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Abstract: In this study, titanium dioxide (TiO2) nanotubes were produced by anodization method 

using glycerol-based electrolyte. Structural characterization was investigated with SEM images 

and XRD pattern. The rectifying properties of n-type semiconductor TiO2 nanotubes were 

investigated. Current-voltage (I-V) measurements of the Pt/TiO2 nanotubes/Ti device were made 

at room temperature, in the dark and under different illumination conditions. The basic diode 

parameters were calculated by using thermionic emission (TE), Cheung and Norde functions from 

the I-V measurements of the devices in dark conditions. The ideality factors and barrier height of 

the Pt/TiO2 nanotubes/Ti device were calculated 1.25 and 0.91 eV, respectively by the TE method. 

According to the results obtained, the Pt/TiO2 nanotubes contact has a rectifying feature. In 

addition, the photovoltaic properties of the devices were examined by making I-V measurements 

at illumination intensities between 30 and 100 mW/cm2. As a result, it has been evaluated that the 

device can also be used as a photodiode. 

 

 

TiO2 Nanotüplerin Sentezi ve Fotodiyot Aygıt Özelliklerinin İncelenmesi 
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Öz: Bu çalışmada, gliserol bazlı elektrolit kullanılarak anotlama yöntemi ile titanyum dioksit 

(TiO2) nanotüpler üretilmiştir. Yapısal karakterizasyon, SEM görüntüleri ve XRD deseni ile 

incelenmiştir. N-tipi yarı iletken özellik gösteren TiO2 nanotüplerin doğrultucu özellikleri 

incelenmiştir. Pt/TiO2 nanotüpler/Ti cihazının akım-voltaj (I-V) ölçümleri oda sıcaklığında, 

karanlıkta ve farklı aydınlatma koşullarında yapılmıştır. Cihazların karanlık koşullarda I-V 

ölçümlerinden termiyonik emisyon (TE), Cheung ve Norde fonksiyonları kullanılarak temel diyot 

parametreleri hesaplanmıştır. TE yöntemi ile Pt/TiO2 nanotüp/Ti cihazının idealite faktörleri ve 

bariyer yüksekliği sırasıyla 1,25 ve 0,91 eV olarak hesaplanmıştır. Elde edilen sonuçlara göre 

Pt/TiO2 nanotüp kontağı doğrultucu özelliğe sahiptir. Ayrıca 30 ile 100 mW/cm2 arasındaki 

aydınlatma şiddetlerinde I-V ölçümleri yapılarak cihazların fotovoltaik özellikleri incelenmiştir. 

Sonuç olarak cihazın fotodiyot olarak da kullanılabileceği değerlendirilmiştir. 

 

1. INTRODUCTION 

 

Metal oxides are used as interface layer to improve the 

electrical parameters of photodiodes. Photodiodes are 

sensitive to high-energy particles and photons. Thus, they 

convert light into electric current and find a wide place in 

optoelectronic technology. If the luminous energy 

exceeds the band gap energy of the semiconductor layer, 

electron-hole pairs are formed. When these pairs drift in 

opposite directions, a photocurrent is formed [1]. 

Titanium dioxide (TiO2) thin films are widely used in 

solar cells [2], gas sensors [3],  photocatalysis [4],   etc., 

due to their electrical and optical properties. It is an n-type 

semiconductor suitable for various applications such as 

TiO2 has three different crystal structures as rutile, anatase 

and brookite, with an indirect band gap of 3.0-3.2 eV. 

Thanks to this feature, its chemical, electrical and optical 

properties can be adapted for various applications [5]. In 

addition, TiO2 is non-toxic and has a high dielectric 

constant and photocatalytic activity, increasing research 

opportunities. 

 
Due to their properties, photodiodes have been 

investigated by many researchers to improve their 

performance [6], [7]. The electrical parameters of diodes 

using metal oxide nanostructures at their interfaces can be 

affected by the oxide layer [8]. Research has been carried 

out on diodes using TiO2 as an interfacial [9].  
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While the values of the ideality factor and barrier height 

of the structure in dark conditions have been investigated, 

they have not been sufficiently investigated in illuminated 

conditions. 

 

Despite many studies on TiO2, the development of new 

materials for high-efficiency optoelectronic structures and 

their modeling remain hot research topics for current 

technologies. Thanks to their porous structure, TiO2 

nanoparticles provide large contact areas to adsorb dye 

molecules. This provides fast electron transfer and a large 

number of electrons [10].  Grain boundaries can cause 

photocurrent loss and lead to electron recombination in 

the near infrared region, which can result in loss of light 

absorption [11].  As an alternative to TiO2 nanoparticles, 

TiO2 nanotubes have been recognized as a promising 

option for photovoltaic applications. TiO2 nanotubes 

attract attention with their features such as high 

surface/volume ratio, low cost and easy synthesis. The 

tubular porous structure of nanotubes provides a wide 

range of applications for light adsorption [12]. For 

photovoltaic applications, TiO2 nanotubes offer 

advantages such as increased light scattering, fast electron 

transport and reduction of trap zones [13]. 

 
Rectifying contacts formed between metal and 

semiconductor have been a subject of extensive research 

in electronics for decades. Depending on the metal used 

as the contact, a Schottky barrier may form at the metal-

metal oxide nanotube interface. Thus, the Fermi level may 

decrease [5]. Liu and Chen calculated the barrier height 

for Ag/TiO2 nanoparticle contacts in their study [14]. Ling 

et al. [15] and Kwon et al. [16] examined the hydrogen 

sensor application of Au/TiO2 and Pt/TiO2 Schottky 

barrier diodes respectively. Mao et al. reported increased 

hydrogen sensor sensitivity of Pd decorated Ag/TiO2 

nanotube Schottky barrier diodes [17].  

 
In our study, TiO2 nanotubes were synthesized by 

anodization method using glycerol-based electrolyte and 

their morphological properties were determined. The 

electrical properties of the Schottky contact were 

investigated by making current-voltage (I-V) 

measurements and using different methods. Recently, 

nanostructures have been more intensively investigated in 

the fields of photovoltaic applications. Therefore, TiO2 

nanotubes are expected to contribute to the literature in 

photodetectors and photosensing devices. Finally, TiO2 

will be recommended to possible future research areas for 

the development of nanotube-based photovoltaic 

applications. In this way, it will be ensured that new 

nanotubes will be the subject of research such as this one. 

 

2. MATERIAL AND METHOD 

 

Glycerol electrolyte-based anodization method was 

applied to produce TiO2 nanotubes. The cleaning 

procedure of commercial pure Ti foil (99%) with a size of 

10x25 mm2 and a thickness of 0.1 mm was applied for 15 

minutes in an ultrasonic bath in acetone, isopropyl alcohol 

and deionized (DI) water, respectively. After each step of 

the cleaning procedure, the Ti foils were dried with high 

purity nitrogen (N2) gas. 0.5 wt% NH4F was added to the 

glycerol solution containing 15 wt% H2O and mixed with 

a magnetic stirrer for 15 minutes at 20 oC. The solution 

prepared in a teflon beaker was placed in a thermostat bath 

at 20 oC Pt mesh (99.9%, Sigma-Aldrich) as anode and Ti 

foil as cathode were placed in the solution at a distance of 

2 cm from each other and 40 V voltage was applied for 2 

hours with DC power supply. After the anodization 

process, the removed foil was washed with DI water and 

dried with N2 gas. Thus, the synthesis of TiO2 nanotubes, 

which will serve as the interface in the device design, was 

completed. 
 

Finally, TiO2 nanotubes were coated with 100 nm thick Pt 

metal by DC magnetron sputtering method with shadow 

mask to take I-V measurements. Pt electrodes help to 

conduct electric current. The schematic representation of 

the produced Pt/TiO2 nanotubes/Ti devices and the 

measurement system is shown in Figure 1.  

 

 
Figure 1. Schematic representation of Pt/TiO2 nanotubes/Ti devices 

and measurement system 

 

3. RESULTS  

 

In Figure 2(A), the characteristic peaks of TiO2 in x-ray 

difraction (XRD) pattern are 2θ=35.06o (100), 38.46o 

(002), 40.18o (101), 53.02o (102), 62.96o (110), 70.66o 

(103), 76.2o (112), 76.46o  (201) seen [18]–[20]. After 

anodization, the surface morphology of the TiO2 

nanotubes was characterized by scanning electron 

microscopy (SEM). Nanotubes were formed on the entire 

surface of the Ti foil. It is clear that there is a difference 

between the diameters of the nanotubes in the SEM 

images and the nanotubes show a slight contraction in 

Figure 2 (B) and (C). The average nanotube diameters are 

between 160-170 nm. It shows that there is still some 

irregularity in the pore formation process. Some pores do 

not appear to have grown completely straight and some 

abrasion marks are visible on the surface. There are also 

undulations on the walls of the tubes that are not very 

rough, but not very rough. This is due to the self-

organization of the nanotubes and diffusion through the 

pores. In addition, some anodization parameters need to 

be optimized [21], [22]. As seen from the SEM images, 

the nanotubes are homogeneously formed. However, the 

diameters of the tubes were not formed in the same 

dimensions. In order for the tube diameters to be the same, 

parameters such as anodization temperature, application 

voltage, application time can be optimized [23]. 
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Figure 2. (A) XRD pattern and (B-C) SEM images of TiO2 nanotubes 

 

Thermionic emission theory (TE) in the linear region of 

the forward biased semi-logarithmic I-V plot (at low 

voltage) was used at both dark and illumination  

[24]–[26]; 

 

𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉−𝐼𝑅𝑠)

𝑛𝑘𝑇
) − 1]                                           (1) 

where I0 is the saturation current found given by; 

 

𝐼0 = 𝐴𝐴∗𝑇2 𝑒𝑥𝑝 (
𝑞𝛷𝑏

𝑘𝑇
− 1)                                           (2) 

The following equation is used to calculate the ideality 

factor (n) and the barrier height (Φb); 

 

𝑛 =
𝑞

𝑘𝑇

𝑑𝑉

𝑑(𝑙𝑛 𝐼)
                                                                  (3) 

𝑞𝛷𝑏 = 𝑘𝑇 𝑙𝑛 (
𝐴𝐴∗𝑇2

𝐼0
)                                                    (4) 

 

In the above equations; q is the charge of the electron, k 

Boltzmann constant (8.625×10−5 eVK-1), A is the effective 

diode field (0.00785 cm2), A* Richardson constant 

(A∗∼1200 Acm−2K−2 for TiO2) [27] and T is temperature 

in Kelvin. 

 

The n value (for ideal diodes, n=1) is calculated from the 

slope of the linear portion in the low voltage region in the 

forward direction of the semi-logarithmic I-V 

characteristic. For the Pt/TiO2 nanotubes/Ti device, the n 

value calculated using the curve in Figure 3 is 1.25 and 

the Φb value is 0.95 eV at room temperature. The n value 

greater than one can be explained by the inhomogeneity 

of the barrier, the properties of the interface layer and the 

effect of series resistance (Rs) [28]–[30].  

 

 
Figure 3.  Semi-logarithmic I-V characteristic of Pt/TiO2 nanotubes/Ti 

device at room tempeature 

 

In order to understand the electrical characteristics of the 

Pt/TiO2 nanotubes contact, it is not sufficient to examine 

only the linear region of the I-V graph in Figure 3. The Rs 

effect is seen, where the graph moves away from linearity 

in forward bias. One of the methods used to investigate 

the Rs effect is the Cheung functions [31]. The Cheung 

functions applied in the high voltage region are as follows;  

 
𝑑𝑉

𝑑(𝑙𝑛 𝐼)
=

𝑛𝑘𝑇

𝑒
+ 𝐼𝑅𝑠                                                        (5) 

𝐻(𝐼) = 𝑉 − 𝑛 (
𝑘𝑇

𝑞
) 𝑙𝑛 (

𝐼

𝐴𝐴∗𝑇2
) = 𝑛𝛷𝑏 + 𝐼𝑅𝑠               (6) 

 

The n value is calculated from the point where the 

dV/d(lnI )-I slope intersects the vertical axis and the Φb 

value is calculated from the point where the H(I)-I slope 

intersects the vertical axis in Figure 4. The Rs values are 

also calculated from the slopes of these graphs. The n 

value calculated from the dV/d(lnI )-I slope is 2.69 and 

the Rs value is 1867 kΩ. The Φb value calculated from the 

H(I)-I slope is 1.02 eV, and the Rs value is 1650 kΩ. 

Electrical parameters calculated by Cheung method were 

higher than those calculated by TE method. This is due to 

the fact that the I-V regions where the calculation is made 

are different. In addition, the Rs effect between Pt/TiO2 

nanotubes can be attributed to the increase in charge flow 

at high voltage and the inhomogeneity of the barrier 

height [32], [33]. 

 

(A) 

(B) (C) 
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Figure 4. The graphs of of Pt/TiO2 nanotubes/Ti device using Cheung 
functions at room temperature 

 

Another method used to examine the Rs effect is the Norde 

functions [34]–[36] The linear and sloped region of the I-V 

graph in forward bias is used together to calculate the Norde 

functions and Φb and Rs values. Norde functions are given 

below; 

 

𝐹(𝑉) =
𝑉

𝛾
−

𝑘𝑇

𝑞
𝑙𝑛 (

𝐼(𝑉)

𝐴𝐴∗𝑇2
)                                           (7) 

𝛷𝑏 = 𝐹(𝑉0) +
𝑉0

𝛾
−

𝑘𝑇

𝑞
                                                (8) 

𝑅𝑠 =
𝑘𝑇(𝛾−𝑛)

𝑞𝐼𝑚𝑖𝑛
                                                               (9) 

 

where γ is an integer greater than the ideality factor, I(V) is 

the current from the forward slope of the I-V curve, F(V0), 

V0 and Imin correspond to the minimum value of F(V). Rs 

=31332 kΩ and Φb =0.98 eV obtained with the help of 

Norde functions from the F(V)-V graphs shown in Figure 5 

of Pt/TiO2 nanotubes/Ti device. The results are generally in 

agreement with those obtained in previous methods. The 

main reason for the difference in the calculated values is 

that the Norde functions are applied to the entire forward-

voltage region. It may also be due to the free carrier 

concentration caused by carriers at the interface between 

Pt/TiO2 nanotubes [37]–[39]. 
 

 
Figure 5. The graphs of of Pt/TiO2 nanotubes/Ti device using Norde 
functions at room temperature 

Figures 6 and 7 show the I-V characteristic of the Pt/TiO2 

nanotubes/Ti device at room temperature under 30, 40, 60, 

80 and 100 mW/cm2 light, respectively, in the dark. The n 

and Φb values at 100 mW/cm2 illumination were calculated 

as 2.04 and 0.89 eV by using the I-V characteristic with TE 

method. The departure of the I-V plots under illumination 

from the linear region is attributed to the series resistance 

effect in the bending region . It is not fully linear as it is 

affected by the series resistance in the contact region [8]. It 

is understood from the graphs that they show rectifying 

properties. The saturation current (I0) has small values 

(I0=8.22 x 10-11 A). According to the reverse I-V graph, the 

increase in the current with the increase of the illumination 

intensity is explained by the photovoltaic behavior of the 

device. The movement of electron-hole pairs in the Pt/TiO2 

nanotubes contact is more pronounced in reverse bias than 

in forward bias. The energy of the photons is greater than 

the band gap energy, which can lead to the formation of 

electron-hole fences. The movement of these pairs can give 

useful information about the contact structure. The electron-

hole pairs released along the contact can be separated by the 

electric field and move across the barrier [8], [40]–[42]. 

 

 
Figure 6. (a) Semi-logarithmic (b) lineer I-V grap of the Pt/TiO2 

nanotubes/Ti device in dark and different illuminations 

 

 
Figure 7. I-V grap of the Pt/TiO2 nanotubes/Ti device in different 

illuminations 
 

4. DISCUSSION AND CONCLUSION 

 

In this study, TiO2 nanotubes were produced by 

anodization method using glycerol-based electrolyte. 

XRD pattern and SEM images were examined to see the 

structural properties of TiO2 nanotubes. The electrical 

characterization of TiO2 nanotubes from the 
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nanostructured metal oxide group was investigated by 

three different methods (TE, Cheung and Norde 

functions). Photodiode performance and optical 

characterization were investigated under different lighting 

conditions. Then, Фb, n and Rs parameters were calculated 

from the I-V properties of the Pt/TiO2 nanotubes contact. 

The n and Фb values of the Pt/TiO2 nanotubes contact was 

measured as 1.25 and 0.91 eV, respectively by the TE 

method,. The results of I-V calculations by various 

methods were consistent. As a result, Pt/TiO2 nanotubes 

showed rectifying properties. Photocurrent evaluation 

gave positive results for photodiode applications. 
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