SV − γ SL

γ LV

,� (1)

where the θ denotes the contact angle, γSV is solid-vapor sur-
face tension, γSL refers to solid-liquid surface tension, and 
γLV stands for liquid-vapor surface tension [51]. However, 
the equilibrium angle of rough surfaces cannot be deter-
mined using the Young equation. In this instance, the sur-
face’s roughness has an impact on how easily water droplets 
can cling to the surface. Young equation is employed for 
chemically homogenous surfaces, or smooth, stiff surfaces. 
However, non-ideal rough surfaces do not have complete 
chemical homogeneity, and the factors of chemical hetero-
geneity and roughness cannot be ignored. Both homoge-
neous and non-homogeneous rough textures are possible on 
a surface. When liquid fills the bumps on a rough surface, 
the state is known as homogenous wettability. Conversely, 
in cases where the surface is a mixture of two distinct mate-
rials or phases, non-homogeneous wettability arises [52–
54]. The drop faces two distinct modes on rough surfaces. 
The first is the application of water droplets to every surface 
groove. In 1936, Wenzel presented the fundamental ideas of 
this situation [51]. According to Wenzel, the solid liquid’s 
actual contact region beneath the drop is greater on a rough 
surface than it is on a smooth one. The rough surface gets 
wetter faster when the energy of the interface between solid 
and liquid is lower than the energy of the solid-air interface. 
This is because the system’s energy falls as the roughness 
increases.

However, the surface refutes the intrinsic water when 
the energy of the solid-liquid contact is greater than that of 
the solid-air interface, making it extremely difficult for the 
rough surface to become wettable in this situation. Wenzel 
changed the Young equation and proposed the Wenzel equa-
tion, which is given by [55]:

Cosθ W = rCosθ Y ,� (2)

where θw denotes the apparent angle according to Wenzel’s 
theory, θY represents the Yang equilibrium contact angle 
with a smooth surface for the same material, and r denotes 
the surface roughness ratio, which is determined by the 
equation given below [55]:

r = Ar

A0
.� (3)

electrical contact on P1, reliable data could not be obtained 
for this region.

3  Results and discussion

3.1   Wettability measurement

Controlling the wettability of materials such as silicon or 
germanium, which are commonly used in optoelectronic 
devices, is important. Researchers have been competing to 
engineer substrates to increase or decrease the wettability of 
the surface [17]. Adding another material on the substrate 
is a known method for engineering the wettability of the 
surface, but it can also change the good properties (The 
features we require) of the device [50]. To overcome this 
problem, researchers have explored a new way of changing 
the morphology of the substrate physically or chemically, so 
that the porosity of the surface is one of them. Generally, the 
wettability of a surface is influenced by two key factors: the 
surface morphology or roughness and the surface composi-
tion or chemistry. Wettability, which is determined by the 
interaction of cohesive and adhesive forces, is the capacity 
of a liquid to spread and retain contact with a solid sub-
strate surface. The liquid molecules interact with each other 
by Cohesive forces, which prevent the water droplet from 
touching the surface, while adhesive forces exist between 
the solid state and liquid, which make a liquid droplet 
spread over the surface [50]. The surface-liquid contact 
angle serves as a proxy for wettability features; an increase 
in contact angle corresponds with a decrease in wettability 
and vice versa. A contact angle of 180o degrees suggests that 
the liquid does not wet the surface, while a contact angle of 
zero degrees signifies that the liquid wets the entire surface. 
A surface is classified as hydrophilic if its contact angle is 
less than 90 degrees and as hydrophobic if it is greater than 
90o. Measurements of contact angles are evaluated using 
the theories of Young, Wenzel, and Cassie-Baxter [50, 51]. 
A framework for calculating the contact angle of various 
surfaces with variable surface energy is provided by these 
theories. The equilibrium angle of smooth, chemically 
homogeneous surfaces can be computed using Young’s the-
ory. On the other hand, the contact angle of rough surfaces 
is determined using Wenzel’s hypothesis. Wenzel’s theory 
considers the roughness of the surface and corrects Young’s 
equation accordingly. The Cassie-Baxter theory is used to 
measure the contact angle of surfaces with a composite of 
solid-air surfaces. This theory considers the air trapped in 
the surface grooves, which distinguishes it from Wenzel’s 
theory [50, 51].
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regions with higher contact angles (more hydrophobic), 
such as P1 and P2, the Cassie-Baxter model is more appli-
cable, suggesting that air pockets are trapped beneath the 
droplet. In contrast, for regions like P4 and P5, which exhib-
ited a lower contact angle and thus more hydrophilic behav-
ior, the Wenzel model is more appropriate. This indicates 
that the water droplet penetrates into the surface roughness 
and pores, consistent with a pore-filling regime. These find-
ings are supported by the observed surface morphologies 
from AFM (in the next part), which show increased rough-
ness and porosity in the P5 region.

3.1.1  Distinguishing the effects of oxidation and pore size 
on wettability

In our study, we acknowledge that both surface oxidation 
and pore size can significantly influence the wettability of 
porous silicon. To address this, we analyzed the correla-
tion between oxygen content (as determined by EDX in the 
next section) and contact angle measurements for different 
regions (P1–P5). By comparing these data, we could iden-
tify regions where changes in wettability were more closely 
associated with oxidation levels, independent of substantial 
pore size variation.

Additionally, we utilized theoretical models (Wenzel and 
Cassie-Baxter) to interpret the contact angle data. The Wen-
zel model emphasizes the role of surface roughness (related 
to pore size), while deviations from this model may indicate 
chemical heterogeneity, such as differences in surface oxi-
dation. This combined approach allowed us to qualitatively 
distinguish the contributions of surface chemistry and mor-
phology to the overall wettability behavior.

While both factors are interrelated and can influence 
each other, our analysis suggests that regions with higher 

The ratio of the real surface (Ar) to the geometric surface 
(A0) is given by r [55]. Air gets trapped beneath the water 
drop and between the surface bumps if a drop of water is 
suspended on the rough surface, which is the second alter-
native [56]. These situations are known as Cassie-Baxter. 
An equation was proposed by Cassie and Baxter to inves-
tigate the liquid’s contact angle on solid-air composite sur-
face compounds. The Cassie-Baxter hypothesis differs from 
the Wenzel theory at these surfaces because air is trapped 
in the surface grooves. The Cassie-Baxter equation is given 
by [56]:

cosθ cb = 1 + fsl(cosθ Y − 1).� (4)

where θbc is the contact angle based on Cassie-Baxter’s 
theory, fsl is a fraction of solid-liquid surface area, and θY 
is the Yang angle. In comparison to the Wenzel model, this 
model displays a more accurate system; yet it is challeng-
ing to estimate parameters effectively for surfaces that have 
unpredictable roughness [56].

Figure 1 shows the contact angle measurements of water 
droplets on the p-Si wafer surface at different points of P1 to 
P5. As can be seen, the value of the contact angle decreases 
by increasing the porosity rate from the region P1 to P5. The 
contact angle is nearly 33° at the P1 region, which continu-
ously decreases with the increase of the porosity; at last, it 
reaches about 17°. It indicates the surface of the p-Si wafer 
is becoming hydrophilic by growing the porosity. Based on 
the photo taken from different regions of the p-Si wafer, 
there is indeed a change in wettability properties from P1 to 
P5, however, it is insignificant.

To determine which wetting regime applies to each 
region, we compared the measured contact angles with the 
predictions of the Wenzel and Cassie-Baxter models. For 

Fig. 1  Water drops on the p-Si wafer surface in different points P1 to P5 and their corresponding contact angle
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Additionally, the mean pore size of the etched region was 
found to be highest at the center and decreased towards the 
outer rings, as shown in Table 2. While AFM imaging pro-
vides valuable insights into the nanoscale surface texture of 
the porous silicon regions (P1–P5), it is challenging to deter-
mine individual pore sizes accurately due to the intercon-
nected and highly porous nature of the structure. Instead, 
we focus on a qualitative assessment of surface roughness: 
the AFM images reveal pronounced variations in rough-
ness across different regions, with denser distributions of 
protrusions and depressions indicating higher porosity and 
increased surface area. These morphological differences are 
consistent with the observed variations in wettability and 
dielectric properties. Thus, our analysis emphasizes qualita-
tive roughness comparisons rather than unreliable quantita-
tive pore size extraction from AFM data.

3.3   Dielectric characteristics

The imaginary constituents of complex impedance, com-
prising the values of C and G/ω, were harnessed to com-
pute parameters such as ε’, ε”, and tanδ, representing the 
ratio of ε’ to ε”, as well as the electric modulus (M* = M’ 
+ jM’’) across a frequency range spanning from 0.1 kHz to 
1 MHz in the applied voltage of 1.5 V. The profiles of C-f 
and G/ω-f for the entire PS region are illustrated in Fig. 3(a) 
and 3(b) respectively. Dielectric property data for the P1 
region could not be obtained due to technical issues with 
electrical contact during measurement. Only reliable data 
for P2–P5 are reported in this study. Notably, both C and 
G/ω display a robust dependence on frequency, exhibiting 
a consistent reduction as the frequency escalates. The aug-
mented values of C and G/ω at lower frequencies are linked 
to the augmented capacitance and conductance attributed to 
the presence of surface states (Nss). This arises as Nss readily 
responds to the AC signal at lower frequencies, significantly 
contributing to the measured capacitance of the SD. How-
ever, at higher frequencies, the influence of Nss diminishes, 
as they struggle to trace the AC signal. Intriguingly, aug-
menting the intensity of the etching process yields amplified 
values of both C and G/ω.

The amount of ε’, ε’’, and tan(δ) are characterized by C-f 
and G/ω-f behavior in the range 0.1 kHz to 1 MHz by using 
the following relations [57]:

ϵ ∗ = ϵ ′ − jϵ ′ ′ = C

C0
− j

G

ω C0
� (5)

tanδ = ϵ ′ ′

ϵ ′ � (6)

oxidation (as indicated by EDX) tend to exhibit increased 
hydrophilicity, whereas regions with larger pore sizes and 
roughness generally show enhanced hydrophobicity, as pre-
dicted by the Wenzel and Cassie-Baxter models.

3.2  EDX & AFM analysis

Table 1. introduces the EDX results of the PS in different 
regions (P1 to P5) with varying porosity rates. This elemen-
tal analysis reveals that the increase in the electrochemical 
etching operation led to a significant increase in the pres-
ence of oxygen in the relevant areas. This finding indicates 
that the chemistry of the sample surface has significantly 
changed, resulting in a change in the ratio of silicon to 
oxygen.

The EDX analysis revealed that the central regions of the 
PS wafer, which experienced higher etching rates, exhibited 
a noticeably higher oxygen content compared to the outer 
regions. This observation can be attributed to the increased 
surface-to-volume ratio in these areas, which makes them 
more prone to native oxidation once the etching process is 
completed. The larger exposed surface area in the highly 
etched regions facilitates more rapid and extensive oxida-
tion when exposed to ambient conditions, resulting in the 
higher oxygen concentrations detected by EDX.

An analysis of different regions of the etched areas on 
the p-Si surface using AFM is investigated. The analysis is 
conducted in the radial direction of different areas, which 
are illustrated in the image and numbered from P1 to P5. 
Figure 2 depicts the AFM images of different points (P1 to 
P5) in the radial directions of the electrochemically etched 
p-Si wafer. A comparative analysis of the surface from AFM 
images revealed high surface roughness in the unetched 
region (Fig. 2-P1), while smoother surfaces were observed 
in the inner layer of the circle.

In other words, the spot created by electrochemical etch-
ing contained different areas, with the surface roughness 
being high in the outer rings and decreasing in the inner 
rings and center. To further quantify the observed differ-
ences in surface morphology, Table  2 presents the pore 
size values at different points on p-Si. The results indicate 
that the diameter and depth of the etched region increased 
with increasing distance from the center of the circle. 

Table 1  The EDX results in both atomic and weight percentages
Elements
Region Atomic % Wt %

Oxygen Silicon Oxygen Silicon
P1 16.68 83.32 10.24 89.76
P2 20.37 79.63 12.72 87.28
P3 24.71 75.29 15.75 84.25
P4 26.61 73.39 17.12 82.88
P5 26.04 73.96 16.71 83.29
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Fig. 2  AFM images of different points (P1 to P5) in the radial difference of the electrochemically etched p-Si wafer

 

1 3

Page 7 of 12    610 



Y. Azizian-Kalandaragh, Y. Badali

results are consistent with similar behaviors reported in dif-
ferent materials [57].

The reason for the dispersive behavior of ε’ and ε” at low 
and intermediate frequencies is due to various factors, such 
as Maxwell-Wagner relaxation, dipole/surface polariza-
tions, Nss, and the native interfacial insulator layer. When 
the frequency decreases, ε’ and ε” increase, indicating that 
dipoles have enough time to align with the alternating elec-
tric field. The Maxwell-Wagner relaxation is connected to 
uncompensated surface charges at the capacitor’s interface. 
At very high frequencies (≥ 10 GHz), electronic and ionic 
polarizations may occur, but at lower frequencies up to a 
few kHz, dipole and surface polarizations are observed 
[58]. In this study, measurements have been taken in the fre-
quency range of 0.1 kHz-1 MHz, where electronic and ionic 
polarizations did not significantly influence the results. 
Figure 4(c) shows a distinct peak in tanδ plots of different 
regions of P2-P5 at a frequency near 50 kHz, especially at 

Here, C0 represents the geometry capacitance as (=ε0A/d), 
served as a reference. The frequency-dependent variations 
of ε’ and ε’’ as well as tanδ parameters are illustrated in 
Figs. 4(a-c).

Experimental findings revealed that both ε’ and ε” are 
highly dependent on frequency, mirroring the behavior 
observed in C-f and G-f plots. As shown in Figs. 4(a, b), at 
low frequencies, both the ε’ and ε” decrease with increasing 
frequency, while at high frequencies, these values remain 
relatively constant. This phenomenon can be attributed to 
the increasing influence of the series resistance (Rs) of the 
MS-type SD at higher frequencies, whereas at lower fre-
quencies, both the surface state density (Nss) and polariza-
tion effects play more significant roles. These observed 

Table 2  The pore size in different regions on the p-Si surface
Region P1 P2 P3 P4 P5

size (nm) 4.179 3.406 3.252 2.63 1.239

Fig. 4  The plots of (a) ε’-f, (b) ε’’-f, and (c) tan(δ)-f for different regions of PS (P2 to P5)

 

Fig. 3  The plots of (a) C-f and (b) 
G/ω-f characteristics for different 
regions of PS (P2 to P5)
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predominantly governed by the hopping of carriers between 
surface states. In essence, the conductivity can be regarded 
as an electric field-activated hopping process, where charges 
move from one trap to another [60].

The variation in dielectric properties across different 
regions of the PS wafer is closely related to differences in 
porosity. Higher porosity generally increases the dielectric 
constant and capacitance, due to the larger effective surface 
area and the enhanced contribution of the porous network 
to charge storage. Additionally, regions with higher poros-
ity may exhibit more pronounced frequency dispersion 
in dielectric properties, likely due to increased interfacial 
polarization. This trend is consistent with our observations 
for regions (specify regions, e.g., P4 and P5), which display 
both higher porosity and higher dielectric constants com-
pared to less porous regions.

4  Conclusions

In this work, we systematically investigated the influence 
of electrochemical etching on the surface properties and 
dielectric behavior of Al/p-Si structures with porous sili-
con (PS) layers. By analyzing five distinct regions (P1–P5) 
across the PS wafer, we demonstrated that electrochemical 
etching leads to significant spatial variations in both sur-
face chemistry and morphology, as revealed by EDX and 
AFM analyses. Our results showed that the central regions, 
which experienced higher etching rates, exhibited increased 
surface-to-volume ratios and consequently higher oxygen 
content due to enhanced native oxidation.

Wettability measurements indicated that both surface 
oxidation and pore size play critical roles in determining 
the hydrophilic or hydrophobic nature of the PS surface. 
Regions with higher oxygen content tended to be more 

P2 and P3 regions. The presence of grains and grain bound-
aries can lead to increased resistance at lower frequencies. 
Additionally, grain resistance diminishes as frequency 
increases. Nevertheless, higher levels of electrical energy 
are needed to facilitate the movement of charge carriers at 
lower frequencies, and conversely. These are attributed to 
the decreasing tanδ values with respect to frequency. It must 
be noted that the observed similarity in dielectric proper-
ties between regions P2 and P3, as well as between P4 and 
P5, can be attributed to their comparable porosity and sur-
face morphology, as indicated by AFM and EDX analyses. 
These regions likely experienced similar etching conditions, 
resulting in analogous microstructural features that influ-
ence their dielectric behavior.

By transformation of the permittivity into modulus data, 
complex dielectric modulus can be found as [58]:

M∗ = 1
ϵ ∗ = M ′ + jM ′ ′ = ϵ ′

ϵ ′ 2 + ϵ ′ ′ 2 + j
ϵ ′ ′

ϵ ′ 2 + ϵ ′ ′ 2 � (7)

Figure 5(a, b) represents the double logarithmic Μ’-f and 
Μ”-f plots for all regions of PS with different porosity rates. 
The data depicted in Fig. 5 indicates that both the real part 
(M’) and the imaginary part (M”) of the material’s complex 
electric module increase as the frequency rises, primarily 
due to a reduction in polarization effects. However, at higher 
frequencies, each applied forward bias voltage leads to the 
attainment of a maximum value for M’ and M”, correspond-
ing to M∞=1/ε∞ [59]. This behavior is a consequence of 
relaxation processes.

The significant augmentation in M’ with increasing 
frequency can be attributed to the short-range mobility of 
charge carriers, which results in a lack of restoring force 
for the flow of charges under the influence of a steady elec-
tric field. Furthermore, the conduction mechanism may be 

Fig. 5  The plots of a) M’-f and b) 
M”-f for different regions of PS 
(P2 to P5)
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