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Thin films are fundamentals of modern electronic and optoelectronic devices and modern technologies. Various
characterization techniques are proposed to characterize electrical and dielectric properties of thin films. These
techniques are essential techniques to understand and illustrate the intrinsic characteristics of multi-layered
structures and thin films. To be able to produce materials with advanced characteristics it is important to know and
characterize such characteristics. Metal-insulator semiconductors (MIS) structures can be applied many optic and
optoelectronic applications such as solar cells, photodiodes, photodetectors, etc. In the production process of such
materials, doping or co-deposition is one of the most favourable methods. In this work, Zn thin films were doped
with Bi at a rate of 5 %. As result product, Al/(Bi:ZnO)/p-Si/Au (MIS) type structures or Schottky diodes (SDs) were
produced. In the previous works of our group investigated various electrical properties of MIS structures. In this
work, €'-V (real), €"-V (imaginary) parts of dielectric characteristics, C-V, G/w-V, and Cole/Cole plots, and electric
modulus were investigated. Frequency related dielectric characteristics were assessed. Using such data, intrinsic
characteristics of Al/(Bi:ZnO)/p-Si/Au SDs were evaluated. The obtained value of € (~9) even at 10kHz is

considerable higher than the maximum value of traditional SiO2, so they can more storage electrons or energy.
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1. Introduction

Nanomaterials are superior structures built in 0D, 1D and
2D [1]. Each form provides various advantages and
disadvantages. Quantum dots are often considered as 0D
nanostructures while nanoparticles are considered as 1D
nanostructures [1]. In this regard, thin films in nanoform
were regarded as 2D structures. Thin films are essential
tools of nanotechnology which are built by nanomaterials.

In this regard, it is necessary to prepare efficient devices
with good electrical and dielectric characteristics [2].

Different types of materials were proposed for this purpose
such as metals, transition metals, organic molecules, rare
earth elements, carbon-based molecules. Metal-insulator-
semiconductor devices attracts the attention of researchers
from various fields [3], [4], [5], [6]. Various types of metals
were preferred in the production of MIS structures. Zn is
one of the most favourable materials in optoelectronic
applications [5], [7], [8], [9]. Zn thin films exhibit n type
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characteristics with band gap energy around 3.37 eV. Zn is
quite stable and has high exciton binding energy. Zn is
vastly found in nature. Zn thin films exhibit good optic
transparency which make them a suitable candidate for
optoelectronic applications. To alter and/or enhance the
essential and intrinsic properties they are often combined
with different materials. Such combination can be in
different forms such as co-deposition, doping, producing
alloys, etc. Various materials were used to dope Zn and
ZnO based thin films such as Al, Ti, Cu, Co, Fe, etc. [5],
[71, [8], [9], [10], [11], [12]. Doping materials using such
materials enable them to enhance their optoelectronic,
magnetic, electrical and dielectric properties. Among
metals, Bi provide many advantages. Bi based materials
often considered as photoactive materials. Therefore, they
were used photocatalysis applications. They are also
preferred in  photothermal applications such as
photothermal  therapy, photothermal conversion
applications as photothermal agents [13], [14], [15]. Bi
has high atomic number. Therefore, they have high X-ray
attenuation characteristics and utilized in X-ray
applications. Bi also has large atomic structure, Therefore,
doping any material with Bi may alter the intrinsic
structures of the materials such as electrical, optical,
optoelectronic and dielectric characteristics [16]. Because
such large atoms alter the charge carrier and transfer
mechanism, charge concentrations, free electron
concentration, number of free atoms in conduction and
valance band. Therefore, Bi has been used in photonic
devices such as photodetectors, photodiodes and solar
harvesting devices. For example, Khusayfan produced
graphene oxide: Bismuth composite hybrid photodiodes
[17]. Arumugam et al produced one dimensional Zn:Bi»Ss3
nanodevices for optoelectronic applications [18].
Demirezen et al. produce Bi doped PVA for photodiodes
for room temperature applications [19]. Lavanya et al
investigated Bi dopant effect on ZnO based photodetectors
[20]. Huang et al. enhance the performance of Sn based
photodiodes by Bi doping [21]. Sellan et al. produced
CsPbBr3 perovskite single crystals for X-ray and gamma-
ray sensing applications and used Bi as dopant [22]. In this
study, we produced Bi doped ZnO films in Al/(Bi:ZnO)/p-
Si/Au  MIS structure. We assessed the dielectric
characteristics of in Al/(Bi:ZnO)/p-Si/Au MIS structures.
¢-V (real), ¢"-V (imaginary) parts of dielectric
characteristics, G/o-V and Cole/Cole plots, and electric
modulus were investigated. Frequency related dielectric
characteristics were investigated.

2. Materials & Methods
2.1 Preparation of MIS diodes

Al/(Bi:ZnO)/p-Si/Au (MIS) structures were fabricated. In
the fabrication process p-Si wafers were used as substrate.
The substrate thickness is determined as 300 um from the
interfacial layer capacitance. The substrate was found to be
in (100) orientations. The resistivity of substrate was found
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between 1-10 Q.cm. A standard cleaning procedure was
applied to the wafers [23]. Following the cleaning process,
substrates were sonicated. Distilled water was used in
sonicated process which took 10 mins. Wafers were dried
under nitrogen gas. Then, clean substrates were transferred
to a coating system which works under high vacuum. In
this system, Au contacts were vapor-deposited on one side
of the wafer under 1 mTorr. The thickness of Au contacts
found as 150 nm. Following Au coating, the Au coated
wafers were kept in 500 C°for 5 mins. A 0,1 M zinc acetate
(Zn (CH3COO0),) and 0,1 M bismuth chloride (BiCly)
solution were prepared in 15 mL of methoxy ethanol. In a
separate beaker, 65 ml of NaOH was dissolved in methanol
to prepare 0,4 M solution. To synthesize ZnO and Bi-doped
ZnO, the 0.1 M zinc solution and the 0.4 M base solution
were mixed. A %0,5 Bi:ZnO solution was grown on p-Si
wafers using hydrothermal synthesis. Solution was dried at
50 °C for 1h. Lastly, an Al contact with a thickness of 150
nm and a diameter of 1 mm was deposited onto the Bi:ZnO
films. Evaporation method was used in the production of
contacts. An XTM (crystal thickness monitor) was used to
determine the thickness of Al coating which were used as
contacts.

2.2 Measurements

To complete the electrical characterization, silver wires
were used to connect the device with the measurement
system, which was positioned on a copper holder. To
minimize the external effects dielectric measurements are
conducted under vacuum conditions at 1 x 10- Torr using
a Fytronix-FY-7000 characterization system. An image of
Fytronix characterization system were presented in Figure
1. All the devices used for characterization and data
collection were provided by Fytronix Co.

Figure 1: Image of Fytronix-FY-7000 characterization
system used in the production of Al/(Bi:ZnO)/p-Si/Au
(MIS) structures
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3. Results and Discussions

In our previous work electrical characteristics of the diodes
were investigated. In this work, dielectric characteristics
were investigated. To assess such characteristic’s
following formula was used

&'(w) = &'(w) — je" 1)
* — (Gmdi) _ i (Emdi) _ Cm _ ; Gm
€ (w) - (ASO) J ((uAsO) - Co J wCop (2)
Ineq 1, gd"—f* represents capacitance of an empty capacitor
i

(Co), €0 (=8,85x10%* F/cm) is dielectric constant of free
space, d; is the thickness of the interfacial layer or film, ®
is angular frequency (=2xf). Cy and Gn/w are measured
capacitance and conductance values, respectively. Figure 2
represents ¢'-V values in 10kHz and 1MHz. Figure 3
represents &"-V values in 10kHz and 1MHz. Figure 4

represents tand-V values obtained in 10kHz and 1MHz.
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Figure 2: €' vs V plots of the Al/(Bi:ZnO)/p-Si/Au (MIS)
structure for 10kHz and 1MHz.
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Figure 3: ¢" vs V plots of Bi doped ZnO thin film MIS
structures obtained for 10kHz and 1MHz.

Real (¢-V) and imaginary (e"-V) parts of dielectric
characteristics were evidenced. Both real and imaginary
plots exhibit similarities with C-V ve G/®-V plots which
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was presented in our previous work. ¢'-V and €"-V plots
exhibit three distinctive zones which were inversion zone
between -4,0/0,0V, depletion zone (0 <V < 1.5 V) and
accumulation zone (V > 1,5 V). Figure 1 and Figure 2
illustrated that both €' and €" exhibited increasing trend
with decreasing frequency in forward bias region. Charges
exist in traps, depending on their lifetimes (1) traped
charges can cause a polarization. Trapped charge related
contribution is lost in higher frequencies since the period
(T=1/w) becomes lower than t [24], [25].
Tand — V plots were obtained for both 10 kHz and 1 MHz
and presented in Figure 4. For each frequency value
different peaks were observed. As seen in the figure, each
frequency-based measurement represents distinctive
peaks. However, peak height and peak position alter with
alteration of frequency values. Such a characteristics are
associated with interface states positioned between
semiconductor and interlayers. Moreover, distribution of
interface states, their lifetimes and Maxwell-Wanger
polarisations. Furthermore, such interface states may be
restructured and redistributed under an electrical field [26],
[27].
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Figure 4: tand vs V plots of Bi doped ZnO thin film MIS
structures obtained for 10kHz and 1MHz.

Figure 2, Figure 3, and Figure 4 demonstrate ¢', €" and tand
characteristics of Bi doped ZnO thin film MIS structures,
respectively. Both accumulation and depletion zones
exhibit strict frequency and potential related interface
states characteristics.

Higher €' and ¢" values are associated with thin interface
layers, surface-dipole polarization and interface traps (Nss)
[27], [28]. When dipoles have enough time to adopt the
frequency related alteration in electric field (T=1/2xnf), €,
and €" values enhances [21], [22], [25], [26], [27], [28].
Moreover, enhanced relaxation time (t »T), which enable
localized charge migrations between traps, do not
contribute €' and " values.

The Nyquist or (Cole-Cole) curves exhibit essential
information about the nature of relaxation characteristics of
interface states. Therefore, both the €" vs €' and M” vs M’



Journal of Materials and Electronic Devices 2 (2025) 42-48

curves have been drawn for 10 kHz and 1 MHz and
represented in figures 5,6 and 9,10, respectively. As shown
in these figures, while Cole-Cole curves have two semi arcs
for 10 kHz, for 1 MHz it has only one semi arc. Such a case
demonstrated that interface states lose the AC signal
tracking ability by enhanced frequency. In another word,
polarization was diminished and deviate from ideal Debye
behaviour. Interface layers or dielectric modulus for
dielectric materials do not

In interfacial layers or dielectric materials, electric
modulus plots may not necessarily exhibit ideal circular or
semicircular arc like behaviour; and they can exhibit
asymmetrical characteristics. Smaller semi-circle observed
at Cole-Cole curve for 10 kHz measurement exist as larger
semi-circle for 1 MHz measurement. Such characteristics
is an indication of enhanced polarization in the material
[28].
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Figure 5: Cole-Cole (¢' vs €") curves of Bi doped ZnO thin
film MIS structures obtained for 10 kHz
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Figure 6: Cole-Cole (¢' vs €") curves of Bi doped ZnO thin
film MIS structures obtained for 1 MHz

Real and imaginary formalism of complex dielectric
modulus were defined as follows:

M (f) = () +J (T2 )
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Using the Eq (3) M"and M" voltage related values obtained
for 10 kHz and 1 MHz were presented in Figure 7 and
Figure 8. These graphs are necessary to observe the effect
of polarization and interface states and interface states for
applied DC bias voltage for various potential upon
dielectric characteristics and electric modulus. Voltage
related M' and M" plots were presented in Figure 7 and
Figure 8. For both figures, dielectric loss enhances around
0 bias when wt=1. Such increases or peaks indicates charge
carrier mobility from short distances to long distances.
Moreover, increased frequency cause shifts in peak
positions where apparent shifts toward forward bias zones
were observed. Such shifts in the peak positions were
originated from re-orientation and re-structuring process of
electronic charges and dipoles [28].
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Figure 7: Real part of electrical modulus (M") vs V for Bi

doped ZnO thin film MIS structures obtained for 10kHz

and 1MHz.
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Figure 8: Imaginary part of electrical modulus (M") vs V
for Bi doped ZnO thin film MIS structures obtained for
10kHz and 1MHz.

Frequency and voltage related significant alteration
occurring on both imaginary and real parts of M originates
from localized charges, interface states, and dipoles. Such
distribution occurs in low and mid-range frequencies and
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called as Maxwell-Wagner polarization (MWP) [28], [29],
[301], [31], [32].

Decrease in M' and M" values were observed while
frequency is increased and results were presented in Figure
7 and Figure 8. Such characteristics is attributed to short
range mobility of electronic charges.
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Figure 9: Cole-Cole (M' vs M") curves of Bi doped ZnO
thin film MIS structures obtained for 10 kHz
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Figure 10: Cole-Cole (M' vs M") curves of Bi doped ZnO
thin film MIS structures obtained for 1 MHz

Frequency related alteration in £* and M* values and their
real and imaginary parts were originated from relaxation
and interface state related effects. The observed double
semi arcs in the €" vs €' and M” vs M’ curves for 10 kHz
are the result of the grains and grain boundaries. Similar
results were also reported in the literature in recent years
[27-32].
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6. Conclusion

A 0.5% Bi doped ZnO thin films in Al/(Bi:ZnO)/p-Si/Au
structures were produced. Dielectric characteristics of Bi
doped ZnO thin film structures were investigated in 10 kHz
and 1 MHz under varying voltage. Various dielectric
characteristics such as real and imaginary part of dielectric
characteristics, real and dielectric characteristics of
electrical modulus were investigated. All parameters were
found to be related to frequency. It was found that interface
states, polarizations, interlayer charge mobilities have
essential contributions to dielectric characteristics of Bi
doped ZnO thin film structures.
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