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a b s t r a c t

For the first time, flower-like titanium dioxide (TiO2) nanorod array (TFNA) films were grown on sput-
tered TiO2 seed layer-coated glass substrate without fluorine-doped tin oxide (FTO) layer during 1–5 h
immersions. The optimum immersion time was 4 h, which produced a dense TFNA structure with thick-
ness of 19 mm. X-ray diffraction results revealed that the TFNA were of a tetragonal rutile phase. A humid-
ity sensor, fabricated using the prepared sample, showed excellent humidity sensor performance, with
sensitivity reaching up to 196. The results indicate that the prepared TFNA films are promising material
for humidity sensing applications.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Titanium dioxide (TiO2) nanostructures are actively being
explored for various applications, such as solar cells, photoanodes,
photocatalysts and sensors. The nanostructures help to improve
the performance of the devices through increased surface area
and efficient carrier transfer. Various methods have been employed
to prepare TiO2 nanostructures, including electrochemical anodis-
ation, electrospinning and hydrothermal methods. To grow TiO2

nanostructures, either fluorine-doped tin oxide (FTO) or indium-
doped tin oxide (ITO) glasses are usually required. Yusoff et al.
[1] have demonstrated the preparation of TiO2 nanorods on FTO-
coated substrates using an immersion method, while Qi et. al. [2]
have produced TiO2 nanorods on ITO-coated substrates using
hydrothermal methods. Sawant et al. [3] and Shalini et al. [4] also
used FTO glass to grow TiO2 nanostructures. However, the use of
FTO and ITO substrates could limit the application of TiO2, which
occasionally requires a pristine TiO2 structure without the conduc-
tive layer. Furthermore, FTO- and ITO-coated substrates are rela-
tively expensive. Therefore, it is important to grow TiO2

nanostructures on substrates with FTO or ITO independency.
Herein, we explore the possibility of producing TiO2 flower-like

nanorod array (TFNA) structures using a one-step aqueous chemi-
cal immersion method with a sputtered TiO2 layer as a seed layer.
To the best of our knowledge, there have been few reports on the
synthesis of TFNA without using FTO or ITO substrates. This TFNA
film enables the fabrication of a metal–semiconductor-metal
(MSM)-type humidity sensor with high sensitivity.
2. Experimental

A TiO2 seed layer was prepared on a glass substrate by RF sput-
tering (SNTEK) using TiO2 target (99.99% purity) at a power of
200 W under 20sccm argon and 5sccm oxygen gas flow. The cham-
ber pressure was maintained at 5mTorr during deposition using an
automated adjustable throttle valve. The deposition time was fixed
at 6 h to achieve an average thickness of 370 nm. A solution for the
immersion method was prepared by mixing deionised (DI) water
and hydrochloric acid (HCl) in a Schott bottle at 1:1 ratio for
10 min before adding 0.07 M of tetrabutyl titanate (97%, Sigma-
Aldrich). The solution was then stirred for another 50 min. Glass
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substrate with TiO2 seed layer was inserted into the solution with
the seed layer facing upward. Next, the Schott bottle was put inside
an oven at 150 �C for immersion time from 1 to 5 h. After the
immersion process, the samples were rinsed with DI water and
annealed at 450 �C for 1 h. For the measurement of humidity sen-
sor properties, silver (Ag) metal contact was deposited on top of
Fig. 1. (a) Configuration of a TFNA film-based humidity sensor.(b) Schematic of the hum
FESEM images of TFNA at different immersion times of (d)1h, (e) 2h, (f) 3h, (g) 4h and
the samples using thermal evaporator (ULVAC). The final structure
of the samples is illustrated in Fig. 1(a). The structural characteri-
sation was carried out using field-emission scanning electron
microscopy (FESEM, JEOL JSM-7600F), X-ray diffraction (XRD,
PANalytical X’pert PRO) and micro-Raman spectroscopy (Horiba
Jobin Yvon-79 DU420A-OE-325, 514 nm Ar laser). The humidity
idity sensing measurement setup. (c) Photo images of TFNA at various times. (d-h)
(h) 5h.
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sensor performance was measured inside a humidity chamber
(ESPEC-SH261) using the sensor measurement system (Keithley
2400). The humidity sensing measurement setup is depicted in
Fig. 1(b).

3. Results and discussion

3.1. Structural properties

The photo images of the prepared samples are depicted in Fig. 1
(c). At the immersion time of 1 h, the glass substrate remained
Fig. 2. (a-b) Magnified images of TFNA(4 h) at a magnification of (a) 10,000 � and (b) 2
7,000 � .(e) XRD patterns of TFNA at different immersion times.
completely transparent, while small patches of white colored layer
were visible at the growth time of 2 h. Further increase in the
immersion time to 3–5 h produced uniform white layers with dif-
ferent densities. The FESEM images of the prepared samples are
shown in Fig. 1(d-h). No formation of TiO2 nanostructures was
observed at the initial immersion time of 1 h(Fig. 1[d]). At 2 h, as
depicted in Fig. 1(e), only small patches of TiO2 nanostructures
were observed on the substrate, indicating that the formation of
TFNA had just started. Increasing the deposition time to 3 h, the
formation of TFNA was uniform across the substrate surface, as
shown in Fig. 1(f). Increasing the deposition time further to 4 h
5,000 � .(c-d) Cross-section of TFNA(4 h) at a magnification of (c) 2,000 � and (d)
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increased the denseness of the structure, as shown in Fig. 1(g).
However, as the immersion time reached 5 h, the denseness of
the TFNA seemed to decrease in Fig. 1(h), which was possibly
due to dissolution process of the nanostructures in the acidic
medium.

Further investigation was conducted for the TFNA at 4 h.
Increased magnification images revealed dense TFNA that resem-
bled a dandelion-like structure, as shown in Fig. 2(a-b). Each of
the TFNA structures consisted of nanorods with an average diame-
ter of 0.27 mm. Cross-sectional FESEM views were also taken and
are shown in Fig. 2(c-d). The images show that the average thick-
ness of the seed layer was 0.37 mm, while the TFNA structure had
a thickness of 19 mm.

The growth mechanism of TFNA could be explained by the fol-
lowing chemical reactions:

Ti OCH2CH2CH2CH3ð Þ4 þ 4H2O!HCl Ti OHð Þ4 þ 4ROH ð1Þ

Ti OHð Þ4 ! TiO2 þ 2H2O ð2Þ

where R ¼ C4H9 ð3Þ
Initially, a hydrolysis reaction eliminated four carbon atoms

from a titanium precursor, forming titanium hydroxyl. This was
followed by a condensation reaction, which produced TiO2 and
water. The presence of HCl was crucial to stabilise the reactions
and prevent the formation of large aggregates [1]. The basic build-
ing block of TiO2 based compounds was the TiO6 octahedra. In the
titanium precursor, tetrabutyl titanate and highly electronegative
OR- ligands shared the titanium’s four valence electrons, which
were located at the equatorial hybrid orbitals. The remaining two
axial orbitals were left vacant. With the addition of water, a
hydrolysis reaction occurred and the OR- ligands were replaced
by highly nucleophilic OH� (hydroxo) groups originated from the
dissociation of H2O. Meanwhile, the OR- ligand underwent proto-
nation to produce ROH (alcohol). Vacant axial orbitals would then
Fig. 3. (a) Humidity sensing response of TFNA at different immersi
receive an electron pair from the water molecules, forming a neu-
tral hydroxo-aquo [Ti(OH)4(OH2)2]0 complex. These neutral com-
plexes tend to aggregate to form amorphous TiO2 due to van der
Waals attraction forces. However, this could be avoided with the
addition of HCl. The acid reduced the initial concentration of disso-
ciated hydroxy groups c[OH�] in the solution and protonated OH�

ligands in Ti-hydroxo complex, which increased electrostatic
repulsion between the complexes and prevented their immediate
condensation [5]. The TFNA, which comprised of interconnected
three-dimensional TiO2 architectures, could be produced in highly
acidic medium of HCl under supersaturation conditions. The
growth mechanism is further discussed in supplementary material.

XRD patterns of the samples are shown in Fig. 2(e). The samples
at 1 h and 2 h showed no observable peak. This was likely due to
the amorphous phase of the seed layer and the absence of TFNA
in both samples, as observed in the FESEM images. Multiple peaks
were detected for samples immersed at 3–5 h, pointing to a tetrag-
onal rutile TiO2 structure (JCPDS No.01–072-1148). The rutile
phase of the sample was furthered confirmed by Raman analysis,
presented in supplementary material. The TFNA at 4 h showed
the strongest XRD peaks, indicating that high crystallinity was
achieved for this sample. The crystallite size, lattice parameters,
microstrain and dislocation density were estimated based on the
XRD pattern and are presented in the supplementary material. Fur-
thermore, the TFNA at 4 h showed the lowest microstrain and dis-
location density values.
3.2. Humidity sensor performance

The humidity sensing response of the prepared samples at 5 V-
bias are shown in Fig. 3(a). It was observed that, in all samples, the
current value increased steadily as the humidity level was
increased from 40 to 90%RH and then decreased swiftly when
the humidity was reduced from 90 to 40%RH. The sensitivity value
of the humidity sensor was defined using the following equation:
on times.(b) Reliability test of humidity sensing for TFNA(4 h).



M.Z. Musa et al. /Materials Letters 273 (2020) 127902 5
S ¼ R40

R90
ð4Þ

where R40 is the stabilised resistance at 40%RH and R90 is the
resistance at 90%RH. The calculated sensitivity values for TFNA at
1, 2, 3, 4 and 5 h were 137, 144, 178, 196 and 89, respectively.
The sensitivity value slowly increased with the increase in immer-
sion time, reaching the highest sensitivity value at 196 for the sam-
ple immersed for 4 h, before decreasing significantly afterwards.
This result could be explained by referring to the humidity sensing
mechanism and the thin film’s structural properties. The humidity
sensing mechanism is discussed in the supplementary material.
Since the sample immersed for 4 h had the highest TFNA denseness
among the samples, it was conceivable that its surface could
absorb more water molecules, making it more sensitive compared
to the other samples. In addition, the TFNA at 4 h showed the low-
est microstrain and dislocation density values, which contributed
to the improved humidity sensing performance. A six-cycle relia-
bility test was conducted for the TFNA at 4 h and the result is
shown in Fig. 3(b). The device performed reasonably well, with a
consistent current value in all cycles. No significant drop in the cur-
rent value was observed in any of the cycles.

4. Conclusion

A novel method of preparing a TFNA on glass substrate has been
realised by utilising sputtered TiO2 as the seed layer. TFNA was
observed after 3 h of immersion time, having a rutile phase. The
fabricated humidity sensor based on TFNA exhibited excellent
humidity sensing capability, with the sample immersed for 4 h
achieving a sensitivity value of 196 and showing stable current val-
ues in the reliability test. In conclusion, the fabricated TFNA is a
promising material for humidity sensing.
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Supplementary data to this article can be found online at
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