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Abstract
Capacitance and conductance measurements were made to evaluate the effects of voltage and frequency on the dielectric 
properties, ac electrical conductivity (σac), and electric-modulus of the Al/%0.5 Bi:ZnO/p-Si structures. The measurements 
were taken in a voltage range of (− 4 V)–(+ 4 V) and frequency range of 0.1–1 MHz, respectively. All parameters were 
discovered to have substantial relationships to voltage and frequency at accumulation and depletion regions due to relaxa-
tion mechanisms and interface traps positioned between %0.5 Bi:ZnO interlayer and p-Si with energies in the Si bandgap. 
The e′-V, M″-V, and Z′-V plots all demonstrate a peak, and because of electronic charges being reordering and restructuring 
at surfaces, traps, and dipole-polarization under the external electric field, the peak’s position and magnitude vary with 
frequency. The double logarithmic σac-w curve shows linear behaviour, its slope was found as 0.699, and this value of the 
Al/%0.5 Bi:ZnO/p-Si/Au structure has high ac conductivity or low resistivity. The observed high changes in the dielectric 
constant and dielectric loss (e′, e′′) were explained by Maxwell–Wagner type polarization as well as interface traps.

Keywords  %0.5 Bi:ZnO interlayer · Frequency dependence · Electric modulus · Dielectric properties · Ac electrical 
conductivity

Introduction

An insulator/oxide or metal oxide layer is formed in MS 
structures with a metal oxide layer by sandwiching an inter-
facial layer (e.g. HfO2, TiO2, Si3N4, SnO2, CdO, or ZnO) 
between the metal and the semiconductor [1–6]. These 
devices are very important technically; thus, researchers 
are quite interested in their electrical, optical, and dielec-
tric properties. The formation of barrier height (BH) at the 
junction, series resistance (Rs) of the structure, polariza-
tion, frequency, and voltage, as well as surface preparation 
and fabrication processes, the native and grown interfacial 

layer at the M-S interface, interface traps and dislocations 
at the interlayer/semiconductor interface, and more are all 
dependent upon these features [7–10]. The characteristics 
of BH and its homogeneities are influenced by the doping 
concentration of donor or acceptor atoms, frequency, tem-
perature, applied electric field (E = V/d), and grain bounda-
ries [2–5]. These factors are of great interest to the scientific 
community and require substantial examination to optimize 
the performance of MS structures with interfacial layers.

Among the metal oxide thin films, especially zinc-oxide 
(ZnO) is particularly attractive in this regard due to their 
low resistivity, cost-effectiveness, radiation resistant, non-
toxicity, and high thermal/chemical stability [10–14]. Some-
times, ZnO is called a semiconductor material composed 
of zinc and oxygen elements, belonging to the II-VI group 
of the periodic table and it exhibits an n-type conductiv-
ity and possesses a hexagonal wurtzite crystal structure. In 
addition, both its large bandgap energy (3.37 eV) and high 
binding energy (at about 60 mV) make it a crucial semicon-
ductor [10–13, 15–18]. Because of this wide optical band 
gap, ZnO has a good transparency in the wavelength range 
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of 4000–7000 Å (VR: visible range), and hence, it has a 
promising material in optoelectronic applications such as 
photodiodes (PDS), solar cells (SCs), light-emitting diodes 
(LEDs), photodetectors (PDs), and MIS type Schottky 
diodes (SDs) [10–13].

To increase permittivity of the pure ZnO, it was doped 
with various metals such as Cu, Bi, Cd, Al, Mg, Mn, Ga, 
Co, and In have been employed as an interfacial layer at the 
M-S interface to enhance the performance and quality of 
MS type electronic devices [19–26]. Such interlayer regu-
lates the charge transport between metal and semiconductor, 
prevents inter-diffusion, and isolates from each other. A thin 
ZnO film can be deposited using a variety of techniques, 
including chemical vapour deposition (CVD), the sol–gel, 
radio frequency magnetron sputtering (RF), and spin coating 
[27, 28]. The interfacial layer’s development and the surface 
preparation parameters have a significant impact on the MIS 
device’s electric and dielectric characteristics [29–36]. The 
presence of an interlayer between the semiconductor and the 
metal top contact can alter the diode’s properties, mostly by 
raising the structure’s barrier height. Permittivity, thickness, 
and homogeneity all affect capacitance and conductance val-
ues. Nonetheless, the spin coating sputtering technique was 
selected for this investigation due to its many benefits over 
alternative deposition techniques. This technique is popular 
since it is quicker and less expensive while producing more 
uniform sputtering over a wider region.

Determining the impacts of ZnO’s Bi doping content was 
the aim of the earlier investigation. The same p-Si wafer was 
used to create Al/Bi:ZnO/p-Si diodes with varying weight per-
centages (pure, %0.1, %0.3, and %0.5). From there, measure-
ments of their current, capacitance, and voltage under varied 
illumination and intensity conditions as well as in the dark 
were used to determine their basic electrical characteristics. 
According to research results, the ideal Bi doping level in ZnO 
is %0.5 when considering lower ideality factor and surface 
state values and higher barrier height and shunt resistance val-
ues [37]. Precise information on both the electric and dielec-
tric characteristics is not provided by C/G-V measurements 
which conducted solely at a single temperature or frequency 
and within a restricted bias voltage range. This work aims to 
determine the electrical modulus, conductivity, basic dielec-
tric properties, and impedance properties of Al/p-Si (MS) 
interlayer structures grown by spin coating method (%0.5 
Bi:ZnO) using C/G-V measurements over a wide voltage range 
((− 4V)–(+ 4V)) and wide frequency range (0.1–1 MHz). At 
the same time, it is to increase the performance of Au/p-Si 
(MS) structures with an interlayer %0.5 Bi:ZnO. However, as 
is known, at low frequencies, the contribution to the measured 
C and G values is quite high due to interface states and polari-
zation. To minimize their influence, impedance measurements 
were carried out at sufficiently high frequencies.

Experimental procedures

The fabrication of Al/%0.5 Bi:ZnO/p-Si/Au (MIS) struc-
tures was carried out on a p-Si wafer that had a thick-
ness of 300 µm, a < 100 > float-zone, and a resistivity of 
1–10 cm-Ω. The wafer was polished on one side. The p-Si 
wafer was first cleaned in an ultrasonic bath using con-
ventional cleaning technique (RC) before being processed 
for production. After that, deionized water was used to 
properly rinse it, and nitrogen gas was used to dry it. Sub-
sequently, the sample was moved straight into the vacuum 
chamber, where a high-pure gold sample (%99.89) with 
a thickness of 150 nm was heated to evaporate using a 
high-vacuum metal evaporation system that was running 
at 10−6 Torr. It was then annealed at 500 °C in a nitro-
gen atmosphere to obtain a low-resistivity or good ohmic 
contact. The produced %0.5 Bi:ZnO solution was then 
grown as an interfacial layer on the front of the p-Si wafer 
using the spin-coating technique. To obtain zinc (0.1 M) 
and nickel (0.1 M) solutions, respectively, zinc acetate 
(Zn (CH3COO)2) and nickel chloride (NiCl2) were sepa-
rately dissolved in 15 mL of methoxy ethanol. In addition, 
a 0.4 M base solution was made by dissolving NaOH in 
65 ml of methanol. Ethanolamine served as a stabilizer 
while 0.1 M zinc solution and 0.4 M base solution were 
separately agitated for 10 min at 500 rpm to synthesize 
ZnO and Bi. To create solid films, the coated films were 
heated to 50 °C for an hour on a hot plate. Using a Fytro-
nix spin coater system, PCBM, a fullerene derivative, was 
applied to the front of the p-Si wafer for 30 s at 2000 rpm 
and 80 °C to further modify it. Attaining the best coating 
properties for the layer is contingent upon maintaining 
this temperature of 80 °C. It is possible to obtain a very 
uniform layer with improved substrate adherence under 
these specified circumstances. PCBM was coated and 
then dissolved in chlorobenzene. Lastly, in the same ther-
mal evaporation apparatus, the same high-pure Al with a 
1-mm diameter and 150-nm thickness was placed onto the 
%0.5 Bi:ZnO interlayer. A quartz crystal metal thickness 
meter was used to regulate the thickness of the rectifier 
Al rectifier/Schottky connections as well as the back side 
of the Au ohmic contacts and their deposition rates. The 
produced samples were put on a copper holder after thin 
silver-coated wires were used as the electrode connec-
tion system to conduct electrical measurements. To avoid 
external effects, characterization measurements (C-V and 
G/w-V measurements) were performed within the Fytronix 
cryostat at about 10−3 Torr using the Fytronix-FY-7000 
characterization equipment. For data collection and pro-
cessing, a software application with an IEEE-488 ac/dc 
converter card was utilized. Figure 1 shows the schematic 
representation of the Al/%0.5 Bi:ZnO/p-Si/Au structure.
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Results and discussions

The dielectric properties of the MIS structures are greatly 
affected by the frequency of the applied ac electric signal. 
This is caused by variations in the surface states’ relaxation 
life as well as the applied ac signal's period (T = 1/2πf). The 
degree of polarization brought about by the applied electric 
field’s influence on the dielectric materials is known as the 
dielectric permittivity ( �∗ = �� − j��� ). Over a broad fre-
quency range, it can be represented as a correlation of com-
plex dielectric permittivity [38, 39], where ε′ and ε′′ are the 
real and imaginary components of ε*, corresponding to the 
energy stored and lost during each field cycle. The real com-
ponent, the dielectric constant ( �� = Cmdi

�
0
A

 ), indicates how 
well the dipoles are aligned in the dielectric and quantifies 
the energy stored in the material because of the applied elec-
tric field. Conversely, the imaginary component is dielectric 
loss ( ��� = Gmdi

�
0
�A

 ), which is the energy wasted in the dielectric 
due to frictional damping and which stops bound charge 
displacements from keeping up with the changing electric 
field [38, 40–42]. The values of both ε′ and ε′′ were calcu-
lated in the frequency range of 0.1–1 MHz and voltage range 

of (− 4V)–(+ 4V) at room temperature using the measured 
capacitance (Cm) and conductance (Gm). The quantity of 
energy lost as heat while the dielectric material is held under 
an electric field is provided by the value of tangent loss 
( tan� =

�
��

��
=

G

�C
 ), when the ε′ and ε′′ are considered [40, 41, 

43, 44].
Figures 2a and 3a show the changes of ε′ and ε′′ as a func-

tion of voltage in the frequency range 0.1–1 MHz, respec-
tively. At low frequencies with considerable fluctuation, ε′ 
increases because the dipoles or space charges have enough 
time to reorient to the same direction as the external electric 
field. At the interface of the %0.5 Bi:ZnO/n-Si, these dipoles 
gather as a result of interfacial polarization (Maxwell–Wag-
ner type polarization) caused by an external field [45]. 
Additionally, at lower frequencies, the trend of ε′′ nearly 
resembles that of ε′ due to the high mobility charge carri-
ers present in the %0.5 Bi:ZnO interfacial layer. Through 
the interlayer material, these charges can travel forward or 
backward. Additionally, the movement and accumulation of 
charges at high frequencies lessen the creation of polari-
zation, which lowers the dielectric loss. Furthermore, the 
frequency variations of ε′ and ε′′ can be seen in Figs. 2b and 
3b for different applied bias voltages (0.1 to 0.5 V) in steps 

Fig. 1   a The diagrammatic 
illustration and b energy 
band diagram of the Al/%0.5 
Bi:ZnO/p-Si/Au structures

Fig. 2   Plots of a voltage and 
b log (ω) dependent of ε′ the 
Al/%0.5 Bi:ZnO/p-Si/Au 
structure
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of 0.05 V, respectively. Figures 2b and 3b show that whereas 
ε′ and ε′′ values decrease with higher frequency, they both 
increase with an increase in positive voltage. The space-
charge polarization was associated with the greater values 
of ε′ and ε′′ at lower frequencies. In addition to the effects 
of inhomogeneous barriers and electrode contact resistance, 
the polarization caused by accumulating dipoles or space 
charges at the interface is the cause of this trend in ε′ and ε′′.

A further measure of the manufactured structure’s energy 
loss at a given frequency is the tangent dielectric loss (tanδ). 
The tanδ-V plots of the MIS capacitor in Fig. 4 clearly show 
a peak at all frequencies, which is related to the dielectric 
relaxation processes taking place in the interfacial layer. As 
the frequency increases, the peak position shifts towards 
higher voltages due to a distinct distribution of Nss and 

interfacial polarization. These findings demonstrate the 
dependence of dielectric characteristics on applied voltage, 
frequency, polarization processes and their relaxation dura-
tions, and interface traps. Because of the interlayer that is 
present at the M/S interface, they can store electric charges 
or energy, giving them capacitor-like properties.

To determine the polarization type and probable effective/
dominant conduction mechanisms in the MIS capacitor, it is 
necessary to measure the ac electrical conductivity through-
out a broad frequency and voltage range. Figure 5a and b 
show the semilogarithmic plots of σac-V and σaclog(ω) of 
the MIS capacitor for different voltages in the accumulation 
region, respectively [39].

The hopping type of conduction in the materials, as seen 
in Fig. 5a–b, is supported by studies on electric modulus and 

Fig. 3   Plots of a voltage and 
b log (ω) dependent of ε′′ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure

Fig. 4   Plots of a voltage and 
b log (ω) dependent of tanδ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure

Fig. 5   Plots of a voltage and 
b log (ω) dependent of tanδ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure
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AC conduction, and it increases with increasing frequency 
and voltage because of frequency-dependent conduction. The 
possibility of space charges being released at higher frequen-
cies could be supported by the greater σac values observed 
at higher frequencies. Moreover, when the frequency rises, 
such behaviour may be linked to a decline in Rs. The hop-
ping mechanism or conduction of mobile charge carriers 
helps explain this. Figure 5a makes it evident that there is 
a rise, nearly exponential at high frequencies, particularly 
in the forward bias area. This increase may be related to the 
dc conductivity. Ln(σac)-Ln (ω) curve has displayed linear 
behaviour, as seen in Fig. 6. The value of ac electrical con-
ductivity at high frequency (σac(f) = A. ωs) usually increases 
with increasing frequency as linearly at accumulation region. 
Here, A is a constant and s is the double logarithmic σac-ω 
plot’s slope. Slope values are often expected to fall between 
0 and 1, which may provide details about the conduction 
process described in the literature. In this study, the slope of 
the double logarithmic σac-ω plot shows good linear behav-
iour and so the value slope was found 0.699 which is lower 
than unity. This value of slope confirms that the Al/%0.5 
Bi:ZnO/p-Si/Au structure has low resistivity (σ = 1/ρ) or high 

ac conductivity. This value of slope (= 0.699) shows that the 
conduction/charge transport mechanism may be occurred 
when electrons jump from one surface-state level or trap to 
another which is known as the relaxation model [40, 41].

The relaxation of the electric field in a thin interfacial 
layer at the M/S interface is generally explained by the elec-
tric modulus. There is yet another way to show the struc-
ture’s dielectric response and uncover additional effects: the 
complex modulus analysis. The complex electric modulus 
( M∗ = 1∕�∗ = M� + jM�� = ��∕

(

�
�2 + �

��2
)

+ j���∕
(

�
�2 + �

��2
)

 ) for-
malism of MIS structures is derived from the structures’ 
dielectric properties [46–50]. M′ refers to the real component 
of complex modulus, and M′′ for the imaginary component.

Figures 7 and 8 show the M′ and the M′′ in relation to the 
voltage response and frequency for the Al/%0.5 Bi:ZnO/p-Si/
Au structure. The value of M′ is practically in a decreasing trend 
when the applied bias voltage increases from the reverse to the 
forward area, as shown in Fig. 7a. On the other hand, as Fig. 7b 
illustrates, the value of Mꞌ shows an increasing tendency for for-
ward biases dependent on frequency. Due to electrons’ limited 
mobility, this behaviour of M′ with frequency may contribute 
to conduction phenomena. As seen in Fig. 8a and b, the dielec-
tric relaxation processes (Maxwell-Wenger type polarization) 
are represented by a peak in the M′′-V plots at around 0 V for 
each frequency. The unique distribution of Nss localized at the 
p-Si/%0.5 Bi:ZnO interface causes the position of the peak to 
slide to forward bias voltages with increasing frequency [41]. 
The M′′-V plot’s singular peak is the outcome of charge carriers 
moving great distances. We conclude that the Maxwell–Wagner 
type polarization is the cause of the inhomogeneity non-complex 
dielectric and electric modulus [38, 40].

Because different capacitive components result in differ-
ent relaxation processes, the Cole–Cole plots are utilized to 
differentiate between them. Impedance spectroscopy (IS) is a 
useful technique for elucidating the electrical characteristics 
of materials. The MIS structure’s M′′-M′ curve is displayed in 
Fig. 9 for three distinct frequency values (200 kHz, 500 kHz, 
and 1 MHz). It displays a semicircular arc that is sequential for 
all three frequency levels. The existence of this semicircular 
arc suggests that grains, not grain boundaries, are responsible 

Fig. 6   Frequency dependent Ln(σac)-Ln(ω) plot of the Al/%0.5 
Bi:ZnO/p-Si/Au structure at 1.2 V

Fig. 7   Plots of a voltage and 
b log (ω) dependent of M′ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure
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for the polarization mechanism in the interface layer. Further-
more, the M′′-M′′ plot indicates the presence of overlapping 
semicircular arcs that exhibit a diminishing diameter as fre-
quency increases. These arcs are attributed to contributions 
from the electrode-grain interface and the grain boundary in 
decreasing order of measurement frequency.

To learn more about the dielectric characteristics of inter-
facial materials, scientists employ a technique called complex 
impedance spectroscopy (IS). As a result, the complex imped-
ance ( Z∗ =

1

i�Co�
∗ = Z

�
− jZ

��
=

ε
��

�Co

(

ε
�2+ε

��2
) − j

ε
�

�Co

(

ε
�2+ε

��2
) ) can be used 

to examine the materials’dielectric behaviour. The real com-
ponent of complex impedance is denoted by Z′, and the imagi-
nary component is denoted by Z′′.

Figures 10a and 11a show the values of Z′ and Z′′ in the fre-
quency range of 0.1–1 MHz, respectively. Furthermore, the Z′ 
and Z′′ variations in the voltage range of 0.1 to 0.5 V step by 
0.05 V for the Al/%0.5 Bi:ZnO/p-Si/Au structure are displayed 
in Figs. 10b and 11b, respectively, in the frequency range of 
0.1–1 MHz. Based on the Z′-Z′′-V graphs, Z′ exhibits a steep 
decline at the same voltages as Z′′, whereas Z′ shows a peak for 
all frequency values at a voltage of approximately 0 V because 
of stable loads and Nss.

The impedance measurement can be used to calculate the 
phase angle ( � = tan−1

(

Z��

Z�

)

 ) between the capacitive current 
and the resistive current [51–53]. Figure 12 shows the phase 
angle profile’s voltage dependence on the structure as well as 
the phase angle’s invariant value close to 90° for the reverse bias 
voltage region. The pure capacitive behaviour of the structure 
is indicated by these consistent values of θ as 90° during the 
reverse bias voltage region. For every frequency value, the θ 
value rapidly decreases until it reaches its minimum value, 
about 0 V. Similar variations in temperature, voltage, and fre-
quency have also been reported in several electronic devices 
having an organic interfacial layer in recent years [54–60].

In recently, research has focused on electrical transport 
and electric characteristics, relaxation processes, mor-
phology, and crystal structure synthesis in some interlayer 

Fig. 8   Plots of a voltage and 
b log (ω) dependent of M′′ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure

Fig. 9   The curves of M′′-M′ of the Al/%0.5 Bi:ZnO/p-Si/Au structure

Fig. 10   Plots of a voltage 
and b log (ω) dependent of Z′ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure
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composites, as well as defect characterization utiliz-
ing various approaches [61–67]. They indicated that the 
charge transport mechanism, hopping mechanisms, relaxa-
tion process, and electric and dielectric properties in the 
various materials or interfacial layer materials are consid-
erably dependent on frequency, voltage or electric field, 
temperature, illumination, doping ratio, the thickness and 
homogeneity of interlayer, dislocations, or defects char-
acteristics. As a result, in this study, experimental results 
also shown that the used (Bi:ZnO) interfacial layer has a 
high dielectric constant (~33) even at 100 kHz. This is 
quite high compared to classical MIS or MOS structures 
with an insulator/oxide interfacial layer. This means that 
the prepared structure can store many electronic charges or 
energy storage capacity like an ultra-capacitor.

Conclusion

In the present study, a wide frequency range of 0.1–1 MHz 
was studied using C/G-V measurements to examine the 
effects of voltage and frequency on the electric modulus, 

ac electrical conductivity dielectric constant, dielectric 
loss, and tangent-loss of the Al/(%0.5 Bi:ZnO)/p-Si/Au 
(MIS) structures. It was discovered that all these charac-
teristics were highly dependent on frequency and voltage. 
Examining how ε′, ε′′, and tanδ values vary with frequency 
and voltage leads to the conclusion that, because of the 
existence of Nss, they exhibit frequency dependence in the 
depletion and accumulation regions and voltage depend-
ence at low frequencies. The increased values of σac seen at 
a higher frequency might indicate the possibility of space 
charge release at higher frequencies. Moreover, when the 
frequency rises, such behaviour may be linked to a decline 
in Rs. The hopping mechanism or conduction of mobile 
charge carriers helps explain this. The Ln(σac)-Ln (ω) curve 
exhibited a linear pattern. With a slope of 0.699, this plot 
indicates that the conduction mechanism could arise from 
electrons skipping from one surface-state level or trap to 
another, a process that is well-known to occur in relaxation 
models. The experimental results reveal a notable increase 
in the M′ value as frequency rises, while M′′ manifests a 
peak whose location shifts towards positive voltages with 
increasing frequency. The frequency-dependent altera-
tions in M*′s real and imaginary parts are attributed to the 
presence of Maxwell–Wagner polarization and a distinct 
arrangement of interface states at the Au/interlayer junc-
tion. These modifications are intricately associated with 
the inherent capacity of both interface states and dipoles to 
effectively trace the alternating current (AC) signal. Con-
sequently, this behaviour results in the characteristic mani-
festation of a Cole–Cole curve in the M′′-M′ relationship. 
This curve signifies the occurrence of overlapping semicir-
cular arcs with diminishing diameters at higher voltages, 
indicating contributions from the electrode-grain interface 
and grain boundaries at lower frequencies. Based on the 
Z′-Z′′-V plots, Z′ exhibits a dramatic decline in the same 
voltage area whereas Z′ displays a peak for all frequency 
values at roughly 0 V voltage because of the stable charges 
and Nss. However, the Z′ and Z′′ values also exhibit a drop 
that gets more frequent until it reaches its lowest and nearly 
constant value. The space charge polarization can be used 
to explain these frequency changes of Z′ and Z′′.

Fig. 11   Plots of a voltage and 
b log (ω) dependent of Z′′ 
the Al/%0.5 Bi:ZnO/p-Si/Au 
structure

Fig. 12   The voltage dependence of phase angle (θ) for Al/%0.5 
Bi:ZnO/p-Si/Au structure
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