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CdO:NiO solution was used to produce nanocomposite thin films which were produced in 1:1 molar rate using sol

gel method. The drop casting technique was used to apply nanoparticles on p-type Si wafers and spin coating

method was used after the drop cast. Optical absorption and transmission plots of the composite thin film were

obtained using visible UV spectra. The energy bandgap of photodiode was calculated using UV data where bandgap

energy was calculated as CdO:NiO composites. |-V data was obtained in different light intensities. Using I-V

characteristics different photodiode parameters were calculated using different techniques. |-V characteristics were

used to assess photovoltaic different photovoltaic characteristics such as ideality factor, barrier height, series

resistance, Shunt resistance, etc. Thermionic emission theory and Cheung & Cheung function were used to assess

such properties. lph and photoresponsivity characteristics were also addressed in the work. Photodiode exhibits

illumination dependent characteristics where an alteration in illumination intensity alters photoresponsive

characteristics.
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1. Introduction

Thin films are primary and initial parts of the developing
modern technologies [1-3]. They are mostly used in
nanotechnology applications and electronic devices such as
sensors, displays, detectors, etc. Organic and inorganic type
films are films which were commonly reported in the
literature for possible applications [4—6]. Organic films are
often found to be affordable which were consisting of
organic molecules such as carbon, hydrogen, nitrogen and
oxygen. Therefore, they could exhibit special properties
pertaining to organic molecules such as being flexible and
cheap. Organic molecules are often known to be flexible;
hence, the application of organic molecules to the surfaces
retains their flexibility. They are often affordable since most
metals are precious and are not as abundant as organic
materials. On the other hand, organic thin films can have
some drawbacks. For example, some organic films could be
affected by external factors such as heat, humidity, etc. They

cannot resist external physical effects such as press, scratch,
tension, etc. Organic thin films can easily be removed from
the surface and/or they can lose their performance since they
can be affected by the chemical environments such as acids
and alcohols. But, metallic based thin film structures were
found to be resistant to external factors such as weak acids,
aqueous environment, alcohol, and physical effects [7-9].
Metallic thin films also exhibit astonishing electrical, and
electrochemical characteristics.; some metallic films could
even illustrate magnetic properties [10—15].

Different types of metals could be found in nature, and
almost all metals find an application in the electronic and
optoelectronic industry. Among those, iron oxide, nickel and
cobalt based films were often preferred magnetic
applications [11,12,16]. Tungsten, platinum, copper and
gold based films were known for their catalytic properties
[17,18]. ZnO, TiO,, CdO based films were preferred for
optoelectronic, photovoltaic and photodetector applications
[19-21]. CdO films show low bandgap energy, and good
electrical properties with outstanding photovoltaic and
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photoresponsive properties [20,22]. Therefore, they were
vastly used in photovoltaic properties such as photodiodes,
solar cells and photodetectors. CdO is often preferred in IR
detectors therefore, they were used as additives in the
optoelectronic devices to enhance the performance of the
devices [9,23-25]. There is a limited effort in the literature
to investigate the photovoltaic and photodiode properties of
thin films. Ni based materials often exhibit ferromagnetic
and/or ferrimagnetic characteristics; therefore, they were
mostly used in magnetic applications [26-28]. However,
there is considerable effort in the literature to assess Ni
based materials as sensors or catalyser [29-31].

Mixing two different material and producing a composite
help people to obtain a material with unique properties.
Therefore, each composite may have unique properties and
mixing two different metals at specific rates could enable us
to adjust electrical properties, chemical properties, magnetic
properties, catalytical properties, etc [32—35]. For example,
mixing paramagnetic materials with ferromagnetic
materials can give us a material with ferrimagnetic
properties; on the other hand, mixing insulating materials
with metals can give them conductive properties [2,36-38].
Hence, mixing different materials at different rates is
preferred in optoelectronic applications to adjust electrical
and optoelectronic properties such as conductivity,
capacitance, photoresponse, photocurrent, etc.

In this work, we produced CdO:NiO thin films by mixing
them 1:1 molar ratio using sol gel method. The solution was
drop cast on a p-type Si wafer and spin coated. Al contacts
were obtained to have good contact. Where Al/p-
Si/CdO:NiO/Al  photodiodes were produced. [-V
characteristics were obtained under different illumination
Diode characteristics were calculated using this data.
Bandgap energies of the thin films were calculated using
UV visible spectra where increased ZnO dopant decrease
the bandgap energies of TiO, photodiodes.

2. Experimental
2.1. Production of ZnO doped TiO; gels

The sol-gel nanoparticle production protocols were used in
the production of CdO:NiO photodetectors. 0.5M Cadmium
acetate (Cd(Ac) were dissolved in 10ml 2-methoxyethanol
a beaker; and 0.5M Nickel (II) Chloride (Hexahydrate) were
dissolved in 10ml 2-methoxyethanol in another beakers.
Magnetic shaker shakes each beaker for 10 mins. 0.5ml CdO
solution was added to 0.5 ml NiO where CdO:NiO solutions
in 1:1 molar rate were obtained.

2.2. Production of CdO:NiO nanocomposite photodiodes
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P-type Si substrates were chemically cleaned before the
coating procedure. In the cleaning process, residual dirt Si
wafers were stirred using deionized water. Sonication was
applied to the p-type silicon wafers for 5 mins in deionized
water. Si wafer was 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 [39]. Samples were then dried using N> 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 plate for 2
mins the temperature of which is 100 °C. 6 layers were
applied. At 420 °C, film coated substrates were annealed for
1h. When the coating procedure was finished, Al contact was
applied using a thermal evaporator. The coating was applied
at 2 - 4 A°/s evaporation rate. Total of 100 nm contact was
coated and photodetectors in  Al/p-Si/CdO:NiO/Al
photodetectors were formed. The result products were then
annealed at 570 °C for 5 mins under N> gas. FYTRONIX
FY-7000 were used in the investigations. Shimadzu 3600
UV/VIS spectrometer was used in the assessment of optic
properties [40].

3. Results
3.1. Optic Properties

Optic properties of the photodetectors illustrated in Figure 1
where Abs - wavelength (a), Abs — hv (d) characteristics
were presented. It was seen in Figure 1a and Figure 1b that
Al/p-Si/CdO:NiO/Al photodetectors show high absorbance
in UV range and absorbance starts to diminish in visible
range. Using absorbance data, E, (energy bandgap) of the
thin films were determined. Following formula was used in
the calculations

ahv=A(hv-Eg)" @)

where 0=F(R)/d, A is a constant, d is the thickness of thin
films, E, is band gap energy, n is a constant which
determines the optic transfer. Two different kinds of transfer
may be observed: direct transfers (i) indirect transfers (ii).
Indirect transfers were determined as n=1/2, 3/2, 5/2... while
direct transfers were determined as n=1, 2, 3...

(ohv)? —hv characteristics were illustrated in Figure 1b where
E; of Al/p-Si/CdO:NiO/Al photodetectors were found as
1.39eV.
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Figure 1. Abs - wavelength (a) and (ahv)®> —hv (b)
characteristics of Al/p-Si/CdO:NiO/Al photodetectors.

3.1. Photoresponsive Properties

I — V (current- voltage) characteristics of the Al/p-
Si/CdO:NiO/Al photodiodes were assessed between -2V
and 3V. I—V characteristics were presented in Figure 2. In
the measurement, I-V characteristics were obtained in dark,
20mW/c?, 40mW/cm?, 60mW/cm?, 80mW/cm?, and
100mW/cm?. It was seen that the photodiode is responsive
to the light where different photocurrent was obtained for
different illumination intensities. Regarding the I-V graph,
it is clear that Al/p-Si/CdO:NiO/Al photodiode is
responsive to the light and exhibits photodiode
characteristics. Since there is an apparent difference
between forward bias and reverse bias in the plot where the

10
measured current clearly alters. Therefore, we can say that
Al/p-Si/CdO:NiO/Al photodiode structures exhibit diode
characteristics. The I-V graph also shows that photodiodes
are responsive to applied light. It was seen that illumination
intensity change in the light alters measured photocurrent.
However, no apparent relation was observed between the
light intensity and measured photocurrent. Different diode
parameters such as ideality factor (n), reverse saturation
current, barrier height (@) series resistance (R;), etc. were
calculated using Cheung & Cheung method and thermionic
emission theory.

—=— dark -
—e— 20 mMW.cm?
—a— 40 mW.cm™®
2
2

1E4_§ —v— 60 mMW.cm? |
—e— 80 mW.cm™
—<+— 100 mW.cm™
1E-5 T T T T T
-0.4 -0.2 0.0 0.2 0.4
V (V)
Figure 2. [-V characteristics of Al/p-Si/CdO:NiO/Al
photodiodes.

In common Thermionic Emission theory calculations
following equation was used to assess I-V plots:

= AA*T? —4%®s AV-IRs)
I = AA*T? exp (22 ) [exp (AR — @)

where A is the active surface area of the diode, A* is the
Richardson constant, q is the charge of the electron, k is the
Boltzmann constant, V is the potential, Ry is the serries
resistance, T is the Kelvin temperature, ®g is the barrier
height

Equation 1 when V-IR>>3kT

14
=loexp(—) 3)

1=AA*T? exp (—L22 ) (4)

Eq 5 is obtained by taking derivative of V after taking the
logarithm of Equation 3.

_q_dw)
e aan) (%)

In(I) against V in the low and medium voltage region is
calculated together with other constants, the ideality factor n
is found. The graph of In(I) against V intersects In(I) gives
reverse saturation current. Here, Equation 4 gives the barrier
height.
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In Cheung & Cheung method, the barrier height, diode
resistance Rs, and ideality factor are determined using
following equations:

v nkT

D IRs + . (6)
kT I

H() =V == In(s) (7)

H(I)=IRs+n ®p 8)

Using the equations above the graph of d(V)/d(In(I)) and
H(I) against I is drawn using the values in the low and
medium voltage region of the I-V graph. Here, the ideality
factor n was calculated using the d(V)/d(In(I)) against I. &g
was derived from n where the curve cuts the y axis in the
H(I) graph. The slope of the curve gives the R value.

Table 1. Diode parameters obtained via thermionic
emission theory.

. Barrier Reverse
Ilumination | ldeality Height saturation
Intensity Factor (n) (@) cu rlroent
0 4.22 0.38 0.058
20 8.34 0.37 0.080
40 4.06 0.38 0.063
60 4.37 0.37 0.067
80 3.35 0.38 0.052
100 4.44 0.37 0.069

Table 2. Diode parameters obtained via Ohm’s law and
Cheung & Cheung theory.

ohm's law Cheung&;heung
Function
[llumination
Intensit Shunt i
’ Rs Resistance Igae:tl(:[:/ Rs
(Ohm) (Ohm)
(Ohm) (n)
0 0.85 17.75 13.41 0.54
20 0.73 16.26 8.31 0.47
40 1.77 22.96 9.67 0.18
60 1.23 16.88 5.63 0.52
80 1.80 25.18 1.93 0.79
100 1.56 23.87 1.11 0.80

Diode parameters obtained using the thermionic emission
theory was presented in Table 1. Ideality factors were found
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between 3.35 and 8.34. It was seen that ideality factors alter
with the altering illumination intensity. Cheung & Cheung
method provides an ideality factor between 1.11 and 13.41.
It was again seen ideality factor seem to exhibit decreasing
trend with increasing illumination intensity where the
ideality factor of 13.41 was obtained at dark measurement,
and the ideality factor of 1.11 was obtained for measurement
at 100 mW/cm?. It should be noted that enhanced
illumination enhanced the diode characteristics in Cheung &
Cheung approximation. It was expected to see the ideality
factor as 1 which corresponds to an optimum diode.
However, ideality factors bigger than 1 were often reported
in the literature. For example, Aslan et al. find the ideality
factor of ZnO doped carbon photodiodes between 3.76 and
6.37; Koc reported the ideality factor of CuO doped carbon
photodiodes 3.74. Aslan et al find the ideality factor of Ti
doped amorphous carbon photodiodes as 3.17 and 1.84;
Ilhan et al find the ideality factor of Cd doped TiO> solar
detectors between 5.75 and 7.86; Ilhan et al find the ideality
factor of CuNiSnS4 as 5.84 [2,15,21,37,41]. Ideality factors
obtained using the Cheung & Cheung method and
thermionic emission theory was presented in Figure 3.
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Figure 3. Ideality factors obtained using Cheung & Cheung
method and thermionic emission theory for Al/p-
Si/CdO:NiO/Al photodiodes.

Barrier height was also calculated for Al/p-Si/CdO:NiO/Al
photodiodes. The barrier height was found around 0.32 eV.
The barrier height was not altered with the external
illumination. Barrier heights are strongly dependent on
diode structure. Therefore, different barrier heights were
reported in the literature pertaining to different diodes. For
example, Aslan et al. find the barrier height of ZnO doped
carbon photodiodes between 0.48 eV and 0.56 eV; Koc
reported the barrier height of CuO doped carbon photodiodes
between 0.47 eV and 0.56 eV. Aslan et al find the barrier
height of Ti doped amorphous carbon photodiodes as 0.46
eV and 0.56 eV; Ilhan et al find the barrier height of Cd
doped TiO; solar detectors between 0.48 eV and 0.50 eV;
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[lhan et al find the barrier height of CuNiSnS4 as 0.47 eV
[2,15,21,37,41]. It was seen that both the ideality factor and
barrier height of Al/p-Si/CdO:NiO/Al photodiodes were
found coherent with the results reported in the literature.
Reverse saturation current (Ip) is an important diode
parameter which was often used to identify and characterize
the diode characteristics. In our case reverse saturation
current related parameters were calculated using thermionic
emission theory which was presented in Table 1. The
reverse saturation current was found between 0.058A and
0.080 A. It was seen that the reverse saturation current alters
with altering illumination. However, no direct correlation
between illumination intensity and measured reverse
saturation was observed for Al/p-Si/CdO:NiO/Al
photodiodes. Reverse saturation current and calculated
barrier height values depending on altering illumination

diode characteristics. It is important to identify the Rs
characteristics to used diodes in device applications. In our
research we calculated R, values of Al/p-Si/CdO:NiO/Al
photodiodes using Ohm’s law and Cheung & Cheung
function. Rs value was calculated between 0.73 Ohm and

1.77 Ohm. It was seen that relatively higher Rs values were
illumination for Al/p-Si/CdO:NiO/Al

obtained under
law. Similar values were

photodiodes using Ohm’s
calculated using Cheung & Cheung function where R, value

between 0.18 Ohm and 0.80 Ohm was found. R; values were
found quite identical where no apparent R difference was
observed for the measurement obtained under illumination
and dark. Light intensity related graphs showing the R
values obtained using two different methods were presented

intensity for Al/p-Si/CdO:NiO/Al photodiodes were
presented in Figure 4.
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Figure 4. Barrier Height and measured reverse saturation
values for Al/p-Si/CdO:NiO/Al photodiodes.
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Figure 5. R, values obtained using Ohm’s law and Cheung
& Cheung function for Al/p-Si/CdO:NiO/Al photodiodes.

Serries resistance (Rs) values are important electrical
parameters for photodiodes. They often used to identify the

in Figure 5.
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Figure 6. Ry, values obtained using Ohm’s law for Al/p-
Si/CdO:NiO/Al photodiodes.

Shunt resistance (Rsn) was also calculated using Ohm’s law.
Shunt resistance values were presented in Table 2 and Figure
6. It was seen that Shunt resistance alters with light the
application of an external light where no direct correlation

was observed.

Lastly, we calculated the photoresponsivity and

photocurrent properties of our diodes. It was seen that
measured photocurrent alters with altering illumination
intensity. In reverse bias, no direct relation between
illumination intensity and measured photocurrent could be
seen. On contrary, enhancing photocurrent was obtained for
enhancing illumination intensity for the forward bias.
Similarly, photoresponsivity was also assessed for the Al/p-
Si/CdO:NiO/Al photodiodes. It was seen that no direct
relationship  between  illumination intensity  and
photoresponsivity was observed for the reverse bias zone.
For forward bias, decreased responsivity was observed for
increasing illumination intensity was seen. We found that
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illumination intensity

negatively

affects the

photoresponsivity for Al/p-Si/CdO:NiO/Al photodiodes.

Table 3. Light intensity related diode photosensitivity and photocurrent parameters.

lon (A)

Volt 20 mW.cm? 40 mW.cm2 60 mW.cm? 80 mW.cm? 100 mW.cm??
-0.30000001 0.024031 0.013106 0.033326 0.024882 0.01515
0.300000012 0.019548 0.027074 0.03177 0.035761001 0.036443

R (A.W?)
-0.30000001 258.3978533 70.46236664 119.448 66.88709777 32.58065
0.300000012 210.1935515 145.559142 113.871 96.13172186 78.37204
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3. Results

In our work, we produced Al/p-Si/CdO:NiO/Al
photodiodes. Moreover, we investigated diode parameters
and photovoltaic and photoresponsive characteristics of the
Al/p-Si/CdO:NiO/Al photodiodes. I-V characteristics
illustrated that Al/p-Si/CdO:NiO/Al structures exhibit
photodiode characteristics. It was seen that diode
parameters such as ideality factor, barrier height, series
resistance, and shunt resistance were affected by external
illumination. It was seen that external light alters such
parameters but no clear correlation between such
parameters and external illumination was found. Ideality
factor and barrier height values were compared with the
results previously reported in the literature and seen that
our results were within the acceptable range. Lastly,
photoresponsive  characteristics ~ exhibit  decreasing
characteristics with enhancing illumination intensity. Such
a case indicates that our photodiodes are not suitable for
solar tracking applications.
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