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Aluminum (Al)-doped titanium dioxide nanorod arrays (ATNs) were grown on fluorine-doped tin oxide-coated
glass at different Al atomic concentrations ranging from 1 at.% to 5at.% in a Schott bottle through single-step
aqueous chemical growth for self-powered photoelectrochemical cell-type ultraviolet (UV) photosensor appli-
cations. X-ray diffraction patterns showed that the grown ATNs exhibited a crystalline rutile structure. The ATNs
showed smaller crystallite size and average nanorod diameter and length compared with the undoped sample.
The photocurrent measured from the fabricated UV photosensors improved to some extent with increasing Al-

dopant concentration. Samples with 2 at.% Al showed the maximum photocurrent of 108.87 uA/cm? at 0 V bias
under UV irradiation (365 nm, 750 pyW/cm?). The results show that high-performance UV photosensors can be
fabricated and enhanced using ATNs easily prepared in a glass container.

1. Introduction

Prolonged exposure to ultraviolet (UV) irradiation may cause var-
ious acute and chronic skin disorders and affect vision, bone, neuro-
muscular, and immune systems. UV monitoring is extremely important
and extensively used in several applications, such as missile plume
detection, combustion chamber, sensor technology, solar astronomy,
and modern generation of fire alarm system [1-4]. The development of
UV photosensors using titanium dioxide (TiO,) materials has been ex-
tensively investigated [5-7]. TiO, has been widely investigated because
of its favorable physical and chemical stability and safety [8]. TiO,
shows excellent physical, optical, and electrical characteristics and has
been proposed for photocatalyst [9,10] and electronic device [11-13]
applications. TiO, has wide band gap energy of 3.02 eV and 3.20 eV for
rutile and anatase, respectively, which facilitates the application of
TiO, for UV photosensor application [14-16]. Metal doping has been
proposed to enhance the properties of TiO5 [17]. Theoretical and ex-
perimental studies have presented that infiltration of metal and non-
metal elements can alter the crystallinity and grain size to improve the
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thermoelectric property in doped TiO, [18]. Previous studies also
identified the deviations of thermoelectric properties of doped TiO,
[19,20]. In addition, incorporation of donor energy levels through
doping ions can alter the Fermi energy level and band edge shift of the
crystalline TiO,. This process affects thermal and electrical con-
ductivities of the doped materials [21-25].

In a photoelectrochemical cell (PEC)-based UV photosensor system
using the TiO, electrode, a TiO, material with large band gap exhibits
high recombination rate of charge carriers. This recombination mostly
occurs between TiO, and redox couple in an electrolyte on TiO,/elec-
trolyte interface. Thus, the race between the electron transportation
and recombination processes determine the total gain of photocurrent
in a self-powered PEC-based system. Several studies have attempted to
suppress the recombination by utilizing metal oxide blocking layers
[26-30], co-adsorbent [31,32], and TiCl, treatment [33]. In photo-
catalyst applications, metal ion doping was reported to impede the
recombination of photo-generated electron-hole pairs from TiO, by
prolonging the lifetime of charge carriers [34-38]. However, only a few
studies have reported on the metal-doped layer on the photoelectrode
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based on TiO2 nanorod arrays in PEC devices particularly related with
Al doping [39-41].

In this study, we investigated the effect of aluminum (Al) doping
concentrations on the properties of synthesized Al-doped TiO, nanorod
arrays (ATNs). We performed an improved single-step aqueous che-
mical growth using a simple modified Schott bottle with cap clamps. Al
doping was implemented to elevate the interfacial charge transfer
mechanism on the ATNs structure. Most studies on Al-doped TiO, have
utilized Al atomic content of < 10at.% [42-44]. However, the op-
timum doping content will slightly vary between different deposition
processes and from application to application. In this study, the influ-
ence of Al doping concentration on the structural, optical, and electrical
properties of the synthesized ATNs was examined to improve the total
gain of photocurrent in the application of PEC-based UV photosensor.
To the best of our knowledge, PEC-based UV photosensor using the
developed ATNs have not been reported yet. Furthermore, the nature of
photogeneration and recombination of the excitonic charge carriers of
the developed ATNs in PEC remains unclear. Therefore, this particular
study provided an important opportunity to enhance the understanding
of the behavior of the developed ATNs based on their structural, optical
and electrical properties, as well as subsequent UV sensing perfor-
mance.

2. Experimental details
2.1. Synthesis of ATNs

Al was used as the dopant for ATNs using a facile single-step aqu-
eous chemical growth at various dopant concentrations. The cleansed
fluorine-doped tin oxide (FTO)-coated glass substrates were used as
substrate for ATNs growth. First, solutions containing hydrochloric acid
(HCI 37%, Merck) and deionized (DI) water in a 1:1 volume ratio were
prepared in Schott bottles. After constant stirring for 10 min, 0.07 M
tetrabutyl titanate (97%, Sigma-Aldrich) was slowly added into the
solutions. Then, aluminum nitrate nonahydrate [Al(NO3)3.9H,0, 98%
purity; Analar], which act as dopant source, was added into the solu-
tions at different concentrations of 0.05, 0.10, 0.15, 0.20, and 0.25 mM
corresponding to approximately 1 at.%, 2 at.%, 3 at.%, 4 at.%, and 5 at.
% doping, respectively. The solution without Al dopant was also pre-
pared as a reference. The prepared sample solutions consisting of tet-
rabutyl titanate, aluminum nitrate nonahydrate, HCl, and DI water,
which act as precursor material, dopant source, stabilizer, and solvent,
respectively, were stirred vigorously for another 50 min. The cleaned
substrates were placed into the solution in Schott bottles with the
conductive side of the substrate placed facing upward. Then, the bottles
were tightly sealed with a cap and clamped to attain the internal
pressure throughout the deposition in an electric oven at 150 °C for 3 h.
The schematic for clamped Schott bottle is shown in Fig. 1(a). After the
deposition, the samples were rinsed with DI water and blow-dried with
nitrogen gas. Finally, the samples were annealed in a furnace at 450 °C
for 1h.

2.2. Device fabrication

The device fabrication of UV photosensor was grounded on the PEC
using ATNs at different Al dopant concentrations. The deposited ATNs
were designated as the photoanode, and platinized FTO-coated glass
substrates were prepared as counter electrode. A spacer was placed
between the attachment of the active side of the photoanode and
counter electrode. An electrolyte solution of 0.05M iodine and 0.5 M
lithium iodide in acetonitrile solvent was prepared and injected inside
the spacer. The filling area of the spacer for UV detection was ap-
proximately 1.0 cm?. Fig. 1(b) displays the diagram of the fabrication of
the device.
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2.3. Characterization

The deposited ATNs were characterized using X-ray diffraction
(XRD, Shimadzu XRD-6000, Cu-Ka radiation, wavelength of 0.154 nm)
to investigate the crystallinity of the samples. The XRD measurement
was performed in standard 6-26 Bragg-Brentano geometry configura-
tion using acceleration voltage of 40 kV and applied current of 30 mA in
a 20 range between 20° and 70° with a step size of 0.02° and a step rate
of 3°/min. The energy dispersive X-ray (EDX) spectroscopy (Oxford
Instruments, X-Max 50 mm? detector, operating voltage of 10kV,
working distance of 15.0mm) and field-emission scanning electron
microscopy (FESEM, JEOL JSM6360LA, operating voltage of 5kV) were
conducted to investigate the composition analysis and morphology of
the samples, respectively. The samples were also characterized via
micro-Raman spectroscopy (Renishaw InVia microRaman System,
514 nm laser) for sample identification and structural and quantitative
analysis. The optical properties of the samples were analyzed using
ultraviolet-visible-near infrared (UV-vis-NIR) spectrophotometry (Cary
5000). The electrical properties based on the current-voltage (I-V)
characteristics of the ATNs were characterized using semiconductor
device analyzer system (Keysight B1500A). The optical photoresponse
of the fabricated PEC-type UV photosensors based on ATNs at different
Al dopant concentrations were investigated using a UV photocurrent
measurement system (Keithley 2400) with UV lamp (365 nm, 750 pyW/
cm?). Electrochemical impedance spectroscopy (EIS, Solatron-Si1287/
Si1260) was also performed to investigate the electrical properties of
the fabricated UV photosensors.

3. Results and discussion

Fig. 2(a)-(g) display images of the surface morphology of the syn-
thesized ATNs at different Al dopant concentrations of 0at.% (un-
doped), 1 at.%, 2 at.%, 3 at.%, 4 at.%, and 5 at.% samples, respectively.
All samples exhibit tetragonal-shaped nanorod structure and are evenly
deposited on the substrate. The average diameters of the deposited
ATNs 0at.% (undoped), 1at.%, 2at.%, 3at.%, 4at.%, and 5at.%
samples are approximately 160, 137, 128, 126, 121, and 119 nm, re-
spectively. These results indicate that the size of the nanorods linearly
decreases with increasing Al dopant concentration. The undoped ATNs
show the highest average diameter size of nanorods than the other
ATNs samples. The analyzed EDX spectra of ATNs at 2 at.% sample is
presented in Fig. 2(g). The EDX peaks at 0.452 and 4.058 keV indicate
the presence of Ti, while the other peaks at 0.525keV and 1.486 keV
are attributed to O and Al, respectively. Hence, the EDX analysis shows
the existence of Ti, O, and Al in the deposited ATNs sample. The results
also suggest no other impurities in the synthesized ATNs samples.

Fig. 3(a)-(f) shows the cross-sectional FESEM images of the syn-
thesized ATNs at various Al dopant concentrations at 0 at.% (undoped),
1 at.%, 2at.%, 3at.%, 4at.%, and 5at.% samples, respectively. The
thickness of ATNs decreased slightly with increasing Al dopant con-
centrations with an average thickness of 2.11, 1.79, 1.71, 1.67, 1.57,
and 1.53 um at Al doping concentrations of 0at.% (undoped), 1 at.%,
2 at.%, 3 at.%, 4 at.%, and 5 at.% samples, respectively (Table 1). The
cross-sectional images also display that the aligned ATNs are perpen-
dicularly grown on the FTO-coated glass substrates, which are expected
to enhance electron transportation because of the direct pathway of
nanorod structure [45]. The cross-sectional images are also congruent
with the top-view FESEM images, which show the decreasing growth of
ATNs in correlation with Al dopant concentration. The decrease in the
average nanorod diameter and length of ATNs with increasing Al
doping content could be due to the suppression of particle growth by
the addition of dopant into the parent TiO, crystalline structure [46].

Fig. 4 displays the XRD results of the deposited ATNs. The diffrac-
tion peaks detected at (110), (101), (111), (211), and (002) planes
designate the tetragonal-faceted nanorods of rutile structure TiO,
(JCPDS No. 01-072-1148), and no peaks show anatase and brookite
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Fig. 1. (a) Schematic of clamped Schott bottle for ATNs deposition. (b) Schematic of the ATNs and device structure of the PEC-based ultraviolet photosensor.

structures. The peaks that represent the Al and secondary phases and
clusters, such as Al,Os crystal structure, are also not observed, which
indicates that Al is homogenously doped and dissolved into the parent
TiO, rutile structure [47,48], as confirmed by the EDX results. Previous
studies highlighted that Al,O3 could be produced to change some
properties of nanostructured TiO, when Al is doped to some extent
[49,50]. Thus, the absence of Al,O3; peaks in some results could be
attributed to the formation of a new spinel phase structure of TiAl,Og
[46], which is too small to be detected by XRD measurement. Mean-
while, SnO, peaks representing the FTO-coated glass substrate are
marked by stars in Fig. 4. The vertically growth ATNs along the c-axis is
represented by the (002) peak, and the intensity of the peaks corre-
sponds to the number of growth [51,52], which is inversely propor-
tional to the Al dopant concentrations. This result indicates that the Al
atoms are effectively incorporated into the TiO, lattice. The widening of
the peak could also be observed as Al concentration increased. These
results suggest that the parent structure of TiO, could have been dis-
torted, with increasing of Al dopant concentrations [53-55]. Ti** ion
with large radius (0.068 nm) are substituted by Al** ion with smaller
radius (0.051 nm) in the rutile ATNs. However, substitution leads to the
formation of tension in the crystal structure, and this process could be
attributed to dissimilar oxidation state, ionic radius, and electro-
negativity [55]. The analyzed data also show that the diffraction peak
of (002) slightly shifts to higher angle values. Zhang et al. explained
that the shift of diffraction peaks depends on the ionic radius of the
incorporated metal ion into TiO, crystal lattice [56]. The incorporation
of metal ion with smaller radius shifts the diffraction peak to higher
angle, while metal ion with larger radius shifts the diffraction peak to
lower angle. The ATNs are also represented by (101) peak, which re-
sults from the diffraction of the X-ray at the side surface of the ATNs
[51,57]. The growth rate of ATNs from the unit cell of TiOg octahedron
depends on the amount of corners and edges available from the octa-
hedral formed and Al dopant concentration in the solution during
growth. The growth of rutile ATNs is congruent to the XRD peaks also in
conjunction with the sequence of (110) < (100) < (101) < (001)

[58]. The sequence is similarly in agreement with the rutile ATNs which
are represented by (101) and (001) directions and evenly deposited on
the whole surface area of the substrate for all ATNs samples. Moreover,
the growth of ATNs on the FTO-coated glass substrate is also due to the
fact that the FTO retains to some extent the tetragonal structure of
rutile TiO, with small lattice mismatch value of FTO (a = b = 0.4687)
and rutile TiO, (@ = b = 0.4594), respectively at 2 at.% [59], regardless
of the addition of Al dopant. The noise level in XRD data found to be
decreased, when the Al concentration is increased from 0at.% (un-
doped) to 3 at.%. However, the noise increased when the Al-doping is
further increased to 5at.%. According to Ishii et al., the Al doping
promotes the formation of the rutile phase of TiO,. Considering that the
XRD measurement parameters are equal for all samples, we believe that
the Al doping improves the rutile phase of TiO, up to 3 at.% of the Al
atomic concentration. This condition might reduce the noise level in
XRD data as the phase of rutile TiO, is enhanced. However, the rutile
phase of TiO, might be degraded with the further increased of Al
atomic concentration at 4 at.% and above, which possibly increase the
noise level in the XRD data.

The average crystallite sizes Do) of the undoped and ATNs are
calculated using Scherrer's equation, as written in the following equa-
tion:

Doosy = 0.941

Bcosb (€D)
where A is the wavelength of the X-ray used (0.154 nm), B is the full
width at half maximum (FWHM) of the represented (002) plane, and 6
is the peak position of the X-ray used. The calculated values for the
equations are presented in Table 2. The average crystallite size of the
undoped sample was 30.0nm, and ATNs were in the range of
28.7-27.6 nm for 1 at.%-5 at.% samples. These results show that the
crystallite size decreases to some extent with Al doping and increasing
Al dopant concentrations. The undoped sample shows the largest value
compared with all ATNs samples. These results may partly be explained
by the difference between the ionic radii of Ti** ion (0.068 nm) and
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Fig. 2. FESEM surface morphology for (a) undoped TiOs, (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% ATNs samples, respectively, and EDX spectrum of

(g) 2at.% ATNs sample.

AI®* jon (0.051 nm) [55]. The decrease in crystallite size is likely to
reduce the size of tetragonal-faceted nanorods of ATNs.

The XRD data of synthesized ATNs at various Al dopant con-
centrations were also utilized to calculate the lattice parameters of a-
and c-axes based on the (101) and (002) planes of the XRD patterns as
follows [60-62]:

1 h+k* P
= +

&2 a? 2 )

where d is the gap between the planes, which is based on 26 from

Bragg's Law [Eq. (3)]; and h, k, and [ are the Miller indices.

A
d=
2sin @ 3

The calculated lattice parameters from the XRD data in Table 2
reveal that a steady decrease from 0.4653nm to 0.4624nm and
0.2976 nm to 0.2969 nm for a- and c-axes of 0at.% (undoped) and
doped samples, respectively. The results indicate negative correlation
between the Al dopant concentration of the sol-gel during growth and
the lattice parameters for both a- and c-axes. The decrease in lattice
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Fig. 3. Cross-section images of (a) undoped TiOs, (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e) 4 at.%, and (f) 5 at.% of ATNs samples.

Table 1
Average diameter, thickness, and optical band gap energy of ATNs at various Al
dopant concentrations.

Samples (Al- TNAs average TNAs average Optical band gap
doped) diameter (nm) thickness (um) energy (eV)
Undoped 160 2.11 3.02

1lat.% 137 1.79 2.99

2at.% 128 1.71 2.97

3at.% 126 1.67 2.96

4at.% 121 1.57 2.94

5at.% 119 1.53 2.89

parameters is due to the substitution of larger Ti ion by smaller Al ion.
This phenomenon decreases the particle size as discussed in previous
reports [46,63]. Thus, the incorporation of Al ions into the TiO, crys-
talline structure is through the substitution of Ti ions, and not by the
diffusion into the interstitial void of the TiO, lattice structure [56].
After analyzing the measured strain ({.) along the c-axis in rutile ATNs,
the correlation between one of the axes and strain is determined from
the calculated lattice parameters with Eq. (4) as follows [61,64]:

Cc — C,
=57 % «100%
S Co 4

] *FTO
¥ O —~ —_ N
1 2 2*c *T 3
] A = x| = S i s
] (f) 5 at.%
5 ] A q ‘
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Fig. 4. XRD patterns of (a) undoped TiO,, (b) 1 at.%, (c) 2 at.%, (d) 3 at.%, (e)
4 at.%, and (f) 5at.% ATNs samples.
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Relative peak intensity, crystallite size, strain, lattice mismatch, and lattice parameters of the ATNs samples.

Samples Relative peak intensity (TNAs) Crystallite size (nm) Strain of c-axis (%) Lattice mismatch of d (%) Lattice parameters
a (nm) ¢ (nm) c/a

Undoped 0.830 30.0 0.608 0.561 0.4653 0.2976 0.640
1lat.% 0.821 28.7 0.486 0.439 0.4640 0.2972 0.641
2at.% 0.819 28.4 0.456 0.409 0.4635 0.2971 0.641
3at.% 0.818 28.2 0.441 0.394 0.4633 0.2971 0.641
4at.% 0.815 27.8 0.403 0.356 0.4627 0.2970 0.642
5at.% 0.814 27.6 0.387 0.340 0.4624 0.2969 0.642

where ¢ and ¢, are the lattice parameters of the strained ATNs attained
from the XRD data and the standard data of the unstrained bulk TiO,,
respectively. Table 2 shows that the overall tensile strain initially de-
creases from 0.608% to 0.387% with increasing Al dopant concentra-
tion. This phenomenon is attribution to the slight formation of com-
pressive strain at the dislocation side by the substitution of Ti** ions by
smaller ionic radius of AI** ions. Initially, the growth on the undoped
sample generated high tensile strain as the nucleation of nanoparticles
impinge one another, and the nanoparticles coalesce before the thick-
ening of the film [65]. In addition, most defects, such as dislocations,
broken bonds, and substoichiometric composition, on the crystal
structure occur at grain boundaries during synthesis [66]. The high
strain formation in the deposited undoped films might be attributed to
all defects. However, the tensile strain reduction in ATNs is due to the
shorter distance of Al-O bond compared with the Ti—O bond. This
characteristic leads to compression in the lattice constants and reduc-
tion in grain size as shown by previous studies [46,67]. The net strain is
also attributed to the existence of total distortion in a unit cell structure
because of the peculiarities of interplanar distance (d) values of the
deposited ATNs samples compared with bulk TiO,, The distortion was
analyzed from the lattice mismatch (Ad) in accordance with the fol-
lowing equation [68]:

d-d

¢ x 100%
d, 5)

Ad =

where d and d, are the interplanar distances of rutile ATNs from the
XRD data and the interplanar distance of standard TiO,, respectively.
The lattice mismatch analysis in Table 2 shows that the net lattice
mismatch decreases from 0.561% to 0.340% with increasing Al dopant
concentration. The occurrence of strain and lattice mismatch caused by
the distortion of lattice parameters from its standard value could be due
to the presence of microstress and macrostress from the widening of the
diffraction peaks. The stresses generally result from the defects in the
deposited films and may form implications on its unit cell structure to
diverge from its ideal stoichiometry. Macrostress expands the average
crystallite size, while microstress produces the widening of the dif-
fraction peak [61,62].

The XRD data of synthesized ATNs at various Al dopant con-
centrations are utilized to estimate the relative peak intensity orienta-
tion Py of the nanorod growth of ATNs along the (002) plane. This
characteristic substantially influences the improvement in charge
transportation [69,70], according to Eq. (6) [71]:

Iy

Poy = —
2 Towy (6)

where Iy is the peak intensity of (hkl), and T Iy is the overall in-
tensities of all diffraction peaks of the deposited ATNs on the substrate.
The relative peak intensity along the (002) plane slightly decreases with
increasing Al dopant concentrations from 0.830 for the undoped sample
to 0.814 for the doped samples. The relationship may partly be ex-
plained by the decrease in thickness with increasing Al dopant con-
centrations. The XRD results of the deposited ATNs are in accordance
with the growing mechanisms through the nucleation and

crystallization involved in aqueous chemical growth. Throughout
crystallization, subsequent increase in nucleation number per unit area
supports the growth of crystal nucleus, which is important in the in-
crease in crystallite size [72,73]. However, the decrease in crystallite
size suggests the incorporation of Al ions, which is smaller in atomic
size, into the rutile TiO, crystal structure through the substitution of Ti
ions in the crystal lattice [46]. The substitution may also break the
continuity of the crystal structure and therefore leads to the highest
crystallite size for the undoped TiO, [55]. Thus, nucleation during the
growth of crystal nucleus may be assumed to be the same to some ex-
tent for all ATNs samples because of the constant values of other
parameters. In addition, reduction in the average crystallite size may be
explained by the decrease in lattice parameters of a- and c-axes as
calculated based on the XRD pattern. The peculiarity of lattice para-
meters indicates the defect formation of oxygen vacancy [60] and
substitution of Ti by Al contents in the deposited samples. Moreover,
the XRD result of (002) peak for all samples shows the shift of the peak
to some extent toward the standard value of TiO, peak with increasing
Al dopant concentrations. This phenomenon demonstrates the overall
relaxation of crystal lattice structure, consequently minimizing surface
energy and total stress of the deposited film [64], as shown in our
previous strain analysis.

Raman spectroscopy is performed to confirm the phase, crystal-
linity, and defects of the synthesized ATNs at various Al dopant con-
centrations (Fig. 5). All samples show discrete Raman bands of the
rutile TiO, at 143, 235, 447, and 612cm ™, representing Big, two-
phonon bands (marked as *), E,, and Ay, respectively [74,75]. Distinct
peak is detected at E, and A;; as well as the two-phonon bands, while
small B;, peak is observed for all samples. No peaks of anatase and
brookite are observed, which are congruent with the XRD result.
Table 3 displays the frequency shift of Raman bands for all deposited

10
(a) Undoped
9-{|——(b)1at.%
(c)2at.%
89— (d)3at.% @_ Ay,
J—(e)4at.% E
——(f)5at.% s

Intensity (x 10° a.u.)

T T T T
300 400 500 600

Raman Shift (cm™)

T
200 700

Fig. 5. Raman spectra of undoped TiO, and ATNs samples with various Al
contents.



M.M. Yusoff et al.

Table 3
Raman bands of prepared ATNs grown at various Al dopant concentrations.

Samples  Raman bands of prepared rutile TNAs
Big(em™')  Two-phonon bands (*) (em™")  Eg(em™") Az (em™)

Undoped 141.7 233.5 445.6 610.5
lat.% 141.7 233.5 446.1 610.5
2at.% 142.3 234.0 446.1 610.5
3at.% 142.3 234.0 446.1 611.6
4at.% 142.9 234.0 446.7 611.6
5at.% 142.9 234.5 446.7 611.6

samples. All samples including the highest intensity of E, and A;, mode
are red-shifted for all frequency shifts. The red shift of E; and A,
modes, which are shifted toward lower wavenumbers, may be partially
described by phonon confinement effect and oxygen vacancy defects
[76,77] of rutile TiO, from asymmetrically broadened Raman lines. In
addition, the frequency shift could also be attributed to the stress in-
duced by the surface stress [78], which is in agreement with our XRD
analysis at various Al dopant concentrations. However, the frequency
shift increases to some extent toward higher wavenumbers from the
undoped value with increasing amount of Al dopant. This characteristic
is attributed to the substitution of Ti by Al, which alters the ionic radii,
oxidation states, and electronegativity [55].

Oxygen vacancies are produced by the difference in the oxidation
states of Ti and Al ions to preserve the local charge neutrality and phase
shifts [55,79]. Therefore, the existence of oxygen vacancies from the
doping material affects the Raman shifts and intensity of the peaks on
the Raman spectra. The sensitivity of Raman spectroscopy on the TiO,
crystalline structure is also dependent on phonon vibration and polar-
izability of 0% in the Ti—O bond of the basic octahedral [80]. Thus, the
existence of oxygen vacancies by Al doping affects the strength of
Raman signal at the vicinity of the defect vacancies, resulting in the
overall shift to higher wavenumber [79,81,82]. The results further
confirmed the association between frequency red shift and average
crystallite size [83] as measured from our XRD data. The highest in-
tensity of Raman spectra represents the concentration of the sample or
number of molecules in the sample. Fig. 5 shows that the intensity
decreases with increasing Al dopant concentrations. This result may
have been caused by the penetration depth of the excitation incident
light into the sample. The value of this depth is low in the number of
molecules in correlation with Al dopant concentration to some extent.
Thus, the inelastic scattered light excited from the sample increases.

UV-vis transmittance spectra of ATNs at room temperature for the
undoped and doped samples in the wavelength range from approxi-
mately 350 nm to 500 nm as shown in Fig. 6. All rutile ATNs samples
transmit and absorb light at nearly 410 nm wavelength as shown by the
increasing slopes. This result is comparable to the 3.02eV band gap
energy of rutile TiO,, because of the excitonic electrons in the con-
duction bands [84]. The lowest transmittance was at the smallest Al
dopant concentration because of the decrease in thickness and size of
the ATNs, which is consistent with the FESEM results. The decrease in
thickness and size of ATNs may also have reduced the light scattering
effect in between the grain boundaries. This phenomenon increases the
transmittance of the deposited ATNs. The UV-vis spectral data are used
to obtain the absorption coefficient via Lambert's Law based on Eq. (7)
as follows [85]:

a= lln(l)
e \T )

where t is the thickness of the film, and T is the transmittance of the
film.

The absorption coefficients of ATNs at various Al dopant con-
centrations are displayed in Fig. 7. The plotted graph shows a sturdy
increase in the absorption coefficient with increasing Al dopant
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Fig. 6. UV-vis transmittance spectra of undoped TiO, and ATNs film.
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Fig. 7. Absorption coefficient o of undoped TiO, and ATNs films as a function
of wavelength.

concentration. In addition, absorption edges can be observed in the UV
region (< 400 nm) for all samples. The absorption edges also slightly
shifted to higher wavelength with increasing Al dopant concentration.
This result is consistent with the defect formation as discussed in the
XRD analysis previously.

The band gap energies E, of the synthesized and deposited samples
are also calculated based on the Tauc's plot in the measured range using
Eq. (8) as follows [86-88]:

(ahv)? = A(hv — Eg) (8)

where a is the absorption coefficient, hv is the photon energy, A is an
absorption constant, and Ej is the band gap. The band gap energy E, was
extrapolated from the linear line on the plotted graph in Fig. 8 of (ahv)?
versus hv curve for the deposited ATNs samples. The band gap of each
deposited sample at various Al dopant concentrations are displayed in
Table 1. The altered values in the band edge region on the plotted graph
exhibit a linear curve, inferring the direct transition of the deposited
rutile ATNs [89,90]. The band gap is reduced from 3.02 eV to 2.89 eV
with increasing Al dopant concentration. The decrease in band gap
energy also further supports the shift in the absorption edges in the
absorption coefficient diagram toward the higher value of wavelength
to some extent with increasing Al dopant concentrations.

The electrical properties of the fabricated UV photosensors based on
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Fig. 9. Photocurrent response under UV irradiation (365 nm) of the fabricated
UV photosensors of the deposited undoped TiO, and ATNs samples.

PEC structure using the deposited ATNs are measured through the
generated photocurrent under “on” and “off” states for repetitive
switching cycles of UV irradiation (365 nm) at 0 V bias for the undoped
and doped ATNs samples. The measured photocurrent is displayed in
Fig. 9. The photocurrent for all samples increases and decreases rapidly
during the “on” and “off” states, respectively. The constant result of
photocurrent under repetitive switching cycles in all samples also in-
dicates that the fabricated UV photosensor using the deposited ATNs
remarkably respond to the changes in the UV signal. The UV irradiation
with energy higher than the band gap energy of the synthesized ATNs
can excite the electrons from the valence band to the conducting band
and leave holes in the valence band to generate photocurrent.

Thus, such n-type TiO, is likely to detach from the Ti** and oxygen
vacancies (Vo) when exposed to UV irradiation [91,92]. The detach-
ment could be described by the following reaction [93]:

Ti**03~ — Tif*, Ty 032, + xVo + 0.5x0, 9)

When exposed to UV irradiation, excitonic charge carriers of elec-
tron and hole pairs are generated based on the following equation:

hv - e~ + ht (10)

where hv is the photon energy of UV irradiation, and e~ and h™* are the

Thin Solid Films 655 (2018) 1-12

excitonic electron and hole, respectively. The oxygen vacancies are then
formed in the crystalline structure through the discharge of O%~. In
addition, the substitution of Ti** by AI** in the rutile TiO, crystalline
structure to form oxygen vacancies could be based on the following
equation [93]:

(1 - ZX)TIOZ + xA1203 d Tll—ZxAlleZ.x + X.'VO (11)

The excited electrons under UV irradiation are transported through
the nanorods to the conductive side of FTO-coated glass substrate and
produce photocurrent, while the remaining holes are transported to-
ward the ATNs/electrolyte interface. The excited electrons produce
external current and transported to the counter electrode to recombine
with the reduced electrolyte. Meanwhile, the photo-generated holes at
the interface of ATNs/electrolyte diffuse into the electrolyte as part of
the internal circuit as described in the following equation [6]:

317 + 2ht - I3 12)
I; + 2e” - 3 (13)

The excitonic electrons transported to the surface of counter elec-
trode will recover the triiodide (I37) into iodide (I”) to replete the
closed loop circuit. Thus, the oxidized ATNs during irradiation will
reduce back into its original state through the redox reaction in the
electrolyte. In addition, the redox species in the electrolyte complete
the closed loop cycle of charge carriers without any chemical altera-
tions [94,95].

The transportation of excitonic charge carriers under UV irradiation
mainly determines the performance of the fabricated UV photosensor
using the deposited ATNs. The rise of electron mobility increases the
photocurrent in an “on” state and instantly yields to its initial dark
current during an “off” state [11,96]. The performance through the
generated photocurrent of the fabricated UV photosensors using the
deposited ATNs at various Al dopant concentrations is summarized in
Table 4. The fabricated UV photosensor from undoped sample displays
the photocurrent of 26.31 pA. The generated photocurrent increases to
80.46 and 108.87 pA, with addition of Al dopant concentration for 1 at.
% and 2 at.% samples, respectively. FESEM results show that the dia-
meter and length of nanorods decrease with increasing Al dopant
concentration for ATNs samples. Therefore, the Al dopant concentra-
tion in ATNs plays an important role in determining the interaction
between the semiconducting material and the electrolyte. However, the
generated photocurrent decreases to 61.01, 45.67, and 43.01 A with
increasing Al dopant concentration of 3 at.%, 4 at.%, and 5 at.%, re-
spectively. This result shows that the photocurrent of the fabricated UV
photosensor did not increase as postulated with increasing Al dopant
concentration from 3at.%. Okuya et al. described that the possible
decrease in photocurrent was to some extent due to the decrease in
crystallinity with increasing Al dopant concentration [97]. This result
differs from the findings presented in the current considering that
crystallinity slightly changes as shown by the XRD result. Therefore,
this finding is likely related to the increase in the recombination of
excitonic charge carriers. The photocurrent decay occurs upon UV ir-
radiation in all samples. At the beginning of the “on” position, a pho-
tocurrent spike is observed and gradually decreases until it reaches a
stable state. The photocurrent decay could be attributed to the

Table 4
Electrical properties of the synthesized ATNs samples.

Samples Photocurrent, I Resistivity, p Conductivity, o
(pA-cm ™ 2y (MQ-cm) (nSem ™)
Undoped 26.31 174.26 0.57
1at.% 80.46 156.68 0.64
2at.% 108.87 152.28 0.66
3at.% 61.01 150.08 0.67
4 at.% 45.67 144.59 0.69
5at.% 43.01 142.39 0.70
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Fig. 10. (a) Schematic for I-V measurement and (b) -V characteristic of un-
doped TiO, and ATNs samples at linear region (—1.0 V-1.0 V).

abundant generation of charge carriers caused by the accumulation of
electrons in the bulk or holes on the surface which immediately re-
combined after generation [98]. The result is also likely related to the
deficiency in electron transportation in the fabricated photoanode.
However, the decay in our photocurrent results is insignificant because
of the difference between the maximum spike and stable photocurrent
values and comparatively higher than the photocurrent value at “off”
state.

The I-V measurement of synthesized ATNs for the undoped and
doped samples was performed via FTO/ATNs/Pt MSM structure as
displayed in Fig. 10. The schematic of I-V measurement is shown in
Fig. 10(a) and (b) shows the results of the I-V measurement of the ATNs
samples in the range of — 1.0V to 1.0 V at room temperature. The linear
part, which exhibits an Ohmic characteristic at approximately below
1.0V, is utilized to measure the electrical properties of the deposited
ATNs samples. The measured electrical properties are displayed in
Table 4. Table 4 illustrates that the resistivity decreases from
174.26 MQ-cm to 142.39 MQ-cm, while the conductivity increases from
0.57 nS/cm to 0.70 nS/cm for undoped to 5 at.% samples, respectively.
The results of this study show a positive correlation between the con-
ductivity and Al dopant concentration. This result is likely to be related
to the formation of high-conductivity phase of Al,Ti; 4O, in the TiO,
crystalline structure [46]. Another possible explanation for this phe-
nomenon is the fact that the substitution of Ti** by AI** also increases
the oxygen vacancies in the rutile TiO, structure [99]. Therefore, the
conductivity of the deposited ATNs is increased under the electrical
potential values.

The performance of UV photosensor based on generated photo-
current is basically subjected to light-trapping and hole-trapping me-
chanisms and the existence of chemisorbed oxygen molecules of the
electrolyte at the interface [100,101]. In the dark state without the UV
irradiation, the ATNs/electrolyte interface produces a high-resistance
carrier-depletion region in attribution to the presence of free electrons
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Fig. 11. EIS Nyquist plots of the fabricated UV photosensor of the deposited
undoped TiO, and ATNs samples under UV irradiation (365 nm, 750 uW/cmZ).

in the n-type ATNs which captured by the absorbed oxygen molecules
in the electrolyte [102]. The oxygen from the interface of this region is
then desorbed under the UV irradiation which possesses energy ex-
ceeding the energy gap of the deposited ATNs of the fabricated UV
photosensor. Overall, the performance of the fabricated UV photosensor
is determined by the light-trapping and hole-trapping mechanisms, and
mostly correlated with the active interface area. In addition, the elec-
trical response of the nanoscale materials is also determined by the
hole-trapping mechanism of the absorbed and desorbed oxygen
[101,102]. The surface area of the nanoscale materials is also highly
reactive to the surrounding. By contrast, the fabricated UV photosensor
has minimal influence from the surrounding in attribution to the dis-
tinctive structure of PEC.

The recombination process at the surface of deposited ATNs and the
transportation of charge carriers of the fabricated UV photosensor are
examined using EIS. The analysis was performed under UV irradiation
(365 nm, 750 yW/cm?) in the frequency range from 0.1 Hz to 10* Hz.
Fig. 11 displays the Nyquist plots of fabricated UV photosensor using
the deposited ATNs for the undoped and doped samples. The inset of
Fig. 11 shows the circuit model to represent the following: the im-
pedance states, which resembles to the charge transfer resistance at
ATNs/electrolyte and capacitance of ATNs (R and C) at intermediate
frequency; and charge transfer resistance and Helmholtz capacitance at
the electrolyte/FTO (Rcr and Ccg) interface at high frequency. The
series of external resistance at low frequency is represented by R;
[84,103,104]. The performance of the fabricated UV photosensor is
mainly determined by the semicircles in the plotted graph, which is
represented by the R at intermediate frequency. Rcg and Ry are rela-
tively small and nonsignificant compared with R in the plotted graph.
Thus, the charge transfer at the ATNs/electrolyte interface is the central
aspect for the UV sensing of the developed device. Table 5 presents the

Table 5

Simulative value of resistances (Rs, Rcg, and R) from electrochemical im-
pedance spectra analyzed by equivalent circuit, and lifetime of electrons (1) of
ATNs samples in PEC cell structure.

Samples R, (Q) Rcg (Q) R (kQ) 7 (ms)
Undoped 17.800 0.810 21.850 7.980

1at.% 15.100 0.687 7.145 24.404
2at.% 14.426 0.656 5.280 33.021
3at.% 14.088 0.641 9.423 18.505
4at.% 13.245 0.603 12.588 13.852
5at.% 12.907 0.587 13.366 13.045
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analyzed impedance data of the respective charge transfer resistance. R
value relatively decreases with increasing Al dopant concentrations of
0 at.% to 2 at.%. This phenomenon can be attributed to the decreasing
thickness of ATNs. A possible explanation for the decrease of R might be
due to the shorter distance for the excitonic electrons under UV ra-
diation to travel within the shorter length of the nanorods toward the
FTO-coated glass for the sample with higher Al dopant concentration.
Another possible explanation is the increase in conductivity caused by
the substitution of Ti** by AI** in the rutile TiO, as described pre-
viously. The results of the low photocurrent at higher thickness are in
line with those of previous studies [105,106].

However, the R value is gradually increased with decreasing
thickness of the deposited ATNs as observed in the 3at.% to 5at.%
samples. This result is therefore in line with the gradual decrease in the
photocurrent to some extent. Thus, varying the Al dopant concentration
results in the lowest value of R and highest value of photocurrent for
2 at.% of ATNs sample. This characteristic reflects that the optimum
growth of ATNs maximizes the charge transfer process in the device
under UV irradiation. Prior studies noted the importance of minimal
value of R which is advantageous for high gain of photocurrent due to
high electron mobility caused by the grain boundaries and nano-
particles of the TiO, nanostructure, low electron trapping, and low
electron-hole recombination rate [84,103,104,107]. These results are
in agreement with the measured photocurrent as described in previous
studies which resulted in high performance of the fabricated UV pho-
tosensor. This phenomenon can be attributed to the low charge transfer
resistance of the deposited ATNs. Hence, the investigation of charge
transfer resistance shows that the total loss of photo-generated electrons
during transportation determines the photocurrent gain and leads to the
performance of the fabricated UV photosensor.

The Bode-phase plot of the fabricated UV photosensor using the
deposited ATNs for the undoped and doped samples is shown in Fig. 12.
The lifetime of electrons (t) for the fabricated UV photosensor is ana-
lyzed from the maximum frequency of the peak from the Bode-phase
plot based on the following equation [103]:

1
anmax

where fiax is the maximum frequency of the peak. The f,.x values of
the fabricated UV photosensor for the 0 at.% (undoped), 1 at.%, 2 at.%,
3at.%, 4at.%, and 5 at.% samples are 19.91, 6.51, 4.81, 8.59, 11.47,
and 12.18 Hz, respectively.

Based on the f,ax, the calculated t can be described to rise from 7.98
to the maximum of 33.02 ms with increasing Al dopant concentrations
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Fig. 12. EIS Bode phase plots under UV irradiation (365 nm, 750 pyW/cm?) of
the fabricated UV photosensor using undoped TiO, and ATNs samples.
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from 0 at.% to 2 at.% samples, respectively (Table 5). In general, high
conductivity of ATNs as described in the I-V measurement increases the
electron transportation to the back contact of the substrate to some
extent. The decrease in R value attributed to the increase in con-
ductivity as described earlier on the Nyquist plot also leads to the in-
hibition of electron-hole recombination throughout the ATNs/electro-
lyte interface. This phenomenon increases the generation of
photocurrent. The analyzed t value decreases to 18.51, 13.85, and
13.04 ms for the 3 at.%, 4 at.%, and 5 at.% samples, respectively. This
result is congruent to those described in the earlier analysis on the
photocurrent. Hence, the excess doping of Al concentration decreases
the t value, leading to the degradation of photocurrent caused by high
recombination of excitonic charge carriers.

This phenomenon might be due to the fact that the diffusion of
electrons in ATNs is subjected to the result of the photocurrent under
UV irradiation. Although the length of ATNs increases the reactive
surface area to detect UV irradiation, the diffusion of excitonic charge
carriers is limited by the transportation between the boundaries of the
nanostructures, which could hinder the moving pathway. This phe-
nomenon increases the possibility of electron-hole recombination. The
occurrence of electron-hole recombination is prone to the existence of
electron-trapping mechanism at the boundary between the stacking of
nanostructures [103,108,109]. Strong evidence of these explanations
were found when the 2 at.% sample showed higher I (108.87 pA), lower
R (5.28 k), and higher t (33.02 ms), compared with the other samples
because of the high-quality reactive surface area and high electron
mobility throughout the pathway toward the back contact of the sub-
strate. Moreover, the doping of Al for all ATNs samples shows higher
UV response through the measured photocurrent to some extent com-
pared with the undoped sample.

4. Conclusion

In summary, ATNs were successfully grown on FTO-coated glass
substrate using a facile single-step aqueous chemical growth in a
modified Schott bottle at different Al doping concentrations. FESEM
analysis showed that the length and diameter of the nanorod of the
deposited ATNs decrease with increasing Al dopant concentrations.
Structural analysis using XRD and Raman spectra showed that the de-
posited samples were crystalline rutile TiO5. The fabricated UV pho-
tosensors with the deposited ATNs samples displayed outstanding per-
formance by their stability under repeated switching and high response
of photocurrent to rise and decay during the “on” and “off” states under
UV irradiation at 0V bias. The performance of the fabricated UV pho-
tosensor could be efficiently tuned by adjusting the Al dopant con-
centration during the growth of ATNs. The increased conductivity of
the deposited ATNs increased the photocurrent to some extent due to
the improved mobility of excitonic charge carriers under UV irradia-
tion. However, the UV sensing performance for the synthesized samples
started to decrease at higher Al dopant concentration because of the
possible increase of electron-hole recombination. Thus, Al doping re-
duces the active surface area of ATNs/electrolyte interface, and the
excess doping of Al concentration decreases the generated photo-
current. The best performance of the fabricated UV photosensor using
the deposited ATNs was obtained from 2 at.% sample with measured
photocurrent of 108.87 pA/cm. The fabricated UV photosensor based
on the deposited ATNs structure could be used for practical applications
in UV sensing devices because of its high performance, fast response
and recovery, and simple and rapid fabrication process.
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