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Abstract: Aligned arrays of anatase TiOz nanotubes on a Ti sheet were created by a dual-step electrochemical anodizing
treatment and extended calcination step at 400 °C under an ambient atmosphere, as shown in FESEM images. A diffuse
reflectance approach was adopted to measure the energy bandgap is 3.42 eV. The nanotubular pattern is utilized to
assemble a fast-response UV photodetector as recognized by Metal-Semiconductor-Metal assembly. The photodetector
exhibited excellent UV sensitivity, attributed to the anatase phase of the TiO2 nanotube arrays. The photodetection
testing confirmed adept detection of UV photon illumination with excellent stability and repeatability. The UV
photodetection performance exhibited a current gain value of 6, a response time (Ton) of 0.98, 0.97, and 0.92 seconds,
and a recovery time (Toff) of 0.97, 0.95, and 0.94 seconds at a biased potential of 3, 4, and 5 V, respectively. The findings
of this research corroborate the promising nature of the UV photodetector fabricated utilizing anatase nanotube arrays,

exhibiting its immense potential for applications in the UV spectrum.
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1. Introduction

Various features of nanomaterials have garnered
significant attention in nano-optoelectronic devices due
to their unique electronic properties (Khudiar et al,
2022; Ibrahem et al.,, 2023). Aligned arrays of anatase
TiOz nanotube arrays (ATNT) synthesized by
electrochemical anodizing treatment of Ti sheet and
followed by calcination at high temperatures which has
been frequently scrutinized over the past decade,
exhibition prominent potential uses in nano-
optoelectronics devices (Chahrour, et al, 2019;
Ikreedeegh et al., 2024). As compared to crystalline thin
film and randomly oriented nanostructures, the ATNT
features are assumed to maintain unidirectional charge
carriers inside the nanotubes that thrust further charge
carriers

optoelectronics device’s performance. Numerous recent

driven which is crucial for the nano-
studies have highlighted that the transport speed of
charge carriers within nanotubes is slower compared to
other nanostructured films attributed to the presence of
exciton-like traps that hinder the charge -carriers'
mobility and cause reducing of the efficiency of ATNT-
based nano-optoelectronics (Richter and
Schmuttenmaer, 2010).

The exciton-like traps in ATNT architecture could be
lowered by calcination at high temperatures in an oxygen

devices

environment, which pushes for a decrease in oxygen

vacancies. In addition, the ATNT architecture’s main
impact is the photo-activity, which is only sustained
around 400°C. Subsequently, this temperature value
represents a transformation from amorphous to anatase
phase and the fulfilment of orientation and arrangement
might be preserved. Maintaining the nanotubular
configuration at a temperature of 400°C with decreased
exciton-like traps continues to be a challenge for
attaining competent photoactivity of the TiO2
nanotubular based nano-optoelectronic designs (Rao and
Roy, 2014). Moreover, the large surface area, well-
defined charge carrier transport channels, and selective
UV  absorption properties of ATNT architecture
effectively enable UV band detection (Zhang et al., 2016).
Numerous TiO2 dependent on UV
photodetection experiments have been described (Zou et
al., 2010; Zheng et al,, 2017; Chahrour et al,, 2020a; Li et
al, 2022). Few experiments have been performed to

nanostructures

exploit UV photodetection devices built on the anatase
Ti02 nanotube arrays matching to metal-semiconductor-
metal. Anatase TiO2
distinctive

nanotube arrays, with their

morphological  characteristics,  could
potentially be considered an optimal substitute for
ultraviolet photodetection (Yu et al., 2018).

In this study, a simple calcination method was employed
in Laboratory atmosphere conditions to fabricate a

mono-phase anatase TiO: nanotube array on a Ti
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substrate, enabling the creation of a UV photodetector.
The UV photocurrent properties were meticulously
examined and demonstrated that the photodetector
exhibited excellent gain, rapid response, consistent
repeatability, and substantial stability in photodetection
over the UV band.

2. Materials and Methods

A dual-step electrochemical anodizing treatment has
been experimented with controllable
parameters in the ethanol glycol to grow aligned arrays
of anodic TiOz nanotubes film. This electrochemical
anodizing treatment was depicted in detail in earlier
published research (Chahrour et al, 2019; Chahrour et
al, 2020b; Chahrour et al, 2020c). Amorphous TiO:
nanotubes film was calcined at 400°C under ambient

convenient

conditions in a tube furnace for 3 hours to transform
them into anatase TiOz nanotube arrays. The single-
phase anatase nanotube arrays were amenable for
constructing a
photodetector. Nickel element was chosen as the
Schottky metal contacts with a thickness of 200 nm were
deposited over anatase TiOz nanotube arrays film via
radio frequency (RF) sputtering (Edwards A500, UK) ata
base pressure of 1.5 x 10-5 mbar at room temperature
onto a metallic mask, following the design of two-
terminal electrodes with four fingers on each terminal.
The current-voltage (I-V) distinctive characteristic and

metal-semiconductor-metal uv

Keithely 2400

Ti Pt
[ l

Electrolyte

photo-current response time for the assembled
apparatus were assessed at altered bias potentials (3, 4,
and 5 V) and under UV photon illumination (365 nm, 1.5
mW/cm?) by applying Keithley source meter (model No.
2400) at research laboratory atmosphere.

The ATNT films were shown by FESEM (Nova NanoSem
model-450). Crystalline structures were realized through
High-Resolution XRD (PANalytical X'’pert PRO MRD
PW3040) with a CuK-a source of 0.154 nm wavelength.
Diffuse reflectance spectrum was acquired from 200 to
800 nm via applying a UV-VIS-NIR spectrophotometer
(Agilent Cary model-5000).

3. Results and Discussion

Figure 1 exhibitions FESEM overview images for
summarizing the microstructural procedure of
manufactured nanoporous TiO2 nanotubes: (i) irregular
nanoporous TiOz nanotubes film manufacture during the
first-step anodizing process on the Ti sheet, (ii) the well-
organized bottom view of the irregular nanoporous TiO2
film, iii) formation of a regular domain of indentations on
Ti sheet after denudation of nanoporous TiO: film, and
(iv) highly-organized hexagonal nanoporous TiO2
nanotubes film after the second-step of anodizing
treatment. The nanopores have grown promisingly on
the indentations of the Ti sheet, which caused the
creation of admirable ordered hexagonal nanoporous
structures of amorphous TiOz nanotubes film.

Figure 1. presents FE-SEM overview images for summarizing the microstructural procedure of manufactured
admirable ordered hexagonal nanoporous anodic TiO2 nanotubes. (i) irregular nanoporous TiO2 nanotubes film during
the first-step anodization, (ii) the well-organized bottom view of the irregular nanoporous TiO: film, (iii) formation of a
regular domain of indentations on Ti sheet after denudation of nanoporous TiO:z film, and (iv) highly-organized
hexagonal nanoporous TiOz nanotubes film after the second-step of anodization.
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Figure 2. (a) FESEM prototypes expose the overhead view and (b) the lateral view of calcined anodic TiO2 nanotube

arrays film at 400°C, respectively.
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Figure 3. XRD distribution of anodic TiO2 nanotube arrays film (a) without calcination (b) with calcination at 400°C.

Figure 2(a) depicts an overhead FESEM image view of the
ATNT film extended calcination process at 400°C,
revealing a hexagonal highly structured honeycomb-like
web assembly with an average pore diameter exceeding
90 nm. Figure 2 (b) denotes the FESEM image lateral
view for the ATNT film, where the tubular walls appear
to be planner and flat. It is quite apparent that the
tubular morphology of the calcined sample has
significant characteristics. When the nanotubes were
focused on, the swelled edges of honeycomb-web
designed nanotubes can be observed, and the tubular
assemblies were sustained at such a high-temperature
calcination process.

Figure 3(a) presents the x-ray diffraction distribution of
the amorphous ATNT film without calcination as a
pristine sample, where no peaks of the anatase phase
were observed only exhibiting five distinct peaks that can
be attributed to the underlying Titanium substrate:
(100), (002), (101), (102), and (103) at 31.62°, 38.37°,

40.18°, 52.93°, and 70.6° respectively. Figure 3 (b)
presents the x-ray diffraction distribution for ATNT film
calcined at 400°C. Correspondingly, four record standard
peaks can be credited to Titanium as well: (002), (101),
(102), and (103) at 38.37°, 40.18°, 52.93° and 70.6°,
respectively. The anatase standard peaks showed at
25.1°, 37.5°, 47.6°, 53.8°, 55° 62.21° and 68.6° were
distinctly knowing over the crystalline patterns (101),
(112), (200), (105), (211), (204) and (116). However,
some peaks due to the anatase phase partly coincided
with the crystalline phase of Titanium (Chahrour et al.,
2023).

A diffuse reflectance approach was adopted to measure
the energy bandgap of the TiO: nanotubes. The
experiment was accomplished in a wide spectral range
from 200 nm to 800 nm, as depicted in Figure 4 (a). The
Kubelka-Munk relationship F(R) was implemented to
compute the energy bandgap, which is represented by
Equation (1) (Aper etal., 2021).
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(1-R)?

R (1)

F(R) =

Figure 4 (b) exhibits (F(R) hv)1/2 as a function of the
bandgap (hv) plot. The indirect energy band gap (Eg) of
anatase TiO: nanotube arrays could be computed by
assuming a direct portion of the (F(R)hv)1/2 to pass
across the bandgap (hv) axis. The bandgap was estimated
at 3.42 eV for AATNTs film. This quantity is comparable
with the earlier studies (Jubu et al, 2022; Jubu et al,
2023). Additionally, this established value of the energy
bandgap enables significant UV light absorption to
generate excited pairs of electron-hole combinations.

Figure 5(a) presents a diagram of the apparatus
employed to assess the current-voltage (I-V) behaviors
and photo-response in both dark and UV irradiation.
Figure 5(b) demonstrates the distinctive current-voltage
(I-V) behaviors observed when the apparatus
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darkened and illuminated with 365 nm light at 1.5
mW/cm2, characterized by a proportional relationship
and nonlinear curve behavior. This direct observation
strongly substantiates the formation of a Schottky
potential barrier between the Ni metal probes and the
TiO2 nanotubes. Moreover, the Fermi energy of Ni metal
contacts becomes lower than the Fermi energy in the
TiOz nanotubes, which reduces the potential barrier
region across it (Gong et al,, 2017; Rosli et al,, 2020). The
photocurrent process mainly generating
electron-hole pairs using focused UV radiation with a
wavelength of 365 nm, then brought together in the
Schottky barrier region between TiO2 nanotubes and Ni
metal contacts, where applied bias potential triggers the
separation  of which
photoelectrons are diffused in the Ni metal probes
(Abdalrheem et al., 2019) as illustrated in Figure 5 (c).
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Figure 4. (a) Diffuse reflectance spectrum and (b) Tauc plot of the (F(R) hv)1/2vs hv of anodic anatase TiO2 nanotube

arrays film calcined at 400°C.
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Figure 5. (a) Diagram of the UV photodetector apparatus. (b) The current-voltage (I-V) behaviors of the photodetector
apparatus in both dark and light UV luminescence. (c) Schematic-diagram for the creation process of electron-hole pairs
for Ni-TiO2 nanotubes-Ni photodetector under UV luminescence.
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Figure 6. Photo-response curves of the photodetector apparatus at bias potentials 3, 4, and 5 V, respectively.
Normalized current-time behaviors indicate the response and recovery times at 3, 4, and 5 V, respectively.

Photocurrent gain (g) is a valuable factor that is
employed to evaluate the photodetector performance,
which can be formulated by Equation (2) (AlShammari et
al, 2021).
- % @
ark

lighe is the light current, lsark is the dark current. The
quantitative gain of the photodetector apparatus
amounted from Figure 5 (b) to nearly 6 at the bias
potential of 5 V. The remarkable
photocurrent generation appears from the enhanced

increase in

surface per volume ratio and superior crystalline nature
of TiO2 nanotubes. The larger surface area of the
nanotube arrays accommodates more UV photon
absorption, effectively accumulating more light energy
and boosting the photocurrent output. Additionally, the
exceptional crystalline structure of the nanotubes
minimizes the formation of trapping sites or vacancies
that can impair charge carriers, significantly enhancing
the photo-response and overall efficiency of the system
(Chahrour etal, 2016).

Figure 6 displays the current-time curves obtained at 3,

4, and 5 V bias potentials when the UV photon
illumination of 365 nm was turned on and off repeatedly.
The peak current remains consistent for multiple cycles
across all applied bias potentials, highlighting the
exceptional repeatability and stability of the device.
Additionally, the near-instantaneous and fall
responses  with exponential in the
photocurrent pulses signify that the photocurrent
originates from direct inter-band electron transitions.

rise
minimum

Moreover, the increase in photocurrent with increasing
bias potential indicates an enhancement in charge carrier
drift velocity due to a short in charge carrier diffusion
time. To assess the UV photodetector's performance, key
parameters such as the response time (Ton) is defined as
the duration it takes for the current to rise to 90% of its
saturation value, and recovery time (Tof) is defined as the
duration for current to drop from 90% of its saturation
value were measured. As depicted in Figure 6, by
extending the time duration for switching on and off the
UV light source, it was observed that Ton values are 0.98,
0.97, and 0.92 seconds, respectively, and Tof values are
0.97, 0.95, and 0.94 seconds at bias potentials of 3, 4, and
5 V, respectively. This points out that the Ton and Tof

BS] Eng Sci / Khaled M. N. CHAHROUR

740



Black Sea Journal of Engineering and Science

recorded in this research are moderately faster
compared to previously reported (Wang et al,, 2015; Ng

etal, 2018).

4. Conclusion

In the final remarks, well-aligned arrays of TiO:
nanotubes were produced on Ti sheets using a dual-step
electrochemical anodization process, followed by
calcination at 400°C under ambient conditions. The
remarkable morphological properties of these aligned
arrays of anatase nanotubes were utilized to create UV
photodetector devices exhibiting superior photoresponse
characteristics, remarkable repeatability, and exceptional
stability over time. The outstanding implementation of
these devices confirms that TiO2 nanotube arrays with
anatase phase uniformity hold strong potential in the
domain of nano-optoelectronic devices.
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