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TiO:NiO suspension was prepared prior to thin film production. The suspension was prepared 1:1 molar rate which 

was produced using sol-gel method. The suspension was then spin-coated on p-type Si wafers. I-V (current - 

voltage) characteristics of the composite thin films were investigated in the dark and under different illumination 

intensities. Current -  voltage graphs of the TiO:NiO composite thin films were used to determine the photovoltaic 

characteristics. Three different methods (Ohms Law, Thermionic Emission Theory, and Cheung& Cheung Theory) 

were used to assess the photodiode characteristics of the composite thin films. In the photodiode characterization, 

different parameters like series resistance, barrier height, Shunt resistance, ideality factor, etc. were determined. 

İllumination related characteristics like Iph and photoresponsivity characteristics were also investigated in this work. 

It was seen that TiO:NiO composite thin films were affected by illumination intensities where illumination-dependent 

diode characteristics were evidenced in the work. 
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1. Introduction 
 
Thin films and 2D structures are essential parts and driving 

forces of emerging technologies [1–3]. Advancement in 

efficiency for different applications such as sensors, 

displays, detectors, etc. was achieved with thin films. 

Various types of materials were used in such technologies 

and applications [4–6]. Organic films are one of the 

emerging materials which as applied to the different 

electronic applications regarding their potential. They were 

reliable, cheap and easily applicable. They are mostly 

consisting of organic molecules such as hydrogen, oxygen, 

carbon and nitrogen. Depending on their organic structure 

they can have different material properties with different 

electronic, optic and optoelectronic properties. They mostly 

exhibit flexible properties. Therefore, are used in flexible 

electronic applications. However, the stability of the  

 

materials can be a problem for users. Since they are 

consisting of organic molecules, they can easily be affected 

by external factors such as heat, humidity, excessive light, 

UV light, scratches, shears etc. Moreover, different 

chemicals such as alcohols, acids, etc can also deteriorate the 

overall performance of the materials [7–9]. On the other 

hand, metal-based compounds were found to be more 

durable and resistant. They exhibit high shear and scratch 

resistance against external factors They also exhibit 

excellent electrical, magnetic and optoelectronic 

characteristics [10–15].  

Different types of metals could be found in nature; each of 

them illustrates different characteristics and properties. 

Among those, transition metals are quite interesting where 

astonishing electrical and catalytical properties were 

evidenced. Ti, Ag, Cu, Au, Fe, Ni, Co Cr, Zn, Cd, etc. are 

some important transition metals. Such metals have good 
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electron affinity. They were also used in different 

applications.  For example, Ti, Zn, and Cd based materials 

were vastly used in optoelectronic, photovoltaic 

applications [16–18]. Ag, Cu-based materials are commonly 

used in catalytic and optoelectronic applications [19,20]. Fe, 

Ni and Co-based materials are known for their magnetic 

characteristics and therefore were used in different magnetic 

applications [11,12,21]. TiO2, TiO-based films are vastly 

used in optoelectronic, photovoltaic and photodetector 

applications [17,22].  TiO films show low bandgap energy, 

and good electrical properties such properties made them a 

suitable candidate for solar harvesting applications [17,22]. 

There is a limited effort in the literature to investigate the 

photovoltaic and photodiode properties of Ni-based thin 

films. Ni-based materials exhibit magnetic characteristics 

and can be used in ferromagnetic and/or ferrimagnetic 

applications. Works investigating the catalytic and 

electronic properties of the Ni-based nanomaterials were 

also addressed in the literature [23–25]. Unfortunately, there 

is not a considerable effort in the literature to investigate 

photovoltaic and photodetector properties of  Ni-based 

materials. 

Mixing various materials help producers to get new 

materials with interesting properties. Mixing two or more 

materials ends up in obtaining composites or compounds. 

Mixing two or more different metals can produce 

composites and/or alloys. Mixing rates or metal types in a 

such process may alter the overall structure of the material. 

The process could be used to obtain tailored materials where 

materials with desired properties could be obtained for a 

specific application. For example, mixing a paramagnetic 

and/or diamagnetic material with ferromagnetic materials 

could alter the magnetic characteristics of the materials. 

Similarly, mixing materials with insulator characteristics 

with a metal could alter the electrical properties of the 

insulator [2,26–28]. Therefore, each composite may have 

unique properties.  

 

In this manuscript, we discussed the photodiode 

characteristics of TiO:NiO thin films which were obtained 

by mixing. In our work, TiO and NiO-based solutions were 

produced using sol-gel synthesis and mixed with 1:1 molar 

ratio. The mixture was coated on a p-type Si wafer using 

spin coating. Al contacts were applied to the two sides of 

the p-Si/TiO:NiO structure where photodiode in Al/p-

Si/NiO:TiO/Al structure obtained. I-V plots of the 

photodiodes were obtained in dark and light. Different 

illumination intensities were worked for the  I-V plot. Diode 

characteristics such as barrier height, ideality factors, etc 

were assessed.  

 

 

 

2. Experimental 

 

2.1. Fabrication of TiO-doped NiO gels 

 

TiO:NiO photodetectors were produced by sol-gel solutions 

which were applied onto Si wafers using the spin coating 

method.  10ml 2-methoxyethanol  and 0.5M Titanium 

acetate (Ti(Ac) mixed. In another baker, 10ml 2-

methoxyethanol and 0.5M Nickel (II) Chloride 

(Hexahydrate) were mixed. Each baker was stirred using  a 

magnetic stirrer for 10 mins. 0.5ml of TiO solution and  0.5 

ml of NiO solution were mixed where TiO:NiO solutions at 

1:1 molar rate were achieved.   

 

2.2. Fabrication of TiO:NiO Nanocomposite Thin Films 

 

Si substrates (p-type) were chemically cleaned before the 

coating. In the cleaning, deionized water was used to remove 

residual dirt  where wafers were sonicated for 5 mins. Then, 

sonication was continued with ethanol. Then, HF:H2O 

(1:10ml) were prepared. Wafers were sonicated in an acidic 

solution for 5 mins. Wafers were then cleaned using pure 

water [29]. After the washing, wafers were N2 blow dried. 2 

cm x 2 cm substrate was cut, and 6 layers of film were coated 

using spin coating. The spin coating procedure 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. 

When the coating procedure was finished, substrates were 

annealed at 420 ˚C for 1h. Then, Al contact was applied for 

each side of the sample. The coating was applied at 2 - 4 A˚/s 

evaporation rate. A total of 100 nm contact was coated on 

each side of the photodetectors. As a result, Al/p-

Si/TiO:NiO/Al photodetectors were obtained.  Al/p-

Si/TiO:NiO/Al photodetectors were annealed at 570 ˚C for 5 

mins under N2 gas. FYTRONIX FY-7000 were used in the 

investigations. [30].   

 

3. Results 

 

Current-Voltage  behaviours of the Al/p-Si/TiO:NiO/Al 

structure were investigated. The investigation was 

conducted between -2V and 2V under different illumination 

intensities.  Current-Voltage plots were presented in Figure 

1. In the figure,  I-V results were presented for, 20mW/cm2, 

40mW/cm2, 60mW/cm2, 80mW/cm2, and 100mW/cm2 

illumination intensities. I-V plots illustrate that Al/p-

Si/TiO:NiO/Al structure is responsive to the light. It was 

seen that photocurrent was obtained for different 

illumination intensities. Regarding the current – voltage plot, 

can be seen that Al/p-Si/TiO:NiO/Al structure is responsive 

to the light and exhibits photodiode characteristics. In the 

forward bias and backward bias a difference could be seen 

in the same voltage value. Such a difference illustrates that 
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Al/p-Si/TiO:NiO/Al structure exhibits photodiode 

properties. The  I-V graph also shows that photodiodes are 

responsive to applied light. It was seen that illumination 

intensity alteration alters the measured photocurrent. 

However, no apparent relation was observed between the 

light intensity and measured photocurrent. Using the data 

obtained from the I-V plot, different diode parameters like 

barrier height (ΦB), ideality factor (n), series resistance (Rs), 

reverse saturation current, etc. were assessed. In our 

assessment, Cheung & Cheung method and thermionic 

emission theory were used. 

  
Figure 1:  I-V characteristics of Al/p-Si/TiO:NiO/Al 

heterostructures. 

 

In Cheung & Cheung method, the barrier height, diode 

resistance Rs, and ideality factor are determined using 

following equations: 

 
dV

dln(I) 
 = 𝐼𝑅𝑠 + 

nkT

q
     (1) 

 

𝐻(𝐼) = 𝑉 –
nkT

 q 
 ln(

I

AA∗𝑇2 )    (2) 

 

𝐻(𝐼) = 𝐼𝑅𝑠 + 𝑛 ΦB    (3) 

 

Using the equations above the graph of d(V)/d(ln(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(ln(I)) against I.  ΦB 

was derived from n where the curve cuts the y axis in the 

H(I) graph. The slope of the curve gives the Rs value.  

 

In common Thermionic Emission theory calculations 

following equation was used to assess I-V plots: 

 

 𝐼 = 𝐴𝐴*𝑇2 exp ( 
−q ΦB 

kT
 ) [exp ( 

q(V−IRs) 

kT
 ) − 1] (4) 

 

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, Rs is the serries 

resistance, T is the Kelvin temperature, ΦB is the barrier 

height. 

Equation 1 when V-IRs>>3kT 

 

I=I0 exp(
𝑞𝑉

𝑛𝑘𝑇
 )                                               (5) 

 

I0=AA*T2 exp ( 
−q ΦB 

kT
 )    (6) 

 

Eq 4 is obtained by taking derivative of V after taking the 

logarithm of Equation 3. 

 

n=
𝑞

𝑘𝑇

𝑑(𝑣)

𝑑(ln(𝐼))
     (7) 

 

ln(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 ln(I) against V intersects ln(I) gives 

reverse saturation current. Here, Equation 4 gives the barrier 

height.  

 

Table 1. Diode parameters obtained via thermionic emission 

theory. 

 

Illumination  Ideality 

Factor (n) 

Barrier 

Height 

(ΦB) (eV) 

Reverse 
saturation 

current 
Io 

0 1.10 0.58 2.84 E-5 

20 2.28 0.51 0.00036 

40 1.39 0.55 8.62 E-5 

60 1.37 0.54 0.0001 

80 2.91 0.50 0.00062 

100 1.53 0.53 0.00014 

 

Thermionic Emission Theory related diode parameters were 

calculated, and results were presented in Table 1. Ideality 

factors obtained by Thermionic Emission Theory were 

found between 1.10 and 2.91. It was seen that ideality factors 

do not increase or decrease with increasing and decreasing 

illumination intensity. It was seen that there is no direct 

relation between illumination intensity and ideality actor. A 

similar case was also addressed by Cheung & Cheung 

method . The Cheung & Cheung method provides an ideality 

factor between 1.38 and 3.14. The Cheung & Cheung 

method also could not provide a direct relation between 

illumination intensity and ideality factor. It was expected to 

obtain an ideality factor as 1 for an ideal diode. 

 

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

Cheung & Cheung theory. 
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Illumination  

 

Ohm's law 
Cheung&Cheung 

Function 

Rs  

(Ohm) 

Shunt 

Resistance 

(Ohm) 

Ideality 
Factor 

(n) 

Rs  
(Ohm) 

0 3.03 12.23 1.38 1.8 

20 1.09 0.87 3.5 0.87 

40 1.15 0.69 3.91 0.73 

60 1.19 1.32 1.77 0.81 

80 1.13 0.87 1.71 1.07 

100 1.18 1.59 3.13 0.50 

 

In our case, results were found to be so close to 1 for both 

Thermionic Emission Theory and Cheung & Cheung 

method. In literature different reports report ideality factor 

value which is bigger than 1.  For example, Koc reported the 

ideality factor of CuO-doped carbon photodiodes 3.74.  

Aslan et al. find the ideality factor of ZnO-doped carbon 

photodiodes between 3.76 and 6.37; Ilhan et al find the 

ideality factor of Ti-doped CdO solar detectors between 

5.75 and 7.86; 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 quaternary CuNiSnS4 photodiodes 

as 5.84 [2,15,18,27,31]. It was seen that our results were 

found to be better than similar results provided in the 

literature.  Figure 2 illustrates ideality factor and barrier 

height values of Al/p-Si/TiO:NiO/Al photodiodes  which 

were obtained by the Thermionic Emission Theory. 

 
Figure 2:  Ideality factors assessed by using thermionic 

emission theory and Cheung & Cheung method for Al/p-

Si/TiO:NiO/Al photodiodes. 

 

Using the Thermionic Emission Theory barrier height and 

reverse saturation current Io were calculated and presented 

in Table 1. The barrier height of the Al/p-Si/TiO:NiO/Al 

photodiodes was found to be between 0.50 eV and 0.58 eV. 

The barrier height does not show a direct relation with the 

illumination intensity of applied light. Barrier height mostly 

depends on diode inner structure. Hence, various barrier 

height values were reported in the literature. For example, 

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 ZnO-doped carbon photodiodes 

between 0.48 eV and 0.56 eV. Ilhan et al find the barrier 

height of Ti-doped CdO solar detectors between 0.48 eV and 

0.50 eV; Ilhan et al find the barrier height of quaternary 

CuNiSnS4 photodetectors as 0.47 eV; Aslan et al find the 

barrier height of Ti doped amorphous carbon photodiodes as  

0.46 eV and 0.56 eV; [2,15,18,27,31]. The ideality factor and 

barrier height of Al/p-Si/TiO:NiO/Al photodiodes were 

presented in Figure 2. Calculated barrier height and ideality 

factor values of Al/p-Si/TiO:NiO/Al photodiodes were 

fitting the results previously reported in the literature. 

Another essential and important diode parameter is reverse 

saturation current (I0). It was used in the characterization of 

the diode.  In Table 1, the reverse saturation currents were 

presented between 0.000028A and 0.00062 A. Altering 

illumination intensity alters the reverse current but no direct 

correlation between illumination intensity and reverse 

current was found for Al/p-Si/TiO:NiO/Al photodiodes. 

Illumination intensity-related reverse saturation current and 

calculated barrier height values for Al/p-Si/TiO:NiO/Al 

photodiodes were illustrated in Table 1 and Table 2. 

 
 

 Figure 3:  Calculated series resistance and Shunt resistance 

for Al/p-Si/TiO:NiO/Al photodiodes. 

 

Series resistance (Rs) is an important electrical parameter for 

the diode which was used to characterize and identify the 

intrinsic properties and working parameters. They are often 

used to identify the diode characteristics. In this work, Rs 

values of Al/p-Si/TiO:NiO/Al photodetectors were obtained 

by Cheung & Cheung function and Ohm’s law. Rs value was 

calculated between 1.09 Ohm and 3.03 Ohm. Relatively 
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lower Rs values were obtained under illumination for Al/p-

Si/TiO:NiO/Al photodetectors using Ohm’s law. Resistance 

characteristics obtained by Cheung & Cheung function were 

found to be similar where Rs value between 0.50 Ohm and 

1.80 Ohm was calculated. Rs trend was found be quite 

similar. It was seen that Rs value decreases under external 

illumination and no illumination intensity-related derivation 

was observed. Light intensity-dependent Rs results obtained 

using two different methods were presented in Table 2.  

 
Figure 4:  Light intensity dependent reverse saturation 

current plot for Al/p-Si/TiO:NiO/Al photodiodes. 

 

Similar to series resistance Shunt resistance (Rsh) values are 

also critical electrical parameters for photodiodes. They are 

often used to identify the diode characteristics. In our work, 

Shunt resistance (Rsh) was also calculated using Ohm’s law 

and results were presented in Figure 3. Light intensity-

dependent Shunt resistance values were presented in Table 

2. It was seen that Shunt resistance changed with the 

implication of an external light. It indicates that such 

characteristics is affected by light. However, no direct 

correlation between Shunt resistance and light intensity was 

observed.  

 

Finally, the photoresponsivity and photocurrent 

characteristics of Al/p-Si/TiO:NiO/Al photodiodes were 

assessed. Results were presented in Table 3.  It was seen that 

measured photocurrent changes with deriving illumination 

intensity. No direct relation between illumination intensity 

and measured photocurrent was seen. Similarly, 

photoresponsivity characteristics for the Al/p-

Si/TiO:NiO/Al photodetectors were also addressed in our 

work. It was seen that decreasing photoresponsivity trend 

was observed for increasing illumination intensity We reach 

a conclusion that illumination intensity negatively affects the 

photoresponsivity for Al/p-Si/TiO:NiO/Al photodiodes. The 

main reason underlying such a trend may be the intrinsic 

structure of the photodetectors and resistive properties which 

were commonly be affected by external light. Such a case 

indicates that the intrinsic properties of our photodiodes 

were affected by the light. 

 

 

 

 

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

Iph (A) 

Volt 20 mW.cm-2 40 mW.cm-2 60 mW.cm-2 80 mW.cm-2 100 mW.cm-2 

-0.40000001 0.463504007 0.459108007 0.427571 0.443748007 0.415464 

0.400000006 0.233043003 0.214476003 0.202575 0.221927003 0.204667 

R (A.W-1) 

-0.40000001 0.463504007 0.459108007 0.427571 0.443748007 0.415464 

0.400000006 0.233043003 0.214476003 0.202575 0.221927003 0.204667 
 

3. Results 

In this work, Al/p-Si/TiO:NiO/Al photodetectors were 

produced and  diode parameters, photovoltaic and 

photoresponsivity characteristics were investigated. 

Current-Voltage characteristics confirm that Al/p-

Si/TiO:NiO/Al structures illustrate photodiode 

characteristics. Diode parameters such as series resistance, 

ideality factor, barrier height, and shunt resistance were 

affected by external illumination, but no direct illumination 

intensity-related correlation was evidenced. Ideality factor 

and barrier height values were found to be coherent with 

previous reports and within the acceptable range. Lastly, 

photoresponsivity characteristics were investigated and it 

was seen that responsivity changes with changing 

illumination intensity.  
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