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Abstract
To explore the effect of a TiO2-surfactant (Brij 58) insulator as an interfacial layer on the electrical properties of a metal–semi-
conductor (MS) structure, a Au/TiO2-surfactant/n-Si (MIS) structure was created on an n-Si wafer. The spin coating method 
was used to deposit a TiO2 layer on the Si wafer. The electrical performance of the MIS structure is of great importance, and 
its study at forward and reverse biases requires the use of the I–V data (from −4.5 V to +4.5 V). The values of the reverse 
saturation current (I0), series resistance (Rs), shunt resistance (Rsh), and rectification ratio (RR) are this structure’s essential 
electrical characteristics that are calculated and compared with those of the MS structure. By measuring the energy depend-
ence at forward bias, the density distribution of the surface states can be ascertained. The current conduction mechanisms 
are also determined. Moreover, the dielectric features of the MIS structure are extensively studied by calculating the values 
of ε′, ε″, tanδ, Rs, and σ over a range of bias voltages (0.25–4 V) and frequencies (1 kHz–1 MHz) using C/(G/ω)–V and C/
(G/ω)–f measurements. The C−2–V plot of the structure is examined at a frequency range of 1 kHz–1 MHz. The results of 
these measurements are discussed in detail, providing insight into the changes in the impedance properties of the MIS device.
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Introduction

Metal–semiconductor (MS) structures with/without an inter-
layer are necessary to efficiently operate electronic and opto-
electronic devices such as solar cells (SC), Schottky diodes 

(SDs), transistors, and photodiodes. These instruments 
are not able to reach their full potential without MS struc-
tures.1,2 Thanks to the versatility of MS structures, they can 
be employed for both rectifying and non-rectifying applica-
tions. The design of metal–insulator/polymer–semiconduc-
tor (MIS/MPS) structures has garnered increasing attention 
in recent times, offering a way to regulate and increase the 
potential barrier height (BH), as well as enhancing the elec-
trical and dielectric performance of MS structures.3 When 
a layer of oxide or insulator is situated between the metal 
and semiconductor layers, MIS structures are formed. These 
structures offer a viable alternative to MS-type SDs in elec-
tronic and optoelectronic devices, significantly improving 
performance by modulating the critical parameters including 
series resistance (Rs) and interface states (Nss).4 The pres-
ence of an interfacial layer at the M/S interface not only 
modifies the electrical properties of the MS structure, but 
also significantly affects the capacitance (C) and conduct-
ance (G/ω) of the MS device. These changes in response to 
the voltage and frequency are caused by the changes in the 
Rs, as well as interface traps or Nss distribution at the M/S 
interface. The Nss and polarization effects play the main role 
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in the depletion region at lower frequencies, while the Rs and 
interfacial layer become more influential in the accumulation 
region at higher frequencies.5 Therefore, the electrical and 
dielectric performance of these structures is determined by 
the Rs, the distribution of Nss, material, thickness, and per-
mittivity of the interlayer employed.

It must be noted that the fabrication procedure of MIS-
type SDs is heavily dependent on the creation of pristine Si 
surfaces and the deposition of the insulator or oxide on this 
surface, which can have a major impact on the stability and 
reliability of the device.1 The growing significance of these 
devices is due to their extensive range of optoelectronic and 
high-frequency uses. MIS diodes have a thin insulator layer 
at the M/S interface; this insulator layer prevents the inter-
diffusion between the metal and the semiconductor substrate, 
and it can also solve the electric field reduction issue in MIS-
type SDs.6 The insulator layer causes a capacitor property in 
the MIS-type SDs, enabling it to store electric charges owing 
to the dielectric substance of the oxide layers. Nevertheless, 
traditional oxidation or deposition techniques for forming 
an insulator layer on Si substrate cannot completely passi-
vate the active dangling bonds at the semiconductor surface. 
Furthermore, oxygen ions can create space charge impacts 
at low frequencies that are highly pronounced.7

Recently, alternative high-κ materials such as ZnO, 
HfO2, ZrO2, Si3N4, Al2O3, SiO2, and TiO2 have been gain-
ing considerable attention for their potential use as inter-
facial insulator layers at M/S interfaces in semiconductor 
devices such as MIS.8 Bulk TiO2 is a promising option 
among these high-κ materials due to its various phases that 
boast an extraordinarily high dielectric constant. The MS 
structures with metal oxide interlayers are typically used in 
the fabrication of basic electronic devices such as diodes, 
photodiodes, collar cells, transistors, and capacitors depend-
ing on interlayer thickness and front semi-transparent metal 
rectifier contacts. They are also essential for space applica-
tions, as they can withstand harsh atmospheric environments 
with strong ionization radiation fields and high-temperature 
atmospheres. In particular, the high-κ dielectric interlayer 
offers enhanced capacitance, high energy storage capability 
and breakdown voltage, and low leakage current. Therefore, 
they may have the potential to replace conventional SiO2 in 
the future.

Titanium, the world’s fourth most abundant metal and 
the ninth most abundant element, was discovered in 1791 in 
England by Reverend William Gregor. It may be generally 
found in many minerals such as rutile, ilmenite, leucoxene, 
anatase, brookite, perovskite, sphene, titanates, and many 
iron ores. Rutile contains 93–96% TiO2, ilmenite contains 
44–70% TiO2, and leucoxene contains up to 90% TiO2.4 The 
dielectric constant of the TiO2 insulator or metal oxide var-
ies between 16 and > 100.4 TiO2 has good chemical stability, 
non-toxicity, low cost, and a high refractive index. Thus, it 

is used as an anti-reflection coating material in solar cells 
and optical thin film devices. Despite all this, it is important 
to compare the prepared samples with similar ones and to 
accurately determine their repeatability, shortcomings, and 
advantages. For example, TiO2 may be crystallized in dif-
ferent crystallographic polymorph phases such as anatase, 
rutile, and brookite. The most popular ones are the anatase 
and rutile phases; the first is typically formed at low tem-
peratures while the second is thermodynamically stable at 
high temperatures.4

The formation process for the TiO2 layer at the M–S 
interface, the annealing temperature, Rs, the inhomogene-
ous formation of the Schottky barrier at the M/S interface, 
and the distribution of Nss at the Si/TiO2 interface are the 
main factors determining the performance and reliability 
of TiO2-based MIS structures.9 A variety of methods can 
be used to grow thin films of TiO2, including thermal or 
anodic oxidation, sol–gel technique, chemical vapor depo-
sition, plasma-enhanced chemical vapor deposition, elec-
tron beam evaporation, and DC reactive magnetron sputter-
ing.10–12 However, the last method is the preferred choice 
for fabricating insulator films with consistent and desired 
properties, due to its ease of control. In recent years, many 
researchers have investigated MIS SDs due to their tech-
nological importance.8–12 However, there are no detailed 
investigations on the electrical and dielectric properties as a 
function of applied voltage and frequency for MS structures 
with a high-dielectric TiO2 interlayer.

Even if a metal oxide (MO), ferroelectric, or other thin 
interlayer is prepared under the same conditions, comparing 
its dielectric constant and electric modulus is not as easy as 
an electrical parameter. The dielectric properties of an MIS 
structure depend on many factors. Among these, the thick-
ness, homogeneity, preparation temperature, and method are 
the most influential parameters of dielectric features, as well 
as the voltage, frequency, and temperature.4,14–16 Since the 
MIS structure has sufficiently high Rs and Nss, the dielectric 
parameters become a strong function of applied frequency 
and voltage. The changes in the real/imaginary components 
(ε′, ε″) of a complex dielectric (ε*) are quite significant, 
especially in the inverse and accumulation regions at low/
moderate frequencies due to the surface/interface density of 
states (Nss) and polarization processes. However, the Rs and 
interlayer are influential only at the accumulation region at 
higher frequencies.

This study aims to investigate both the electri-
cal and dielectric features of an MS-type SD with a 
TiO2-surfactant interlayer at the interface of the MS 
structure, with a view to its potential use in electronic 
applications, by measuring the I–V, C/(G/ω)–V, and C/
(G/ω)–f characteristics. For this purpose, an MS-type SD 
with a Au/TiO2-surfactant/n-Si structure is fabricated on 
a Si wafer, as described in the following section. The I–V 
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characteristics of the structure are measured from −4.5 V 
to 4.5 V, and the TE, Norde, and Cheung methods are 
used to calculate the electrical parameters including I0, 
n, BH, Rsh, and Rs. Also, the Card–Rhoderick method is 
employed to extract the Nss profile as a function of energy 
in the forward bias voltage. Next, the mechanisms of cur-
rent conduction or transfer in the Au/TiO2/n-Si structure 
are characterized at the reverse and forward bias regions. 
Then, the impedance of the fabricated MIS structure as a 
function of applied voltage and frequency (C/(G/ω)–V, 
C/(G/ω)–f) is determined in the voltage range from 0.25 
to 4 V and the frequency range from 1 kHz to 1 MHz to 
obtain the ε′, ε″, tanδ, Rs, and σ parameters. The profile 
of C−2–V for the MIS structure is also investigated in the 
frequency range from 1 kHz to 1 MHz. Finally, a detailed 
discussion is provided on the obtained results.

Materials and Methods

Synthesis of TiO2‑surfactant Insulator

A sol–gel solution was prepared as follows. First, 0.512 g 
of Brij 58 surfactant was dissolved in EtOH, with stir-
ring for 10 min. The obtained solution was then added to 
pure TiCl4 (1 ml) and the mixture was stirred for 5 min. 
H2O (1.642 g dropwise) was then added to the mixture, 
and the final solution was stirred at room temperature for 
15 min before spin coating. The molar ratio of the final 
solution (TiCl4:Brij 58:EtOH:H2O) was 1:0.05:40:10.13 
The prepared solution was spin-coated on the substrate 
at 2000 rpm for 1 min, resulting in a sol–gel composed 
of surfactant tubular micelles with a diameter of 3–4 nm, 
surrounded by the titania precursor in a cubic order. The 
underside of the Si wafer was coated with a 100-nm-thick 
Al layer by sputtering at a pressure of 1.33 × 10−7 kPa, 
followed by annealing at 500°C to form a low-resistivity 
ohmic contact. After that, the TiO2 layer was coated onto 
an n-Si wafer with 300 µm thickness and 1–10 Ω·cm−1 
resistance, utilizing the spin coating method. Finally, an 
MIS-type SD was prepared by using masks with 1.2 mm 
diameter and 100 nm thickness and placing Schottky or 
rectifier contacts with a tablet form on the TiO2-surfactant 
insulator layer. This was accomplished through an MIS 
contact of Au/TiO2/n-Si. To perform impedance (C/G–V) 
and I–V measurements, the prepared structures were fixed 
on a copper holder with the help of a conductive silver 
plate. Electrical contacts were made of silver-plated cop-
per wires. The impedance and current measurements were 
performed utilizing an Agilent/Keysight HP4192A LF 
impedance analyzer and a Keithley 2400 source meter at 
room temperature, respectively.

Results and Discussion

Current–Voltage (I–V) Characteristics

Thermionic Emission (TE) Method

The TE theory is applied to obtain the main electrical 
parameters of MS- and MIS-type structures based on the 
I–V data in the forward bias region. This theory assumes 
that electrons and holes possess sufficient thermal energy 
to overcome the BH and be transferred.14 If an MS or MIS 
structure has a large enough Rs and an ideality factor (n) 
greater than unity (n = 1 in an ideal case), the I–V relation-
ship is not like that of an ideal diode and deviates signifi-
cantly from linearity (see Fig. 1a). In addition, the presence 
of a native interlayer or interlayer deposited onto the semi-
conductor surface, Nss, between the interlayer and semicon-
ductor also influences the I–V relation in the forward bias 
region. Thus, according to TE theory, the I–V relationship in 
these structures for V > 3 kT/q can be defined as follows:15

where I0 is the reverse saturation current, A* refers to the 
effective Richardson constant, andΦB0 and T are the zero-
bias BH and temperature (K), respectively. The literature 
presents the other parameters well.15–17 The intercept of the 
Ln(I)–V graph at an applied voltage of 0 V gives the value 
of I0y (see the inset of Fig. 1a), and then the BH parameter, 
ΦB0 , can be computed by considering the rectifier contact 
area as follows:2,15

The values of I0 and ΦB0 parameters were obtained 
as 2.27 × 10−8  A and 0.782  eV for the MS device and 
4.59 × 10−9 A and 0.798 eV for the MIS device. The value 
of n is a key indicator of the effectiveness of MS/MIS-type 
structures, and ideally, it should be equal to 1. However, 
in the application, the value of n determined from the 
Ln(I)–V plot is often higher than 1 because of the presence 
of interlayers, its thickness (δi), Nss, dielectric value, bar-
rier inhomogeneity, and the width of the depletion layer 
(WD) or doping level of acceptor or donor atoms in the 
semiconductor:2,17
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The value of n for the MS and MIS structures was 8.59 
and 3.81, respectively. To determine the resistance of the 
MIS structure at different applied voltage, Ohm’s law 
(Rj = dVj/dIj) should be employed.18 The resistance cor-
responds to the series and shunt resistance at the forward 
and reverse bias voltage, respectively. As can be observed 
in Fig. 1b, the Rs value is 0.82 kΩ and 5.60 kΩ at a forward 
bias voltage of 4.5 V, and the value of Rsh is 1.59 MΩ and 
524.91 MΩ at a reverse bias voltage of −4.5 V for the MS 
and MIS structures, respectively. The primary parameter that 
determines the performance of the MS and MIS structures is 
the rectification ratio (RR = IF/IR), equaling 1.93 × 104 and 
9.40 × 104, respectively.

Cheung Functions

The Cheung functions can be used to compute the funda-
mental electrical parameters of MS and MIS structures such 
as n, ΦB0 , and Rs when the forward bias voltage is high. 
This corresponds to the concave curvature of the Ln(I)–V 
curve, and can be accomplished utilizing the following 
relations:19,20

(4)
dV

d(Ln(I))
= IRs + (

nkT

q
),

(5)H(I) = V −
nkT

q
Ln

(

I

AA∗T2

)

= IRs + nΦB.

In general, the influence of the native deposited inter-
layer at the M/S interface and Rs leads to a decrease in the 
linearity of the Ln(I)–V curve at the forward bias region. 
The Cheung functions have a linear component in this area, 
enabling us to obtain Rs and n values with the slope and 
intercept of the dV/d(Ln(I))–I graph by Eq. 4. Moreover, 
the slope and intercept of the H(I)–I graph using Eq. 5 yield 
the second-ΦB0 and Rs values. As a result, the values of 
ΦB0 , n, and Rs were determined by the slopes and intercepts 
presented in Fig. 2 and are introduced in Table I.

Modified Norde Function

As another method, the use of the Norde function, F(V), 
enables the values of Rs and ΦB0 to be determined for the 
MIS structure. The Norde function is given as follows20:

where γ corresponds to an integer that must be greater than 
n. Figure 3a shows the changes in F(V) for the prepared MS 
and MIS structures as a function of the applied bias volt-
age. The presence of a minimum point at the concave part 
of the F(V) function enables us to obtain the Rs and ΦB0 
parameters with the Norde technique,20 whose values are 
given in Table I.

The non-ideal behavior of the MIS structure is largely 
related to the Nss. By analyzing the I–V data at the for-
ward bias voltage, the Nss profile in terms of energy can be 
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Fig. 1   Semi-logarithmic changes in (a) I–V and (b) Ri–V curves for the MS/MIS-type SDs.
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determined, taking into account both the voltage-dependent 
n and BH. At equilibrium, the values of Nss can be extracted 
as follows:2,13
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Fig. 2   Plots of (a) dV/d(Ln(I)) and (b) H(I) of the MS/MIS-type SDs.

Table I   Electrical variables of the MS/MIS-type SDs obtained by different methods

Diode ΦB0 (eV) RR × 104 Rs (kΩ) Rsh (MΩ) n Nss (eV−1.
cm−2) × 1014

TE Norde H(I) TE Norde H(I) dV/dln(I) TE dV/dln(I) TE Norde

MS 0.78 0.83 0.79 1.93 0.82 0.81 0.79 0.79 1.59 8.59 8.08 0.42 0.35
MIS 0.80 0.80 0.80 9.40 5.60 6.14 5.96 5.93 524.91 3.81 4.62 1.32 0.29
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Fig. 3   Functions of (a) F(V) versus voltage and (b) Nss versus energy for the MS/MIS-type SDs.
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where δ (=100 nm) and WD (=0.0113 cm2) are the interlayer 
thickness and the width of the depletion layer, and εi and 
εs are the interfacial layer and semiconductor permittivity, 
respectively. The difference in energy between the conduc-
tion band edge (Ec) and the Nss level (Ess) of an n-type semi-
conductor is defined by Ec − Ess = q(Φe − V).2,14

Figure 3b illustrates the energy-dependent changes in 
the Nss curve for the MS and MIS structures at room tem-
perature. At 0.50 eV, the value of Nss for both structures 
is extreme, whereas it gradually decreases with increasing 
energy, and finally, it reaches the minimum at 0.75 eV. It 
must be noted that the value of Nss for the MIS structure is 
smaller than that for the MS structure at higher energies due 
to an insulator layer at the interface of M/S, which effec-
tively passivates the semiconductor surface.2,21

Table I presents the basic electrical parameters for the MS 
and MIS structures which have been calculated by the TE 
theory and Norde and Cheung techniques. As can be seen 
in Table I, there are some discrepancies between electrical 
parameters obtained by the different approaches. These dis-
crepancies are a result of voltage-dependent parameters and 
the nature of the calculation methods corresponding to the 
different bias voltages.

Current‑Transport/Conduction Mechanisms (CTMs/
CCMs)

The TiO2-surfactant interfacial layer at the M/S interface 
influences the CCMs in the MIS structure at the forward 
and reverse bias voltage. Generally, the charge transport is 
significantly enhanced if deep traps or surface states occur 
at the interface of the M/S. Figure 4a presents the Ln(IF) plot 
in terms of the applied voltage at the forward bias region for 
the MS and MIS structures, which consists of three linear 

parts corresponding to various CCMs. The slope of these 
linear regions equals 1.23, 5.86, 3.44 for the MS structure 
and 1.53, 3.69, 2.44 for the MIS structure. Ohmic behavior 
(I~V) is seen in the first part, with the bias voltage being 
relatively low. This is because a small electric charge is per-
fused into the semiconductor by the electrodes.22 The slope 
of the other linear parts is higher than 2, indicating that the 
electric current is exponentially altered (I ~ exp(Vm)). This 
is because the primary charge carrier process in these linear 
regions is recombination-tunneling.23 It should be mentioned 
that two CCMs can occur in the MS and MIS structures at 
the reverse bias voltage, either the Poole–Frenkel (PF) or 
Schottky emission (SE) mechanisms. Once the PFE mecha-
nism dominates, the value of IR is given as follows23,24:

The value of IR will be determined with the following 
relation providing that the SE mechanism is dominant.

where �PF and �SC are the field lowering coefficients for the 
PFE and SE mechanisms, related to each other by 2�SC = �PF
.24,25

The changes in the Ln(IR)–V0.5 plots of the MS and MIS 
structures are depicted in Fig. 4b. As can be observed, the 
Ln(IR)–V0.5 graph for the MS and MIS structures has a linear 
form in the sufficiently high reverse bias region. The slope of 
these linear plots is employed to compute the field lowering 
coefficient, which was obtained as 4.43 × 10−6 eV−1m0.5V0.5 
for the MS structure and 3.04 × 10−5 eV−1m0.5V0.5 for the 
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MIS structure. By comparing the obtained experimental 
value and the theoretical result (3.79 × 10−5 eV−1m0.5V0.5 
for the MS structure and 5.96 × 10−6 eV−1m0.5V0.5 for the 
MIS structure) of the βPF coefficient, it is found that the PFE 
and SE mechanisms are the dominant CCMs in the MS and 
MIS structures, respectively.

Impedance Characteristics

Voltage Dependence of the Impedance

Figure 5 shows the C–V and G/ω–V curves of the prepared 
MIS structure at frequencies from 1 kHz to 1 MHz, meas-
ured at room temperature. As can be seen from Fig. 5a, the 
C–V and G/ω–V profiles of the fabricated MIS structure dis-
play similar inversion, depletion, and accumulation regions 
to those of the metal–oxide–semiconductor (MOS) structure. 
The C–V curves of the MIS structure in the frequency range 
from 1 to 1 MHz exhibit a local maximum in the deple-
tion region; however, it can be increased or decreased by 
varying the applied bias voltage and frequency. This implies 
that the presence of an interfacial layer is capable of passi-
vating active dangling bonds in the semiconductor crystal. 
Moreover, the presence of un-passivated Nss and bulk traps 
enables the storage/capture and release/emission of many 
electric charges if a forward bias voltage is applied, thus 
resulting in an increase or decrease. Also, the C–V plots 
have a concave curvature in the accumulation part, originat-
ing from the Rs and the interlayer. This suggests that Nss is 
particularly prominent in the depletion and inversion parts 
at low and moderate frequencies, while Rs and the interlayer 
are dominant in the accumulation part at higher frequencies. 

In Fig. 5b, a distinct peak is seen in the G/ω–V profile near 
0.75 V for the prepared MIS structure, which is caused by 
the unusual density of Nss and dislocations between the insu-
lator interlayer and the semiconductor at its forbidden energy 
level.2,26

The permittivity of SDs is a complex parameter 
( �∗ = �� − j��� ) that has a major influence on their dielectric 
characteristics. The real part of this parameter is responsible 
for the amount of energy stored within the structure, which 
is given by

The imaginary part of this parameter corresponds to the 
energy loss in the structure, which is defined as

where C0(=ε0A/di) is the geometric capacitance, A is the 
area of rectifier contact, ε0 is the free space permittivity, and 
di is the interlayer thickness.27 The changes in the ε′ and ε″ 
parameters for the prepared MIS structure as a function of 
voltage in the frequency range of 1 kHz–1 MHz and room 
temperature are exhibited in Fig. 6a and b. It is evident that 
the values of ε′ and ε″ vary significantly with the bias volt-
age and frequency, especially at the depletion and accumula-
tion regions. The values of ε′ and ε″ decrease with increasing 
frequency in these regions while remaining constant at the 
inversion region. It is noteworthy that the Rs of the MIS 
structure is the primary cause of such behavior of the ε′ and 
ε″ functions.28 Also, the frequency-dependent ε′ and ε″ func-
tions display a dispersion that is linked to Maxwell–Wagner 
and space-charge polarization.29,30 The maximum value of 

(10)�� = C∕C0 = Cdi∕�0A.

(11)��� = G∕�C0 = Gdi∕�0�A,
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Fig. 5   Variations in (a) C–V and (b) G/ω–V for the MIS-type SD.
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ε′ (=185) even at 1 kHz is almost 49 times that of the maxi-
mum dielectric value of conventional SiO2. This means that 
the fabricated Au/TiO2/n-Si structure has greater charge or 
energy capability when compared to other low-dielectric 
materials such as SiO2 and SnO2.

One of the fundamental electrophysiological factor of the 
MIS structure that requires study by considering the phase 
difference (δ) between the induced current and the applied 
electric field is the tangent loss (tanδ), which is indicated 
as follows.27

Figure 7a demonstrates the changes in tanδ for the pre-
pared MIS structure depending on the applied bias voltage 
over a frequency range from 1 kHz to 1 MHz. The value 
of tanδ for the MIS structure displays a peak at nearly all 
frequencies. The value of these peaks decreases as the fre-
quency increases and the peak positions shift towards the 
negative-bias region. A variety of factors can influence the 
peak value of tanδ, including Rs, Nss, surface or dipole polar-
ization, and the thickness of the interlayer.31 It is well known 

(12)tan� =
���

��
=

G

�C
.
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that capacitance and conductance are highly responsive to 
the interfacial features because of the different behaviors of 
the Nss at small and large frequencies.32 Previous research 
has indicated that the appearance of the peak is likely caused 
by interface states.33–35

A high-dopant semiconductor material can reduce the BH 
at the M/S interface, leading to a decrease in the Rs of the 
MS device. The Nicollian and Brews method allows us to 
express the frequency-dependent Rs as36

where C and G/ω refer to the measured capacitance and con-
ductance of the device at the different applied bias voltages 
and frequencies. Figure 7b demonstrates the voltage-depend-
ent profiles of Rs for the MIS structure in the frequency 
range of 1 kHz–1 MHz and at room temperature. As seen, 
the Rs value remains nearly constant at the accumulation 
part, which is in agreement with the actual value of Rs for the 
MIS structure. The Rs plots of the MIS structure demonstrate 
how the density of the Nss between the interlayer and the 
semiconductor, as well as their relaxation times, affects the 
peak behavior at all frequencies.

The application of a bias voltage can lead to a restruc-
turing and rearrangement of Nss, which has an effect on 
the behavior of Rs. This effect is more pronounced at high 
frequencies and in the accumulation region, whereas it is 
negligible at low frequencies and in the inversion region.

It is necessary to compute the electrical modulus to 
assess the electrical conduction processes, describe the 
grains and grain boundary contributions, and eliminate 

(13)Rs =
G

G2 + (�C)2
,

the electrode polarization response in MIS structures. The 
real and imaginary components of the complex parameter 
( M∗ = M� − jM�� ) are determined as follows36–42: 

Figure 8a shows the evolution of the M′ curves as a func-
tion of various applied voltages for frequencies between 
1 kHz and 1 MHz at ambient temperature. It is obvious that 
the highest M′ values across the whole frequency range are 
found at −4.5 V in the negative bias region, after which 
the values decrease with increasing applied voltage until 
they reach close to zero at +1.5 V. On the other hand, the 
monatomic dispersion caused by the short-range mobility 
of charge carriers causes the frequency to increase, thus 
increasing the value of M′.

Additionally, Fig. 8b shows the change in the voltage-
dependent M″ profiles in the frequency range of 1 kHz to 
1 MHz at ambient temperature. It is evident that the values 
of M″ close to 0.75 V are extreme and the peaks shift toward 
the negative bias region where the M″ values decrease with 
increasing the frequency. At applied voltages of −4.5 V and 
+4.5 V, the values of M″ are nearly constant.

The C–V measurements for the MIS sample are carried 
out using an AC voltage signal (Vac) and an applied DC volt-
age, as shown in Fig. 5a. The Nss can readily track the AC 
signal at lower frequencies while it lacks this capability at 
higher frequencies. Thus, the Nss profile is calculated using 
the low (CLF)–high (CHF) frequency capacitance approach 
as follows:15,16

(14a)M� = �C0Z
�� = ��∕(��2 + ���2),

(14b)M�� = �C0Z� = ����∕(��2 + ���2).
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Fig. 8   Graphs of (a) M′ and (b) M″ versus V for the MIS structure.
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In Fig. 9a, the voltage-dependent Nss profile is depicted. 
The MIS structure’s Nss profile has a maximum value of 
8.84 × 1013 eV−1 cm−2 at 4.5 V applied voltage. However, 
it is nearly constant throughout the region of negative bias 
from −4.5 V to +0.5 V, at 2.21 × 109 eV−1 cm−2.

At the inversion region, the depletion layer capacitance of 
the fabricated MIS-type SD is determined as1,43

where V denotes the bias voltage applied, q is the electric 
charge, A is the area of the MIS device, εs is the semicon-
ductor permittivity, and ND is the ionized trap–like donor. 
In addition, Vd refers to the diffusion potential at zero-bias 
voltage acquired with the intercept of the C−2–V graph. The 
voltage-dependent C−2 illustrations of the fabricated MIS-
type SD in the frequency range of 1 kHz–1 MHz at room 
temperature are presented in Fig. 9b. The profiles of C−2–V 
for the MIS structure at different frequencies demonstrate a 
strong linear relationship between C−2 and the applied bias 
voltage from −2 V to −1 V, whose slopes increase slightly 
with the increase in frequency.

The C−2–V profiles can be used to derive the primary 
electronic properties of the MIS structure, including ND, 
width of the Wd, BH (ΦB), and Fermi energy (EF), at each 
applied frequency. Utilizing the intercept and slope of the 
C–V graph at each frequency, the intercept bias voltage 

(15)Nss =
1

qA

[

(

1

CLF

−
1

Cox

)−1

− (
1

CHF

−
1

Cox

)
−1
]

.

(16)C−2 =
2(Vd + V)

qA2�sND

,

(V0) and ND were computed. Additionally, the EF and BH 
values of the MIS structure were calculated as follows38:

where kT/q refers to the thermal energy, NC is the state-
to-state density at the conduction band, and ΔΦB denotes 
the image force lowering. In addition, Wd and ND are cal-
culated with the intercept voltage (V0 = VD−kT/q) and the 
slope (tanθ) as

Table II presents the C–V measurement results for the 
electronic properties of the MIS structure in the frequency 
range of 1 kHz–1 MHz. A high intercept voltage is una-
voidably caused by the insulator layer at the M/S interface, 
series resistance (Rs), and Nss. Additionally, at higher fre-
quencies, the value of Rs has a greater effect, whereas at 
lower frequencies, the Nss factor is more important.24,38

The electrical conductivity of the Schottky structure as 
a function of frequency is described as follows:34,35

(17)EF =
kT

q
ln

(

NC

ND

)

,

(18)ΦB = V0 + kT∕q + EF − ΔΦB,

(19)Wd = (2�s�oVD∕qND)
1∕2,

(20)ND = 2∕(q�0�sA
2tan�).

(21)� =

(

di

A

)

�Ctan� = �0�
���.
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Figure 10 presents the graph of voltage-dependent σ 
for the prepared MIS structure in the frequency range of 
1 kHz–1 MHz at room temperature. It is evident that the 
value of σ increases with increasing frequency, unlike the 
ε′ and tanδ parameters. It is worth mentioning that the elec-
trical conductivity, which is infinite at zero frequency and 
negligible at larger frequencies, directly influences the die-
lectric loss.31 Moreover, the electrical conductivity increases 
with the increase in the bias voltage because of the reduced 
polarization, resulting in an increase in the eddy current and 
a consequent increase in the energy loss (tanδ).29

Frequency Dependence of the Impedance

The frequency-dependent capacitance and conductance of 
the prepared MIS structure were examined in the frequency 

range of 1 kHz–1 MHz at a bias voltage range of 1–2.5 V and 
0.25–4 V, respectively. Figure 11a and b depict the changes 
in the capacitance and conductance of the MIS structure 
depending on the frequency at different applied bias volt-
ages. When the frequency is increased, the dispersion effect 
prevents the charges at interface states and in equilibrium 
with the semiconductor from influencing the capacitance, 
resulting in the AC signal not being tracked.37 Thus, the 
capacitance of the MIS structure exhibits an exponential 
variation with frequency. As the frequency increases, G/ω 
decreases because electrical dipole moments cannot effec-
tively describe the electric field at higher frequencies.38–40

The changes in the frequency-dependent ε′ in the 
bias voltage range of 0.25–4 V and frequency range of 
1  kHz–1  MHz at room temperature are introduced in 
Fig. 12a. When the frequency reaches almost 100 kHz, the 
ε′ profiles of the MIS structure are near their minimum val-
ues, and after this, they remain constant with the increase in 
the frequency. At lower frequencies, the energy stored in the 
MIS structure increases significantly provided that a higher 
bias voltage is applied. However, the stored energy is nearly 
constant at different bias voltages at higher frequencies. At 
these frequencies, the polarization decreases because Nss is 
not able to maintain the AC signal and finally reach a con-
stant value. This leads to a decrease in the value of ε′, as the 
electrons are not able to follow the external field beyond a 
particular frequency.35

It is useful to study the frequency-dependent energy 
loss of the fabricated MIS structure by plotting the imagi-
nary part of the complex permittivity (ε″) in the frequency 
range of 1 kHz–1 MHz at different bias voltages and room 
temperature, as shown in Fig. 12b. The energy loss of the 

Table II   Electronic parameters 
of the MIS sample obtained by 
C–V measurement

F (kHz) Vo (V) VD (eV) ND 
(×1016 cm−3)

EF (eV) Em (kV/cm) WD (μm) ΔΦB (×10−4 eV) ΦB (eV)

1 0.85 0.88 1.85 0.18 69.50 0.25 9.55 1.06
2 0.90 0.92 1.82 0.18 70.72 0.25 9.63 1.10
3 1.16 1.18 2.02 0.18 84.72 0.27 10.54 1.36
5 1.12 1.15 1.92 0.18 81.13 0.28 10.32 1.32
7 1.10 1.12 1.87 0.18 79.34 0.28 10.20 1.30
10 1.13 1.15 1.92 0.18 81.38 0.28 10.33 1.33
20 1.10 1.13 1.82 0.18 78.42 0.28 10.14 1.31
30 1.10 1.13 1.78 0.18 77.60 0.28 10.09 1.31
50 1.17 1.19 1.98 0.18 84.08 0.28 10.50 1.37
70 1.09 1.11 1.79 0.18 77.30 0.28 10.07 1.29
100 1.07 1.10 1.74 0.18 75.61 0.28 9.96 1.28
200 1.07 1.10 1.71 0.18 75.13 0.29 9.93 1.28
300 1.10 1.13 1.73 0.18 76.40 0.29 10.01 1.31
500 1.07 1.10 1.70 0.18 74.85 0.29 9.91 1.28
700 1.07 1.09 1.69 0.18 74.29 0.29 9.87 1.27
1000 1.03 1.06 1.67 0.18 72.62 0.29 9.76 1.24
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Fig. 10   Semi-logarithmic plots of σ–V for the MIS sample.
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MIS structure shows different behaviors with increasing 
voltage at smaller frequencies. As observed, the high-
est energy loss of the prepared MIS device occurs at an 
applied bias voltage of 2.5 V. As the frequency increases 
and the energy loss stabilizes at a fixed value, the impact 
of the bias voltage is reduced. The primary response of the 
MIS structure is seen at smaller frequencies because of the 
large resistivity of the grain boundary.39

In addition, the frequency dependence of tanδ for the 
MIS device in the bias voltage range of 0.25–4 V at room 
temperature is depicted in Fig. 13a. At all bias voltages, 

the maximum value of tanδ is found at a frequency of 
5 kHz, which then shifts toward 1 kHz. After this extreme, 
it decreases with increasing frequency. Also, the highest 
and lowest values of tanδ correspond to 1.75 V and 1.25 V 
in the bias voltage range applied, respectively.

The frequency-dependent Rs values of the fabricated MIS 
structure in the bias voltage range of 0.25–4 V and frequency 
range of 1 kHz–1 MHz at room temperature are shown in 
Fig. 13b. The highest value of the Rs plots occurs at a fre-
quency of 1 kHz, whereas the value of Rs has no change at 
the higher frequencies. The extremum values of Rs at 1 kHz 
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Fig. 11   Variations of (a) C–f and (b) G/ω–f profiles for the MIS-type SD.
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are related to the bias voltage of 4 V and 0.25 V. It is note-
worthy that the electric charges in interface traps can moni-
tor AC signals at smaller frequencies, making a tangible 
contribution to the signal’s value and Rs.37,38

The electrical conductivity is defined by the power law as40,41

where σ0 is the DC term of electrical conductivity, ω refers 
to the angular frequency (2πf), and s1 and s2 are dimen-
sionless frequency exponents obtained by the slope of the 
Ln(σ)–Ln(ω) plot. The frequency dependence of the electri-
cal conductivity of the MIS device in the frequency range of 
1 kHz–1 MHz at various bias voltages and room temperature 
is presented in Fig. 14. As can be observed, higher frequen-
cies result in greater AC electrical conductivity because 
the interfacial polarization is reduced. Additionally, as AC 
conductivity increases, eddy current and energy loss both 
increase. Moreover, because of the DC electrical conductiv-
ity, the structures’ AC electrical conductivity remains con-
stant at lower frequencies.41

Similar results for electrical and dielectric properties were 
reported in the literature, as shown in Table III.42–53 For exam-
ple, Pakma et al.43 examined the effects of the preparation tem-
perature (100°C, 200°C, 300°C) on the main electrical param-
eters of Al/TiO2/p-Si MIS structures and a TiO2 interlayer 
prepared by the sol–gel dip-coating method. The reverse satu-
ration current (I0), ideality factor (n), BH (FB0), and series resist-
ance (Rs) were found to be 21 nA, 1.69, 0.519 eV, and 687.7 W 
for annealing at 300°C, respectively.  Kınacı et al.44 fabricated 
two types of SDs, Au/ZnO/TiO2/n-Si (MIS-1) and (Ni/Au)/ZnO/
TiO2/n-Si (MIS-2). They calculated the values of n, FB0, and Rs 

(22)� = �0 + A�s1 + B�s2 ,

parameters which were equal to 1.80, 0.88 eV, and 106.2 W for 
MIS-1 and 1.97, 0.82 eV, and 294.8 W for MIS-2, respectively. 
Alialy et al.45 fabricated a Au/TiO2/n-4H-SiC SD and computed 
the values of n, FB0, Rs, and Rsh as 5.09, 0.81 eV, 37.43 W, and 
435 kW at 200 K, respectively. Kınacı et al.46 constructed Au/
TiO2 (rutile)/n-Si (MIS) SBD and analyzed its I–V characteris-
tics. They obtained the values of n, FB0, and Rs as 2.59, 0.72 eV, 
and 71.63 W, respectively. Erdal et al.47 prepared two SDs with 
the structure Al/TiO2/n-Si and Al/Cu:TiO2/n-Si. They calcu-
lated the values of I0, n, FB0, and Rs as 1.83 × 10−11 A, 1.93, 
0.93 eV, and ~36 kW, respectively. Karabulut et al.48 fabricated 
an Al/p-Si structure with a TiO2 interlayer which was grown by 
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atomic layer deposition (ALD) with a thickness of 10 nm. They 
measured the I–V characteristics in the dark and under differ-
ent illumination intensities (10 and 100 mW cm−2). The values 
of ΦB0 and ideality factor (n) were found to be (0.80 eV, 1.04) 
in the dark, (0.70 eV, 2.24) at mW cm−2, and (0.56 eV, 10.27) 
at 100 mW cm−2. In a report by Bengi et al.49, TiO2 thin films 
were also deposited on polycrystalline n-type Si wafers utilizing 
DC magnetron sputtering, and to improve the crystal quality, 
they were annealed at 700°C (anatase) and 900°C (rutile). The 
authors found that the RR of the Au/n-Si (MS) structure with 
anatase-phase TiO2 was 140, while the rutile phase was 8864. 
The magnitude of the leakage current for the rutile phase was 15 
times lower than the anatase phase. These results show that the 
performance of the Au/TiO2/n-Si structure was also improved 
with thermal annealing.

In a work by Kumar et al.42, TiO2 thin film was grown 
between Ni and p-Si using pulsed laser ablation to construct 
Ni/n-TiO2/p-Si/Al heterojunction diodes. TiO2 pellets were 
then sintered at 1000°C for 12 h and used for the deposition 
of thin films. The dielectric properties of the films were inves-
tigated in a wide range of applied bias voltage, temperature, 
and frequency. The results showed that the values of e′ and 
e″ are strongly related to frequency, temperature, and applied 
bias voltage, especially at low frequencies, mainly due to the 
Maxwell–Wagner and space charge polarization. The e′ and 
e″ values were found to be 2 (at 4 kHz) and 160 (at 1 MHz) 
at 2 V and room temperature, respectively. Büyükbaş Uluşan 
and Tataroğlu50 reported the deposition of a thin film of TiO2 
onto an n-Si substrate using a radio frequency (RF) magnetron 
sputtering system to fabricate a Au/TiO2/n-Si (MIS) structure.50 
The admittance (C/G–V) measurements were performed in the 
frequency range of 0.5–500 kHz at room temperature. It was 
observed that the dielectric constant (ε′) and dielectric loss 
(ε″) decreased with increasing frequency, with values of 51 at 

0.5 kHz and 2 at 0.5 MHz, respectively. Tanrıkulu et al.51 fabri-
cated an SBD with a structure of Au/TiO2/n-4H-SiC to exam-
ine the frequency-dependent dielectric properties. The values 
of e′, e″, and sac were found to be 1.79, 3.64, and 2.03 × 10−7 S/
cm at 100 kHz and 0.34, 0.46, and 2.57 × 10−7 S/cm at 1 MHz, 
respectively. Gullu and Yildiz52 studied the dielectric features of 
an Al/TiO2/Si SD by calculating the values of e′ and e″ from the 
capacitance and conductance data. They obtained values of 45 
at 1 kHz and 1000 at 1 MHz, respectively, for these parameters. 
Şafak Asar et al.53 reported the dielectric properties of a fabri-
cated (AuZn)/TiO2/p-GaAs(110) MIS structure by evaluating 
the e′, e″, and sac values as a function of voltage and temperature, 
obtaining values of 1.02, 1.60, and 2.0 × 10−6 S/cm at room tem-
perature for 1 MHz and 1.0 V, respectively.

Conclusions

In this study, an MIS-type SD with a Au/TiO2-Brij 58/n-Si 
structure was fabricated on a Si wafer. The deposition process 
of the TiO2-Brij 58 layer at the M/S interface was thoroughly 
described. By utilizing different computation methods includ-
ing TE, Norde, and Cheung functions, the essential electrical 
parameters of the MIS device, including I0, BH, n, Rsh, and 
Rs, were determined with the measurement of the I–V data at 
room temperature. The values of I0, n, BH, Rsh, Rs, and RR for 
the prepared MIS device were equal to 4.59 × 10−9 A, 3.81, 
0.798 eV, 524.91 MΩ, 5.60 kΩ, and 9.40 × 104, respectively. 
It was found that the TiO2-surfactant interlayer at the interface 
of M/S led to a decrease in the leakage current and ideality fac-
tor and an increase in the potential barrier height and rectifica-
tion ratio compared with the MS structure. Also, the presence 
of a TiO2-surfactant interlayer in the MIS device decreased 
the Nss density at the interface of M/S, originating from the 

Table III   A comparison of 
some electrical and dielectric 
parameters of MS structures 
with TiO2 interfacial layers 
grown by various methods

Sample Electrical parameters Dielectric parameters

n ΦB0 (eV) Rs (W) e′ e″ References

Au/TiO2-surfactant/n-Si 3.81 0.80 5600 182 175 This work 
Al/TiO2/p-Si 1.69 0.52 687.7 – – 43
Au/ZnO/TiO2/n-Si 1.80 0.88 106.2 – – 44
(Ni/Au)/ZnO/TiO2/n-Si 1.97 0.82 294.8 – – 44
Au/TiO2/n-4H-SiC 5.09 0.81 37.43 – – 45
Au/TiO2 (rutile)/n-Si 2.59 0.72 71.63 – – 46
Au/TiO2/n-Si 1.93 0.93 – – – 47
Al/TiO2/p-Si (ALD) 2.24 0.80 – – – 48
Au/TiO2 (anatase)/n-Si 3.36 0.603 209.0 – – 49
Ni/n-TiO2/p-Si/Al – – – 2 160 42
Au/TiO2/n-Si – – – 51 32 50
Au/TiO2/n-4H-SiC – – – 1.74 3.69 51
Al/TiO2/p-Si – – – 45 1000 52
(AuZn)/TiO2/p-GaAs (110) – – – 1.02 1.6 (1 MHz) 53
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semiconductor surface passivation. It was observed that the 
predominant CCMs in the MS and MIS structures were the 
PFE and SE mechanisms, respectively, with the comparison of 
β values computed theoretically and experimentally. In addition, 
the voltage- and frequency-dependent dielectric characteristics 
of the fabricated MIS device were investigated by measuring the 
capacitance and conductance in a range of voltages (0.25–4 V) 
and frequencies (1 kHz–1 MHz) at room temperature. Contrary 
to the increase in frequency, the dielectric properties of the MIS 
device were increased by increasing the bias voltage applied. 
Three regions, i.e., inversion, depletion, and accumulation, were 
observed in the voltage dependence of dielectric features of the 
presented MIS device. These behaviors are attributed to Rs and 
Nss at the M/S interface. The values of C and G/ω were signifi-
cantly altered at lower frequencies, whereas small changes were 
observed at higher frequencies. Such behavior can be observed 
in ε′, ε″, tanδ, Rs, and σ functions. This is because the electrons 
do not have the capability of tracking the electric field at higher 
frequencies.
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