Journal of Materials and Electronic Devices 5 (2024) 22-28
-

Photoelectric and Diode Characteristics of Al(CdO:ZnO:NiO:Ti)p-Si/Al
Schottky Diodes

Erdal KARAKUS?, Cigdem Siikriye GUCLU?, Miimin Mehmet KOC*®, Burhan COSKUN'"

IKirklareli University, Faculty of Art and Science, Department of Physics, Kirklareli, Tiirkiye
2Gazi University, Faculty of Sciences, Department of Physics, Ankara, Tiirkiye
SKirklareli University, School of Medical Service, Kirklareli, Tiirkiye

Solutions containing CdO:ZnO:NiO:Ti composite compounds  were produced using sol gel method.
CdO:ZnO:NiO:Ti composite solutions were drop cast and spin coated on p-type Si wafer and Al(CdO:ZnO:NiO:Ti)p-
SiAl thin films were obtained. Certain photovoltaic characteristics such as photodiode's sensitivity
(S:photosensitivity), responsivity (R: photoresponsivity), and specific detectivity (D*: photodetectivity) were derived
using various methods. Values for S, R, and D* at an illumination intensity of 100 mW/cm? were found to be 140,
0.024 mW/cm?, and 7.2 x 10° Jones, respectively. Fundamental electrical parameters of the Al/(CdO:ZnO:NiO:Ti)/p-
Si/Al diode, such as: donor atom concentration (Na), Fermi energy (Er), diffusion potential (Vo = Vo + kT/q),
depletion region width (Wp), maximum electric field at the junction (Em), barrier height (®s(C-V)) were assessed.
The values of Na, Er, Vb =V, + kT/q, Wb, and ®s(C-V) for the fabricated Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode were
obtained from the 1/C? - V graph at 500 kHz as 6.94 x 10" cm~3, 0.231 eV, 0.79 eV, 3.62 x 1075 cm, and 1.16 eV,

respectively.
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1. Introduction

Thin films are essential for modern research and technology
thanks to their remarkable physical, chemical, and
mechanical capabilities [1,2]. Nanoscale materials are
crucial for the advancement of multiple fields, such as
optoelectronics, energy storage, sensing technologies, and
biological applications [1,2]. The capability to fabricate thin
films with customized compositions, thicknesses, and
microstructures has facilitated their extensive use in both
fundamental research and industrial applications [1,2].
The adaptability of thin films arises from their distinctive
characteristics, including a high surface-to-volume ratio,
optical transparency, electrical conductivity, and
mechanical flexibility [3,4]. These attributes make them

suitable candidate for the use in photovoltaics, transistors,
light-emitting diodes (LEDs), and protective coatings [5-7].
Thin films are employed in sensors, capacitors, and memory
devices, where meticulous regulation of their electrical and
optical characteristics is essential [8-10]. Thin films can be
classified into three major categories: organic, inorganic,
and hybrid thin films [11-13]. Organic thin films consist of
carbon-based materials such as organic molecules, carbon
nanotubes, graphene, graphite, diamond like carbon. Such
materials provide lightweight and flexibility for
configurations [14]. They are extensively utilized in organic
light-emitting diodes (OLEDs) and organic solar cells
because of their economical production and mechanical
applicability [15]. Conversely, inorganic thin films
demonstrate  enhanced thermal stability, elevated
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mechanical  strength, and exceptional electrical
characteristics [3]. Metal oxides and nitrides predominate in
this group and are frequently used in semiconductors,
photovoltaics, and sensors [16,17]. Hybrid thin films
combine the benefits of organic and inorganic materials,
offering improved functionality and adjustable features for
advanced technologies, such as perovskite solar cells and
bioelectronics [18-20].

Metallic thin films are significant due to their superior
electrical and thermal conductivity, resistance to corrosion,
and catalytic properties. These films are essential for
applications in microelectronics, reflective coatings, and
energy conversion systems [21,22]. Gold and silver thin
films are extensively employed in plasmonic devices,
whereas copper and aluminum films function as
interconnects in integrated circuits [23,24]. Moreover,
metallic films are utilized in sensors, catalysts, and
electromagnetic shielding materials, illustrating their
versatility and multifunctionality.

ZnO, Cd, Ti, and Ni thin films are especially remarkable for
their unique characteristics and prospective applications.
For example, Zinc oxide (ZnO) is a transparent
semiconductor characterized by a broad bandgap (~3.37
eV), elevated exciton binding energy, and superior
optoelectronic characteristics. It is frequently utilized in gas
sensors,  transparent  conductive  electrodes, and
piezoelectric devices [19,25]. ZnO thin films have
biocompatibility, rendering them appropriate for biomedical
applications. Cadmium (Cd) thin films, especially cadmium
oxide (CdO), demonstrate elevated electrical conductivity
and optical transparency, facilitating their application in
optoelectronic devices, solar cells, and infrared detectors
[26,27]. Cadmium-based films are employed in photo
detectors owing to their adjustable bandgap characteristics
[28,29]. Titanium (Ti) thin films are distinguished by their
remarkable corrosion resistance, elevated strength-to-
weight ratio, and biocompatibility [30,31]. These films are
extensively utilized in aircraft, biomedical implants, and
protective coatings. Moreover, TiO, coatings exhibit
photocatalytic properties, rendering them appropriate for
water purification and self-cleaning surfaces. Nickel (Ni)
thin films exhibit superior mechanical strength, magnetic
characteristics, and chemical stability, rendering them
suitable for use in magnetic storage devices, batteries, and
catalysts. Nickel-based films are utilized in anti-corrosion
coatings and electromagnetic shielding materials [32—35].
Quaternary functional thin films, consisting of many
constituents, provide improved material properties by
integrating the distinct attributes of each constituent. These
films demonstrate exceptional electrical, optical, and
catalytic capabilities, rendering them highly sought after for
multifunctional applications [36]. Quaternary thin films are
employed in photovoltaic devices, photodetectors, and
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energy storage systems. Their capacity to offer adjustable
bandgaps, superior charge transfer, and increased chemical
stability renders them exceptionally versatile for new
technologies. Among quaternary thin films,
CdO:ZnO:NiO:Ti films have attracted considerable interest
due to their diverse characteristics and extensive application
possibilities. The combination of CdO and ZnO provides
superior optical transparency and conductivity, whereas NiO
and Ti enhance structural stability, corrosion resistance, and
catalytic efficacy [36]. These films have exceptional
photoelectric  performance, rendering them suitable
candidates for photodiodes, solar cells, and sensors.
CdO:ZnO:NiO:Ti  thin films demonstrate elevated
sensitivity, responsivity, and detectivity, essential for
photodetector applications. Their capacity to function
efficiently under varying light intensities highlights their
appropriateness for optoelectronic devices. Moreover, the
structural and electrical characteristics of these films can be
meticulously adjusted via compositional engineering,
facilitating their application in flexible electronics,
transparent conductive coatings, and energy conversion
systems.
In this work, we produce CdO:ZnO:NiO:Ti thin films and
manufacture  Al/(CdO:ZnO:NiO:Ti)/p-Si/Al Schottky
diodes. Photovoltaic and capacitance characteristics of the
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al  derived using various
methods.

2. Experimental

The Al/(CdO:ZnO:NiO:Ti)/p-Si/Al Schottky structures
were developed on a 300 um thick p-Si wafer, characterized
as <100> float-zone material with a resistivity ranging from
1 to 10 cm-Q, and polished on one side. Prior to the
fabrication, the p-Si wafer underwent a thorough cleaning
process [37]. This involved subjecting the p-type silicon
wafers to sonication in deionized water for 5 minutes,
followed by another 5 minutes of sonication in ethanol, and
concluding with a final 5-minute sonication in deionized
water. A solution of hydrofluoric acid (HF) diluted in water
at a ratio of 1:10 ml was prepared, sonicated for 5 minutes,
and subsequently rinsed with pure water. The samples were
then dried using nitrogen gas. Wafers measuring 2 cm x 2
cm were cut, and six layers of film were spin-coated onto the
substrates. Each layer was applied using a spin-coating
process at 3000 rpm for 30 seconds, followed by drying on
a hot plate.

Subsequently, the wafer was placed in a vacuum chamber
where high-purity gold (99.999%) was thermally evaporated
onto the backside of the p-Si wafer to a thickness of 150 nm,
utilizing a high-vacuum metal evaporation system operating
at a pressure of 1076 Torr. The wafer underwent annealing at
500 °C in a nitrogen atmosphere to achieve low resistivity
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and establish good ohmic contact. Following this, the
(Cd0O:Zn0) solution was applied to the front of the p-Si
wafer as an interfacial layer via the spin-coating technique.
This solution was prepared by dissolving zinc acetate
(Zn(CH3CO0),) and nickel chloride (NiCly) in 15 ml of
methoxyethanol to create 0.1 M solutions of zinc and nickel,
respectively. A 0.4 M base solution was also prepared by
dissolving sodium hydroxide (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 acting as a stabilizer.
The coated films were dried for one hour at 50 °C on a hot
plate to form solid films.

For further enhancement, PCBM, a derivative of fullerene,
was coated onto the front of the p-Si wafer for 30 seconds
at 2000 rpm and 80 °C using a Fytronix spin coater system.
The temperature of 80 °C was critical for achieving optimal
coating properties, facilitating the formation of a highly
homogeneous layer with improved adhesion to the
substrate. After the coating, 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,
along with their deposition rates, were monitored using a
quartz crystal metal thickness meter.

For electrical measurements, thin silver-coated wires were
utilized as the electrode connection system, and the
fabricated samples were mounted on a copper holder.
Characterization measurements were conducted using the
Fytronix-FY-7000 characterization system within a
Fytronix cryostat at approximately 10~ Torr to minimize
external influences. All device characterization equipment
was supplied by Fytronix.

3. Results

3.1 Photoelectric properties of Al/(CdO:ZnO:NiO:Ti)/p-
Si/Al diodes

The photoelectric  properties of the manufactured
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al photodiodes were analyzed
under both dark conditions and an illumination intensity of
100 mW/cm?. This analysis utilized Ir-Vr data collected
under reverse bias at the same illumination intensity. The
values for the photodiode's S, R and D* were derived using
the equations outlined below. The variations of these
parameters with respect to voltage are illustrated in Figures
1, 2, and 3, respectively.

S = (Iph — Laari) /laark 1)
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R = ([ph - [dark)/P'A (2)
D* = R(A / (zq[dark))o's (3)

In these equations, lgark and Iph refer to the current values
recorded under dark conditions and varying light
illumination intensities, respectively. P signifies the light
intensity that is shed on the diode, while A represents the
area of the diode. As illustrated in Figures 1, 2, and 3, the
values of S, R, and D* show a considerable dependence on
the voltage applied. Specifically, the peak values for S, R,
and D* at an illumination intensity of 100 mW/cm? were
found to be 140, 0.024 mW/cm?, and 7.2 x 10° Jones,
respectively.  These  findings indicate that the
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode exhibits a high
sensitivity to the light, making the diodes a suitable
candidate for use in optoelectronic applications such as
photodiodes, solar cells, and photodetectors [38-42] .
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Figure 1: S-V graph of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al

diode obtained under 100mwW/cm? illumination

3.2 Capacitance properties of Al/(CdO:ZnO:NiO:Ti)/p-
Si/Al diodes

The diode parameters derived from forward bias I-V
measurements are distinct from those obtained by forward
bias C-V measurements. This is since, under reverse bias,
the barrier faced by electrons transitioning from the
semiconductor to the metal is approximately equivalent to
the Fermi energy (Egf), which exceeds the barrier
encountered by electrons traveling from the metal to the
semiconductor. Consequently, only the capacitance-voltage
measurements of the constructed photodiodes in darkness
were performed utilizing an HP-4192A LF impedance
analyzer at 500 kHz, within a voltage range of £2.5V in 50
mV increments, as illustrated in Figure 4.
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Figure 2: R-V graph of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode obtained under 200mW/cm? illumination
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Figure 3: D*-V graph of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode obtained under 200mW/cm? illumination
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Figure 4: C-V graph of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode obtained at 500 kHz.
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The C-V curves demonstrate three separate behaviors:
accumulation (about 1.2 to 2.5V), depletion (from -1V to
+1.2V), and inversion (around -2.5 to -1V). These actions
are analogous to those of a metal/oxide/semiconductor
(MOS) capacitor, which is an anticipated trait. This
phenomenon transpires as soon as contact is made between
the metal and the semiconductor, prompting the majority
carriers (holes) in the p-Si to migrate towards the metal's
front surface. Consequently, the C (=Q/V) value begins to
diminish. Consequently, because of such a diffusion process,
the front surface of the p-Si semiconductor acquires a
negative charge, whilst the front surface of the metal attains
a positive charge, leading to an inversion of their starting
states.

The depletion-region capacitance (C) of a MIS-type diode is
defined as follows [43-45]:

10Qscl qesgoN 4
C= = 4
av Z(VD—V—%T) @)

where & and g are the dielectric constants of the
semiconductor and free space, respectively; A is the area of
the Schottky contact, Vr is the reverse bias voltage applied
to the diode, and Vy is obtained from the intersection point
of the voltage axis in the C2-V graph, where the C2 axis (y-
axis) equals zero (Vp = V, + KT/q). Using this information,
other  fundamental electrical parameters of the
Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode, such as:

¢ Donor atom concentration (Na)

o Fermi energy (Ef)

¢ Diffusion potential (Vo = Vo + kT/q)

¢ Depletion region width (Wp)

e Maximum electric field at the junction (Em)
e Barrier height (®g(C-V))

were calculated using the equations provided below, based
on the intercept and slope of the reverse bias linear C2-V
curve presented in Figure 5.

-2 _ Z(VR + [/O) (5)
qgsgoAzND
kT (N,
EF = 717’1 (N—) (6)
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Thus, the potential energy barrier formed between the metal
and the semiconductor was obtained using the following
equation, based on the calculated Vo and Er values.
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Figure 5: C2 - V graph of Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode obtained at 500 kHz under reverse bias.

CDB:VO +kq_T+EF (10)

The values of Na, Er, Vb= Vo + kT/q, Wp, and ®g(C-V) for
the fabricated Al/(CdO:ZnO:NiO:Ti)/p-Si/Al diode were
obtained from the 1/C? - V graph at 500 kHz as 6.94 x 10%*
cm>, 0.231 eV, 0.79 eV, 3.62 x 10° cm, and 1.16 €V,
respectively.

The ®g(C-V) = 1.16 eV value obtained from the reverse bias
1/C? - V graph is higher than the value obtained from the
forward bias Ln(1)-V graph. This discrepancy arises from
the nature of the measurement and calculation methods
used.

Recently, similar studies have been conducted in the
literature, and comparable characteristics have been
observed [36,40,46].

4, Conclusion

In the study, we produce CdO:ZnO:NiO:Ti thin films and
manufacture  Al(CdO:ZnO:NiO:Ti)p-Si/Al Schottky
diodes. Photovoltaic and capacitance characteristics of the
Al(CdO:ZnO:NiO:Ti)p-Si/Al  derived using various
methods. The values for the photodiode's sensitivity,
response, and specific detectivity were derived. Values for
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S, R, and D* at an illumination intensity of 100 mW/cm?
were found to be 140, 0.024 mW/cm?, and 7.2 x 10° Jones,
respectively. The values of Na, Er, Vp = Vo+ kT/q, Wp, and
®g(C-V) for the fabricated Al/(CdO:ZnO:NiO:Ti)/p-Si/Al
diode were obtained from the 1/C? - V graph at 500 kHz as
6.94 x 10% cm™3, 0.231 eV, 0.79 eV, 3.62 x 1075 ¢cm, and
1.16 eV, respectively.
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