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Solutions containing CdO:ZnO:NiO:Ti nanoparticle complex were produced in using sol gel method.
CdO:ZnO:NiO:Ti solutions were drop cast p type Si wafer and thin films were obtained. I-V characteristics of
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al photodiodes were obtained using Fytronix solar simulator. Using the |-V data various
diode characteristics pertaining to Al/(CdO:ZnO:NiO:Ti)/p-Si/Al photodiodes were calculated such as barrier height,
ideality factor, saturation constants. In investigations, various methods were used such as thermionic emission
theory, Cheung & Cheung method and Norde method. Photo responsive characteristics of the diodes revealed that
thin films show photo responsive. Barrier height of the Al/(CdO:ZnO:NiO:Ti)/p-Si/Al Quaternary Functional Schottky
Diodes were found to be 0.73 eV and 0.69 eV for the measurements conducted in dark and under illumination,
respectively. Ideality factors of the diodes were found to be 9.61 and 8.78 for the measurements in dark and under

illumination. Series resistance and Shunt resistance values were also evaluated using alternative methods.
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1. Introduction

Thin films are vastly used in different nanotechnology
applications. Thin films have attracted considerable interest
in the field of materials science due to their wide-ranging
applications in electronics, optoelectronics, and energy
technologies[1]. These materials, characterized by
thicknesses that can range from a few nanometers to several
micrometers, display distinct properties that set them apart
from their bulk forms [1]. Notable among these properties
are their high surface-to-volume ratios, adjustable optical
and electronic features, and mechanical flexibility, which
make them well-suited for various contemporary
technological uses [2]. Thin films can be categorized into
several types, including metallic, organic, and hybrid
materials, based on their composition and structural
characteristics. Metallic thin films, which are

primarily made of metals or their alloys, are recognized for
their excellent electrical conductivity, optical characteristics,
and mechanical strength. These films find extensive
application in microelectronics, sensors, and photovoltaics
due to their outstanding thermal and electrical properties[3—
6]. For example, zinc oxide (ZnO) thin films are noted for
their remarkable properties, such as high electron mobility
and chemical stability, making them ideal for use in sensors
and optoelectronic devices[7-9]. Organic thin films,
composed of polymers or organic molecules, are
distinguished by their flexibility, light weight, and cost-
effectiveness, rendering them particularly suitable for
flexible electronics and organic light-emitting diodes
(OLEDs). Hybrid thin films, which integrate both inorganic
and organic materials, capitalize on the benefits of both
types, offering tunable properties for multifunctional
applications[10-12]. The exceptional electrical conductivity
of metallic thin films is particularly valued, as it is essential
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for the creation of electronic circuits, electrodes[13,14].
Their high reflectivity and optical absorption capabilities
also make them suitable for use in photodetectors, solar
cells, and reflective coatings [15-17]. Additionally, metallic
thin films demonstrate remarkable thermal stability and
resistance to corrosion, which enhances their durability in
challenging environments—an important factor for
optoelectronic applications such as light-emitting diodes
and lasers.

Among the metallic thin films, those made from cadmium
(Cd), zinc (Zn), nickel (Ni), and titanium (Ti) are
particularly noteworthy due to their unique characteristics
and versatile applications[18-24]. Cadmium-based thin
films, like cadmium oxide (CdO), are recognized for their
high transparency and electrical conductivity, making them
ideal for transparent conducting electrodes in solar cells and
display technologies[21,24,25]. Zinc-based thin films, such
as zinc oxide (ZnO), are celebrated for their excellent
optical transparency, piezoelectric properties, and wide
bandgap, which enable their use in UV photodetectors and
gas sensors[7,8,26]. Nickel-based thin films, including
nickel oxide (NiO), exhibit p-type semiconducting behavior
and good chemical stability, making them valuable for
applications in electrochromic devices and batteries[27].
Titanium-based thin films, especially titanium dioxide
(TiOy), are renowned for their photocatalytic properties and
biocompatibility, facilitating their use in self-cleaning
coatings and photovoltaic systems[28].

Quaternary thin films, which are created by combining four
different elements or compounds, represent a sophisticated
class of materials that provide enhanced flexibility in
adjusting their optical, electrical, and structural properties.
These materials are particularly significant for achieving
multifunctional performance, making them suitable for
advanced sensors and energy harvesting systems. Notable
examples include CdzZnTeSe (cadmium-zinc-tellurium-
selenium) for photovoltaic applications and CulnGaSe;
(copper-indium-gallium-selenide) for thin-film solar cells,
both of which demonstrate excellent absorption coefficients
and high efficiency in light absorption and energy
conversion[29-32]. Previously, CuzNiSnSs and Cu,CoSnS,
diodes were reported by our group which exhibit
outstanding infrared sensing capabilities and good
electronic and optoelectronic characteristics[33,34].
Schottky diodes that utilize quaternary thin films, such as
CdO:ZnO:NiO:Ti, have attracted significant interest due to
their superior electronic and optoelectronic properties.
These structures combine the strengths of each constituent
material, offering tunable bandgaps and improved charge
carrier mobility. The integration of various oxides in these
diodes enhances the Schottky barrier height, facilitating
better charge injection and transport, which is critical for
applications in flexible electronics and transparent circuits.

37
Thin films, particularly those that are metallic and
quaternary in nature, have transformed the field of materials
science by providing tailored properties for a wide array of
applications. The investigation of Cd-, Zn-, Ni-, and Ti-
based thin films highlights their adaptability in electronic
and optoelectronic technologies[27,28,35-37]. As the
demand for compact and multifunctional devices continues
to rise, the research and refinement of thin film materials will
be essential in shaping future technological advancements.
In this report, 1-V characteristics of CdO:ZnO:NiO:Ti thin
films were assessed using various investigation methods.
Various parameters were assessed such as barrier height,
ideality factor, shunt resistance, series resistance, saturation
current using various methods such as thermionic emission
theory, Cheung&Cheung and Norde methods. It was seen
CdO:ZnO:NiO:Ti structures exhibit Schottky diode like
characteristics and responsive to light.

2. Experimental

Al/(CdO:ZnO:NiO:Ti)/p-Si/Au  (MIS) structures were
fabricated on a p-Si wafer that was 300 um thick, <100>
float-zone, with a resistivity of 1-10 cm-Q and polished on
one side. Prior to the fabrication process, the p-Si wafer
underwent cleaning process. Sonication was applied to the p
type silicon wafers for 5 mins in deionized water. Si wafer
then sonicated in ethanol for 5 mins and sonicated in
deionized water. Lastly, HF:H,O (1:10ml) were prepared
and sonicated for 5 mins and washed using pure water.
Samples were then dried using N2 gas. 2 cm x 2 cm wafers
were cut; 6 layers of film were then spin coated on
substrates. Spin coating was applied at 3000 rpm for 30 secs
for each layer. Each layer was dried on a hot Subsequently,
the wafer was transferred to a vacuum chamber where high-
purity gold (99.999%) with a thickness of 150 nm was
thermally evaporated onto the backside of the p-Si wafer
using a high-vacuum metal evaporation system at a pressure
of 107 Torr. The wafer was then annealed at 500 °C in a
nitrogen atmosphere to achieve low-resistivity and good
ohmic contact. Next, the prepared (CdO:ZnO) solution was
applied to the front of the p-Si wafer as an interfacial layer
using the spin-coating technique. This solution was created
by separately dissolving zinc acetate (Zn(CH3COO),) and
nickel chloride (NiCl;) in 15 ml of methoxyethanol to
produce 0.1 M solutions of zinc and nickel, respectively.
Additionally, a 0.4 M base solution was prepared by
dissolving NaOH in 65 ml of methanol. The synthesis of
ZnO and Cd involved agitating the 0.1 M zinc solution and
the 0.4 M base solution separately for 10 minutes at 500 rpm,
with ethanolamine serving as a stabilizer. The coated films
were then dried for one hour at 50 °C on a hot plate to form
solid films. For further modification, PCBM, a fullerene
derivative, was coated onto the front of the p-Si wafer for 30
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seconds at 2000 rpm and 80 °C using a Fytronix spin coater
system. The temperature of 80 °C was crucial for achieving
optimal coating characteristics for the layer, allowing for the
formation of a highly homogeneous layer with improved
adhesion to the substrate. After the coating process, PCBM
was dissolved in chlorobenzene. Finally, high-purity
aluminium with a diameter of 1 mm and a thickness of 150
nm was deposited onto the (Cd:ZnO) interlayer using the
same thermal evaporation system. The thickness of both the
rectifier Al Schottky contacts and the backside Au ohmic
contacts, as well as their deposition rates, were monitored
using a quartz crystal metal thickness meter. For electrical
measurements, thin silver-coated wires were employed as
the electrode connection system, and the fabricated samples
were mounted on a copper holder. Characterization
measurements, including capacitance-voltage (C-V) and
conductance-voltage  (G/-V)  measurements,  were
performed using the Fytronix-FY-7000 characterization
system within a Fytronix cryostat at approximately 103
Torr to minimize external effects. Data acquisition and
analysis were conducted using a software program, Silicon
(2024), along with an IEEE-488 ac/dc converter card. A
schematic diagram of the Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diodes is shown in Figure 1. All device characterization
equipment was provided by Fytronix.

3. Results
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Figure 1: Metric 1-V characteristics of
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diodes obtained under dark
and 100mW/cm? illumination.

The current-voltage (I-V) characteristics of the fabricated
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al  quaternary  functional
Schottky-type photodiodes are illustrated in Figure 1,
showcasing both dark and illuminated states at a light
intensity of 100 mW-cm™. The I-V curves for forward and
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reverse bias were displayed on both linear and semi-
logarithmic scales across a voltage range of £4V. In the dark,
the current in both forward and reverse bias regions
increases as the voltage rises. However, when illuminated,
the reverse bias current is markedly greater than the forward
bias current. This phenomenon occurs because, during
reverse bias, the internal and external electric fields align in
the same direction, which amplifies the overall electric field
at the junction (E+e). As a result, electron-hole pairs
generated by incident photons in the junction area are
prevented from recombining and neutralizing due to the
strong electric field. Instead, these charge carriers are driven
in opposite directions by the force F =tqXE= +q(E+g),
leading to a net photocurrent in the circuit.
Conversely, in the forward bias scenario, the internal and
external electric fields counteract each other, resulting in
increased recombination and neutralization of electron-hole
pairs, which ultimately diminishes the photocurrent.
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Figure 2: Semi-logarithmic -V characteristics of
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diodes obtained in dark and
100mwW.cm? illumination.

As seen in Figure 2, the semi-logarithmic forward bias Inle-
Vr graphs exhibit a distinct linear region in the mid-voltage
ranges under both dark and illuminated conditions.
Additionally, as observed from the figure, the absence of a
smooth or clear saturation in the reverse bias region can be
attributed to several factors, including a reduction or
decrease in the Schottky barrier height due to image force
effects, interface states/traps, and the presence of a natural
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or intentionally grown interfacial layer between the metal
and semiconductor.

However, as the voltage increases into the high-voltage
region, deviations from linearity occur due to the effects of
both the series resistance (Rs) and the (CdO:ZnO:NiO:Ti)
interfacial layer [1-3, 24-28].

In a MIS-type diode with an interfacial layer, if the ideality
factor is greater than 1 and the series resistance (Rs) is not
negligibly small, the relationship between current (1) and
voltage (V) under forward bias (V > 3kT/q) is given by
Equation 1 [38-40].

I = Iyexp (qV_IRS) [1 —exp (M)] (1)

nkT kT

In Equation 1, Io represents the saturation current, Irs
denotes the voltage drop across Rs, T is the temperature in
Kelvin, k is the Boltzmann constant, and the other quantities
are well-known in the literature.

At moderate voltage values, the IRs term is sufficiently
small compared to the applied voltage on the diode and can
be neglected.

The explicit expression for lo, the reverse bias saturation
current, is provided below in Equation 2.

Such a case also supports the case that thin films can be used
in photodetector and solar detector applications. Using
absorbance data, E4 (energy band gap) of the thin films were
determined. Following formula was used in the calculations

— *m2 4%Pbo
Iy = AA*T* exp (— k—T) (2)
In this case, by taking the logarithm of both sides of
Equation 1 and rearranging it, a linear equation as given in
Equation 2 is obtained.

In(l) = In(ly) + # Vp 3)

The ideality factor of the diode and the In(lo) values were
obtained, respectively, from the slope of the In(1)-V graph
in the positive region (tanf = q/nkT) under both dark
conditions and a light intensity of 100 mW-cm™, and by
fitting to the current axis at 0 V using Equation 3.

_ q
n= kTtanf (4)

Thus, the potential barrier height (®go) of the diode at zero
bias was calculated for both dark conditions and under
illumination intensity of 100 mW-cm™2 using the obtained Io
and the rectifying contact area (A) of the diode, along with
Equation 2, as shown in Equation 5 below.
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qDgo = kT In (AA*TZ)

Iy

In general, the In(1)-V graph of Schottky diodes is expected
to show a linear relationship in the forward bias region.
However, in practice, at higher positive voltages (V > 1V),
the In(1)-V curve deviates significantly from linearity
because of series resistance and the interfacial layer. The
actual series and shunt resistances (Rs, Rq) of semiconductor
devices correspond to the extreme forward and reverse
voltage values, respectively (Ri = Vi/l £ V;). Therefore, these
values were obtained from the resistance (R;) values
calculated as a function of voltage using Ohm's Law, and the
results are presented in Figure 3.

Figure 3: R;-V; curves of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
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As seeninthe figure, the R;-V curves remain nearly constant,
i.e., independent of voltage, within the £4V range, which
corresponds to the actual R and Ry, values of the diode.
Metal-semiconductor (MS) or metal-insulator-
semiconductor (MIS) type semiconductor devices/diodes are
expected to conduct under forward bias but exhibit
negligible current under reverse bias. However, in practice,
this behaviour often deviates. For ideal diodes, the
rectification ratio (RR = I¢/Ir) at a fixed £V value is typically
on the order of 10°.

In this study, this value was determined at +4V under both
dark conditions and a light intensity of 100 mW/cm?, and the
results are provided in Table 1.

Table 1: Essential electrical parameters (lo, ®go, N, lo, Rs,
Rsh, RR) and values obtained for Al/(CdO:ZnO:NiO:Ti)/p-
Si/Al diodes for both dark and illumination under
100mW.cm at room temperature.
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Ty n Dg, Rs(4V) Rqh
A eV K A
A ( ( w (QVM))
Dark 4.643x10°° 9.61 0.73 6.50 10.00 1540
100mwW/cm? 2.330x10°® 8.79 0.69 4.44 0.207 46.99

As seen in Table 1, the n values obtained under both dark
conditions and a light intensity of 100 mW-cm™2 are
significantly higher than the ideal value of 1. As indicated
in Equation 6, this behaviour is directly proportional to the
thickness of the interfacial layer and the density of interface
states, while it is inversely proportional to the dielectric
constant of the interfacial layer and the depletion region
width.

In the literature, this phenomenon is generally attributed to
the presence of interface states, the existence of an
interfacial layer, and the inhomogeneity of the potential
barrier formed between the metal and the semiconductor
[38-40]. In Equation 6, & represents the thickness of the
interfacial layer, Wp is the width of the depletion region,
and & and ¢ are the dielectric constants of the
semiconductor and the interfacial layer, respectively.

n(V) = (V/kD)Ln(1/I)) = 1+ 2[5+ qNss (D] (6)

An alternative method for calculating the fundamental diode
parameters, such as n, Rs, and ®g, was developed by
Cheung and Cheung. This method is applicable for
sufficiently high positive voltages (the region where the
In(1)-V curve begins to deviate from linearity) and utilizes
the two equations provided below [41].

av nkT
o = IRS + (T) (63.)
H() =V - ”qﬂln (=) = IRs + n, (6b)

Using Equations 6a and 6b, the dV/dIn(l) - V and H(I)-V
graphs were obtained for both dark conditions and under
100 mW/cm2 illumination and are presented in Figure 4 and
5.

As can be clearly seen in Figure 4 and 5 both the dV/dIn(1)-
V and H(l) - V graphs exhibit a well-defined linear region
over a wide range of voltage and current values under both
dark and illuminated conditions.

According to Equations 6a and 6b, the slope of the dLn(l)-I
and H(I)-V graphs directly provide the R, value, while the
intercepts correspond to nkT/q and n®g, respectively.
Thus, the n value calculated from Equation 6a (using n=
(g/kT)/slope) was substituted into Equation 6b. From the
slope of the resulting H(l) - I graph, the ®g value (®g=
intercept/n) was calculated. These results are summarized in
Table 2.
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Figure 4: dv/din(l) - V & H(l) - V curves of
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode obtained in the dark.

As seen in the table, the obtained n, Rs, and ®g values are
highly dependent on the illumination intensity, like those
derived from TE theory. However, some differences
between them indicate that the calculation method used and
their dependence on voltage play a significant role[42-45].
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Figure 5: dv/din(D)-V & H()-V curves of

Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode obtained in the under
100mW.cm- light intensity.

Both Rs and ®g values can also be calculated using the
equations developed by Norde, which are provided below.
According to Norde, when the In(1)-V curves do not exhibit
a distinct linear region, the relationship between current and
voltage can be described using Equation 7 based on TE
theory [2,3].

F(V) = % - ‘%T [ln ( 1) )] )

AA*T2
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_ kT(y—n)
R, =1 (8a)
Vo KT
¢B=F0+7_7 (8b)

In Equation 7, the arbitrary constant y must be chosen to be
greater than the ideality factor value obtained from TE
theory. Using Equation 7, the F(V)-V curves were obtained
under both dark and illuminated conditions, and these are
presented in Figure 6.

As clearly shown in Figure 6, the F(V)-V graphs exhibit a
distinct minimum point under both dark and illuminated
conditions. Using the values corresponding to this minimum
point (Fo) as well as the associated Vo and Io values, Rs and
®g were calculated as a third method using Equations 4.8a
and 4.8b. The results were presented in Table 2, along with
those obtained from the Cheung functions.

When both Table 1 and Table 2 are considered, some
differences in the fundamental electrical parameters
obtained from different methods can be observed. These
differences arise from the dependence of the results on
voltage and the calculation methods used. In other words,
the TE theory, Cheung, and Norde models correspond to
different voltage or current regions in the I-V data, and
therefore, such variations are expected.

Table 2: Essential electrical parameters (lo, ®Bo, n, lo, Rs,
Rsh, RR) and values obtained for Al/(CdO:ZnO:NiO:Ti)/p-
Si/Al diodes for both dark and illumination under
100mwW.cm at room temperature using Cheung&Cheung
and Norde Method.

Cheung&Cheung Method Norde Method

n Rs ®@g Rs ®g Rs
(kQ) (eV) (kQ) (eV) (kQ)

in dark 11.25 2.827 0.687 2.462 0.653 2.679

mWw/cm?

under 100 11.32 1.997 0.666 1.730 0.762 3.069

Both in Table 1 and Table 2 indicate an ideality factor higher
than 1. It is quite common case in the literature previously
Ilhan report et al report ideality factor values as 5.14 and
5.61 for CuzFeSnS4 quaternary photodiodes. Ilhan et al also
reported ideality factor for CuzNiSnS, diodes as 5.23 and
5.16. Koc reported the ideality factor as 3.97 for Cu,CoSnSs
photodiodes for IR illumination: Similarly, Ilhan report
ideality factor of Cu,CoSnS. photodetectors as 5.31 for
100mW/cm? illumination [34,46-48].

To determine the current conduction mechanisms, double-
logarithmic I1e-Ve graphs were obtained under both dark
conditions and a light intensity of 100 mW-cm™, and these
are presented in Figure 7. As seen in the figure, the In(lg)-
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In(Ve) graph exhibits three distinct linear regions with
different slopes under both dark and illuminated conditions.
These regions correspond to low, medium, and high voltage
ranges, respectively.

From the In(lg)-In(VE) curves, it is observed that the current
follows the relation | ~ V™, where m represents the slope of
the linear regions, as indicated in the graph. As shown in
Figure 7, these slopes vary approximately as 1 <V <2V, 2
<V <3V, and 3 <V <6V for the low, medium, and high
voltage regions, respectively. These values indicate that the
current conduction mechanisms correspond to the Ohmic
model in the low-voltage region, the space-charge limited
current (SCLC) model in the medium-voltage region, and
the trap-charge limited current (TCLC) model in the high-
voltage region.

0715 f F(Dark)
F —e—F(100 mW/cm2)
0705 f
0.695 F
0685 f
v y
0675
0.665 F
0.655
0.645 [ A A A A A A A A A
1 2 3 4

V (V)
Figure 6: F(V)-V curves of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode obtained in the dark and under 100mW.cm=2 light
intensity.

Using the forward bias I~V data, the energy-dependent
distribution profiles of the interface states (Nss) as a function
of (Ec-Ess) were obtained for both dark conditions and under
100 mW/cm? illumination. These profiles were calculated by
considering the voltage dependence of both the ideality
factor and the potential barrier height, based on the equations
developed by Card and Rhoderick, as provided below, and
are presented in Figure 8 [38,39,49].

®, = g, + (V) = by, + (1 —ﬁ)v (9a)
Ess —Ey = q(®. - V) (9b)
Nes(V) = 2 |2 (V) = 1) = = (10)
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Figure 7: In(lg)-In(VE) graphs for three different voltage
regions of the AIl/(CdO:ZnO:NiO:Ti)/p-Si/Al diode
obtained in the dark and under 100mW/cm? light intensity.
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Figure 8: Ns—(Ess-Ev) distribution  profiles  of

Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode obtained in the dark
and under 100mw.cm light.

Here, the o value represents the voltage coefficient of the
measured barrier height and is a parameter that combines the
effects of Ngs with the equilibrium of the semiconductor.

As seen in Figure 8, the interface states exhibit a U-shaped
distribution within the forbidden energy range, with values
varying approximately between 1.3 x 10'? eV~'/cm? and 3.4
x 102 eV-/cm?.

4, Conclusion

In this research, we focused on the fabrication and electrical
characterization of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
quaternary functional Schottky diodes, emphasizing their
potential applications in optoelectronics. The thin films were
produced using the sol-gel technique and characterized
through current-voltage (1-V) measurements conducted in
both dark and illuminated conditions. The findings revealed
that the photodiodes exhibit notable photo responsive
behaviour, positioning them as suitable candidates for light-
sensitive applications such as photodetectors and solar cells.
Key parameters such as barrier height (®g), ideality factor
(n), series resistance (Rs), and shunt resistance (Rsn) were
determined using various methods, including thermionic
emission theory, Cheung & Cheung methods, and Norde
techniques. Under dark conditions, the barrier height was
recorded at 0.73 eV, which decreased to 0.69 eV when
illuminated, indicating improved carrier transport in the
presence of light. The ideality factors were found to be
greater than one, measuring 9.61 in darkness and 8.78 under
illumination, suggesting deviations from ideal behaviour
attributed to the existence of interface states and interfacial
layers. The values of series and shunt resistance, calculated
through multiple models, exhibited consistent trends,
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highlighting the influence of interfacial layers and trap
states on diode performance. An analysis of double-
logarithmic 1-V plots revealed various current conduction
mechanisms in different voltage ranges. This multi-region
behaviour underscores the complexity of charge transport
within these quaternary systems. Additionally, the study
investigated the density of interface states (Nss), which
displayed U-shaped energy distribution patterns, further
confirming the presence of trap states that impact device
performance. The sensitivity of these parameters to
illumination emphasizes the photodiodes' potential for
applications that require light detection and energy
harvesting.

In conclusion, Al/(CdO:ZnO:NiO:Ti)/p-Si/Al Schottky
diodes exhibit promising electrical and optoelectronic
properties, enhanced by the synergistic effects of their
quaternary  composition.  Their  photo  responsive
characteristics, coupled with adjustable electrical
properties, make them strong candidates for advanced
optoelectronic and photonic systems.
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