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A coupling heterostructure consisting of nickel oxide nanosheets (NNS) and titanium dioxide nanorod
arrays (TNAs) was fabricated for self-powered solid-state ultraviolet (UV) photosensor applications. By
controlling the thickness of the NNS layer by via varying the growth time from 1 to 5 h at a deposition
temperature of 90 °C, the coupling NNS/TNAs heterojunction films were formed and their structural, opti-
cal, electrical and UV photoresponse properties were investigated. The photocurrent measured from the
fabricated self-powered UV photosensor was improved by increasing the thickness of NNS from 140 to
170 nm under UV irradiation (365 nm, 750 pWcm 2) at 0V bias. A maximum photocurrent density of
0.510 pA-cm 2 was achieved for a sample with a NNS thickness of 170 nm and prepared with a 3 h
NNS growth time. Our results showed that the fabricated NNS/TNAs heterojunction has potential appli-
cations for self-powered UV photosensors.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Titanium dioxide (TiO,) has been widely studied due to its high
physical and chemical stability, low cost, abundance and generally
non-toxicity [1,2]. Intrinsically, TiO, is an n-type semiconductor
with a wide band gap of 3.0-3.4 eV, which makes it applicable
for the application of a UV photosensor [3,4]. However, the UV
photoresponse of TiO, is limited by the fast recombination of pho-
togenerated electron-hole pairs [5]. The improvement of charge
carrier separation is highly important. It has been suggested that
the addition of a dopant or heterogeneous oxide materials on
TiO, can be used to trap electrons and hinder the recombination
of electron-hole pairs [6,7]. The utilization of heterogeneous struc-
tures on TiO,, however, often requires deposition at a high temper-
ature and pressure [8]. This process is costly for large-scale
productions. Therefore, facile and cheaper alternatives need to be
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identified for the enhancement of the UV photoresponse of TiO,
through heterogeneous structure deposition.

Several lines of evidence suggest that a hybrid structure of TiO,
and semiconductors such as ZnO, NiQO, Sn0O,, CdS, Co304 and Cu,0
could effectively hinder the recombination of photogenerated
charge carriers. These structures would impact the transportation
of excitonic electrons and holes into the heterojunction and extend
their lifetime to improve the photoresponse activity [9-12].
Among these hybrid nanostructures, a considerable amount of lit-
erature has been dedicated to the TiO,/NiO heterojunction. Recent
developments involved the high hole concentration and mobility
of the p-type NiO [13,14]. The non-stoichiometric defect states in
the NiO lattice form Ni2* vacancies and generate holes in the NiO
| 15]. Calculations of NiO also suggested that the charge is more
delocalized, with Ni ions situated around the vacancy and trapped
in it, or delocalized over other Ni ions [16]. Therefore, the Ni?*
vacancies form delocalized holes, which produce the p-type con-
ductivity in NiO.

NiO is also a widely investigated material due to its large mod-
ulation range, natural abundance and low material cost [17,18].
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Previous examples of research into TiO,/NiO composites com-
prised of diverse nanostructures include deposition or growth of
NiO on TiO, surfaces and mixing of both TiO, and NiO components
[19,20]. There is also a few published studies describing the role of
NiO in TiO,/NiO composites to decrease the recombination of
photo-generated electron and hole pairs using a heterojunction
in the working electrode [19,21]. However, such studies remain
narrow in focus, dealing only with the efficiency and output of
the fabricated nanomaterials. The synthesis and deposition often
require complicated processes and conditions. In addition, simple
synthesis and deposition methods for proficient photoresponse
activity of the heterojunction with a tunable morphology and crys-
tallinity of NiO for desirable UV absorption characteristic are still
lacking. To optimize the UV photoresponse performance of TiO,/
NiO composites, a tunable morphology, crystallinity and good con-
tact between TiO, and NiO must be determined for enhancing the
total photocurrent gain. In addition, a high effective surface area
needs to be produced to improve the performance of the UV
photosensor.

In recent years, there has been renewed interest in one-
dimensional (1D) TiO; nanorod arrays (TNAs) in an extensive range
of fields. They have been proposed for UV photosensor applica-
tions, particularly due to their large surface-to-volume ratio, high
electron mobility and efficient light scattering ability within the
nanorod structure [22-24]. It was previously established by the
authors that TNAs may show excellent UV photoresponse perfor-
mance in an electrolyte solution under UV irradiation due to their
structural, optical and electrical properties [25]. TNAs were synthe-
sized and deposited on a FTO-coated glass substrate through an
improved one-step aqueous chemical route using a simple modi-
fied Schott bottle in an electric oven with a low temperature and
low deposition time. It is postulated that advancements of TNAs,
with other solid-state metal oxides, could lead to the formation
of nanocomposite materials with tunable nanostructures and com-
positions for enhancing the UV photoresponse performance of a UV
photosensor.

In this paper, the effect of NNS thickness on the properties of
the synthesized NNS/TNAs heterojunction was investigated
because the synthesis of NNS/TNAs offers a method to enhance
the UV photoresponse properties of the nanostructures. In addi-
tion, the fabrication of a NNS/TNAs heterojunction-based UV pho-
tosensor is rarely reported in the literature. Based on a thorough
literature review, it was found that the deposition of NNS on devel-
oped TNAs using an immersion method based on a facile Schott
bottle has not yet been investigated. Thus, the effect of various
NNS growth parameters on the fabrication of heterojunction-
based UV photosensors, and subsequent analysis of the electron
transport properties, have not been thoroughly examined. There-
fore, we believe that this work has novelty in terms of fabrication
process and the application of NNS/TNAs heterojunction as a UV
sensor. Particularly in this study, the influence of NNS thicknesses
on structural, optical and electrical properties of the synthesized
and deposited NNS were examined in advance for the application
of a heterojunction-based self-powered UV photosensor. This
preparation method of NNS/TNAs nanocomposites materials is
amenable to fast, effective and large-scale production, and shows
potential application as an effective UV photosensor.

2. Experimental details
2.1. Synthesis of TNAs
TNAs were deposited using an aqueous chemical method as

described in previous work [26]. The first step in this process
was to clean the fluorine tin oxide (FTO) coated glass substrate

with acetone, ethanol and deionized (DI) water in an ultrasonic
bath. To begin the aqueous chemical process, hydrochloric acid
(37%, Merck) and DI water in a 1:1 vol ratio were added in a Schott
bottle. After the chemical was stirred for 10 min, 0.07 M titanium
(iv) butoxide (97%, Sigma-Aldrich) was gently added into the
chemical and stirred for another 30 min. After that, a cleaned
FTO-coated glass substrate was immersed in the prepared solution
with the conductive side facing upward. The bottle was then
tightly sealed with a bottle cap and heated at 120 °C in an electric
oven for 3 h. The deposited TNAs were rinsed with DI water and
dried at room temperature before annealing in a furnace at
450 °C for 1 h to improve crystallinity.

2.2. Synthesis of NNS

A mixture of sol-gel containing DI water, 0.1 M nickel nitrate
hexahydrate (Ni(NO;),-6H,0 98%, Sigma-Aldrich) and 0.1 M hex-
amethylenetetramine (CgH;,N4, Sigma-Aldrich) was prepared in
a Schott bottle and stirred for 2 h, as illustrated in Fig. 1. The depos-
ited TNAs on a FTO-coated glass substrate were immersed in the
prepared sol-gel with the active side facing upward. The bottle
was then tightly sealed with a bottle cap and heated to 90°C in a
water bath to deposit NNS on the deposited TNAs. Five samples
were prepared at different thicknesses based on various deposition
times of 1,2, 3,4 and 5 h, and designated as TN;, TN, TN3, TN; and
TNs, respectively. The samples were cleaned with DI water and
dried at room temperature before annealing in a furnace at
450 °C for 2 h to improve crystallinity.

2.3. Deposition of counter electrode

A 90-nm thick platinum (Pt) layer was deposited on the top of
the NNS layer for TN;-TNs samples using a thermal evaporator
(ULVAC). This layer acted a counter electrode for the fabricated
heterojunction-based UV photosensor. The Pt electrode was also
deposited on the bare TNAs as a reference. The effective area was
approximately 1.0 cm? at the center of the photosensor device
for the detection of UV irradiation.

2.4. Characterization

The characterization of the samples was performed via field-
emission scanning electron microscopy (FESEM, JEOL JSM-7600F),
X-ray diffraction (XRD, Shimadzu XRD-6000, Cu Ko radiation,
wavelength 1.54A) and UV-Vis-NIR spectrophotometry (Cary
5000) for morphology and cross-section images, crystallinity and
optical properties, respectively. The current-voltage (I-V) charac-
teristics of the deposited samples were characterized via direct
current (DC) two-probing system semiconductor device analyzer
(Keysight B1500A). The photocurrent properties of the fabricated
sample were measured using a UV photocurrent measurement sys-
tem (Keithley 2400) under a UV lamp (365 nm, 750 pWcm 2).

3. Results and discussion
3.1. Surface morphology and Cross-Sectional images

Fig. 2(a)-(f) show the surface morphology images for synthe-
sized TNAs and NNS/TNAs heterojunctions at different NNS thick-
nesses or deposition times (TN;-TNs). The formation of a thin
layer of two-dimensional (2D) NNS can be clearly observed in all
TN;-TN5 samples. The growth of NNS across the TNAs surfaces
was also uniform. With the increase of the deposition time, the
TNAs structure was gradually concealed, which indicates that the
density of NNS layer increased. A longer deposition time also
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Fig. 2. FESEM surface morphology of (a) TNAs, (b) TN; (c) TNy, (d) TN5, (e) TN, and (f) TN; samples.

allowed Ni ions in solution to better infiltrate the TNAs layer,
enabling the formation of a better interpenetrated network of the
NNS/TNAs heterojunction.

Fig. 3(a)-(f) display cross-sectional FESEM images of deposited
TNAs and NNS/TNAs heterojunctions at various NNS thicknesses or
deposition times. The thickness or length of the TNAs used in this

study was approximately 410 nm, as shown in the cross-sectional
FESEM image in Fig. 3(a). The aligned TNAs on a FTO-coated glass
substrate were expected to promote electron transportation due to
the direct pathway of the nanorod structure. The cross-sectional
images show a significant increase of NNS layer on the surface of
TNAs with increasing deposition time, which agrees with previous
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surface morphology results. Interestingly, the formation of NNS
grew in between the nanorod structure and on top of TNAs. The
overall thickness of the deposited films was approximately 550,
570, 580, 600 and 605 nm for TN;, TN;, TN3, TN, and TNs samples,
respectively. A significant increase in thickness compared to bare
TNAs can be observed with the deposition of the NNS. From this
result, it was estimated that an average thickness of the deposited
NNS layer was approximately 140, 160, 170, 190 and 195 nm for
TNy, TN, TN3, TN, and TNs samples, respectively.

3.2. X-Ray diffraction analysis

Fig. 4 shows the XRD result of the deposited TNAs and NNS/
TNAs heterojunctions at various NNS thicknesses of TN;-TNs sam-
ples. After the deposition of NNS, all diffraction peaks of rutile TiO,
(JCPDS No. 01-072-1148) were still detected, suggesting that there
was no TiO, phase change after depositing NiO. The existing peaks
of rutile TiO, also suggest that a thin film of NiO was deposited on
the TNAs, in agreement with the FESEM results. The diffraction
peaks detected at 20 degrees of 37.1°, 43.3° and 62.9° can be read-
ily indexed as (111), (200) and (2 2 0) planes, respectively, for
cubic NiO (JCPDS No. 47-1049). However, it was hard to obtain

high-intensity XRD peaks for NiO due to the thinness and porous
structure of the NiO layer, which is in line with a previous study
[27]. The average crystallite size, D, of the TNAs and NNS were cal-
culated using Scherrer’s formula in Eq. (1):

0.944
- fcost (M

where / is the X-ray wavelength (1.54 A), # is the full width at half
maximum (FWHM) of the represented plane and ¢ is the peak posi-
tion of the plane. The XRD pattern for the (0 0 2) plane was utilized
to evaluate the crystallite size of the TNAs, which apparently has a
significant effect on the improvement of charge transportation [28].

The crystallite size of the TNAs was found to be 23.1 nm. Mean-
while, the most intense peak for the (1 1 1) plane was used to cal-
culate the crystallite size of the NNS, and the calculated values are
presented in Table 1. The average crystallite sizes of the NNS were
in the range of 25.6-30.8 nm for TN,-TN; samples. These results
show that the crystallite size increased with increasing deposition
time or NNS thickness. The results also indicate the growth mech-
anisms, which are the nucleation and crystallization that are con-
voluted in an aqueous chemical growth. Nuclei formed per unit

Fig. 3. Cross-section images of (a) TNAs, (b) TNy, (c) TNy, (d) TNs, (d) TN, and (e) TNs samples.
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Fig. 4. XRD patterns for TNAs and NNS/TNAs heterojunction films.

area aided the growth of the crystals, which led to the increase in
the crystallite size [29,30].

The XRD data of synthesized NNS at various thicknesses was
utilized to calculate the lattice parameter of a based on the
(111) plane of the XRD patterns, according to the following
Eq. (2) [31]:

1 Kk F
& @ @
where h, k, | are the miller indices, and d is the interplanar spacing,
which is based on 20 from Bragg’s Law in Eq. (3):
A

4= 550 (3)

The determined lattice parameters in Table 1 reveal that there
was a steady increase from 4.204 A to 4.213 A for the NNS lattice
parameter, a, when the NNS deposition time or thickness
increased. The results indicate that a positive correlation was
found between NNS thickness and the lattice parameter, a. The
strain along the NNS g-axis, {,, was calculated using the following
formula in Eq. (4) [32]:

(%) = 4% 100 (4)
a,
where a is the lattice parameter of the strained NNS obtained from
the XRD data and a, is the standard value of the unstrained NiO,
whose value is 4.177 A. A positive value indicates a tensile strain,
while a negative sign indicates a compressive one. The strain esti-
mation in Table 1 shows that the strain in all deposited samples
was tensile. The strain rose from 0.656% to 0.850% for TN; to TNs
samples, demonstrating the construction of a more strained struc-
ture with increasing NNS thickness. Hence, a more relaxed structure
could be obtained at a lower NNS thickness. The strain values also

Table 1

indicate that the lattice parameter, a, of the NNS was elongated
along the unit cell of the a-axis. The strain therefore contributed
to the formation of a distorted unit cell structure, compared to bulk
NiO.

3.3. Optical properties

Fig. 5 presents the UV-Vis transmittance spectra of TNAs and
NNS/TNAs heterojunctions at room temperature for TN;-TN5 sam-
ples in the wavelength range approximately from 320 to 1200 nm.
The rutile phase of the TNAs and NNS/TNAs samples transmitted
visible light (>400 nm) and absorbed the incident light in the UV
region (<400 nm) through the sharp edges. The thickness of NNS
layer had great influence on the transmittance spectra. The average
transmittance in the visible region (400-800 nm) decreased with
increasing NNS deposition time, as shown in Fig. 5. The average
transmittance of the TNAs in the visible region was estimated to
be 55%. However, the transmittance in the visible region slightly
decreased after the deposition of NNS on the top of TNAs, with
the average transmittances of 51, 42, 40, 38 and 35%, for TN;,
TN,, TN3, TN, and TNs samples, respectively. The transmittance
reached the lowest at the highest deposition time due to the
increases in thickness of the NNS layer. The increment of these fac-
tors may have increased the optical scattering in between the grain
boundaries, which reduced the transmittance of the deposited
films.

The result based on the UV-Vis spectra was used to calculate
the absorption coefficient using Lambert’s Law based on the rela-
tion below in Eq. (5):

1 1

o= ?ln (T) (5)
where ¢ is the thickness of the film and T is the transmittance of the
film. The absorption coefficients of TNAs and NNS/TNAs heterojunc-
tions produced at various NNS thicknesses are presented in Fig. 6.
The data reveals that there was a steady decrease in the number
of absorption coefficients with increasing NNS thickness below
the UV region. In addition, sharp edges can also be observed below
the UV region (<380 nm) for all samples due to the photon, which
has energy above the band gap of TiO, and excited an electron into
the conduction band from the valence band. The decrease of the UV
absorption coefficient with increasing NNS deposition time might
be due to the defect formation during the NNS growth.

The optical band gap energy, E,, of the deposited samples were
also determined using the Tauc plot in the UV and visible range
according to the following relation in Eq. (6) [33]:

(othv)” = A(hv — Eg) (6)

where « is the absorption coefficient, hv is the photon energy, E, is
the optical band gap and A is an absorption constant. The optical
band gap energy, E;, was determined by the extrapolation of the lin-
ear portion of the plotted graph presented in Fig. 7 for the (othv)
versus hv curve for the deposited TNAs and TN;-TN5 samples. The

Average diameter and thickness of TNAs, average thickness of NNS/TNAs, average thickness of NNS, lattice parameter, strain, crystallite size and optical bandgap of NNS/TNAs

prepared at various deposition time.

Samples Average Diameter/Thickness Average Thickness of Average Thickness of  Lattice Strain of a- Crystallite Optical Bandgap
of TNAs (nm) NNS/TNAs (nm) NNS (nm) Parameter of a axis (%) Size (nm) Energy (eV)
(A)
TN, 75/410 550 140 4.204 0.656 25.6 3.41
TN, 75/410 570 160 4.209 0.766 26.6 3.40
TNy 75/410 580 170 4.210 0.798 27.0 3.39
TN, 75/410 600 190 4212 0.829 28.6 335
TNg 75/410 605 195 4.213 0.850 30.8 3.34
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optical bandgap values at various NNS thicknesses are presented in
Table 1. The transition results exhibit a fine linear curve in the band
edge region, inferring that the transition of deposited rutile phase
TNAs is direct in nature [34,35]. For all the deposited samples, the
band gap reduced from 3.41 eV to 3.34 eV with increasing NNS
thickness layer based on the deposition time. This result appears
consistent with other reports [27,36] that explained the synergy
between the heterojunction layer and both metal oxides. In addi-
tion, a small band gap can enhance the transfer of photo-
generated charge carriers and consequently improve the elec-
trochromism of the thin film [27]. The conclusion that emerged
from these studies is that a light spectrum with a wavelength
shorter than 380 nm can be absorbed by the deposited NNS/TNAs
heterojunction samples and contribute to the photoresponse activ-
ity of NNS/TNAs layer.

3.4. Current-Voltage characteristics

Fig. 8(a) shows the I-V characteristic of the TNAs and NNS/TNA
heterojunction films. The I-V plot of the TNAs shows an Ohmic

70
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Fig. 7. Tauc plot of TNAs and NNS/TNAs heterojunction for TN;-TNs samples.

characteristic for the Pt and FTO electrodes, as shown by a linear
I-V curve in the magnified images in Fig. 8(b). On the other hand,
the I-V plots of NNS/TNAs heterojunctions in Fig. 8(a) obviously
show a nonlinear and asymmetric I-V curve. This rectifying charac-
teristic is likely to be related to the formation of a p—n heterojunc-
tion between the p-type NNS and the n-type TNAs. From the data
in Fig. 8, it is apparent that the threshold voltage at the forward
bias to overcome the potential barrier of TN;-TN5 samples
increased with increasing thickness of NNS on the TNAs. This result
may be explained by the fact that the resistance of the deposited
layer increased with increasing NNS thickness. The formation of
the p-n junction indicates the existence of a depletion layer or
space charge region at the transition between p-type NNS and n-
type TNAs. The depletion layer is the most subtle part of the p-n
junction type sensor, and a small adjustment in the concentration
of free electrons and holes significantly changes the overall resis-
tivity [37]. Thus, while the electrons from the n-type TNAs remain
constant regardless of increasing holes from the p-type NNS, the
net resistance and electric field inside the cell determines the over-
all threshold voltage in the system.

3.5. Ultraviolet sensing performance

The performance of fabricated NNS/TNAs heterojunction-based
self-powered UV photosensor was measured through the gener-
ated photocurrent under “on” and “off” states during repeated
switching cycles with 365 nm UV irradiation at 0V bias, as shown
in Fig. 9. One interesting finding is that the fabricated UV photo-
sensor based on NNS/TNAs heterojunctions can function indepen-
dently, without any external bias voltage. It can be seen from the
graph that all samples exhibited a rapid change of the photocur-
rent during the “on” and “off” states. The stability and rapid change
of the photogenerated current observed in all samples also sug-
gested that the fabricated UV photosensor reacted to a rapid
change of the optical signal. This condition is due to the swift
transfer of photogenerated charge carriers to the electrodes
because of the built-in potential at the p-n junction. This generated
photocurrent may be explained by the UV irradiation, which pro-
vides energy higher than the band gap energy level of the depos-
ited TNAs and is able to excite the electrons from the valence
band to conducting band and leave holes in the TNAs valence band,
as illustrated in Fig. 10(a).
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fabricated NNS/TNAs heterojunction-based UV photosensors at 0V bias.

In general, the majority charge carriers for n-type materials is
electrons and is holes for p-type materials. Hence in this study,
TiO, primarily exhibits n-type conduction by electrons and NiO
shows p-type conduction by holes. Initially, when a p—n hetero-
junction is formed in an opened loop circuit, a local electric field

is built at the interface between the p-type and the n-type materi-
als, thereby allowing electrons and holes to diffuse into the oppo-
site directions and create the space charge region. This region is
known as a depletion layer with a potential barrier where electrons
are depleted [38]. The donor and acceptor concentrations are equal
in this region and the created electric field is sufficient to oppose
the continued exchange of charge carriers. In addition, when the
grown TNAs are exposed to air, a surface charge region will
develop on the surface of TNAs from to the adsorption of oxygen
molecules, which increases the resistance of the detecting system.
The construction of a p-n junction with a surface charge region will
further increase the resistance of the sensing device [39]. In a
closed loop circuit, the generation of dark current in the “off” state,
as shown in Fig. 9, could be attributed to the migration of excess
electrons from the semiconductor to a higher conductivity mate-
rial. This process would involve passing through the external cir-
cuit and recombining with the holes in the opposite direction. In
addition, the metal has a higher work function and Fermi level than
the semiconductor [40,41].

During the “on” state under UV irradiation, the photogenerated
charge carriers increase the excess electrons in the deposited TNAs
to flow toward the FTO-coated glass substrate through the nanor-
ods and become part of the external circuit, which then flow
toward the Pt electrode and recombine with the holes in the NNS
region, as shown in Fig. 10(a). Meanwhile, the photogenerated
holes in the TNAs region diffuse toward the opposite direction in
the depletion region to replace the recombined holes in the NNS
region and sustain the equilibrium of the donor and acceptor con-
centrations in the space charge region. In contrast, the excited elec-
trons and holes under UV irradiation in a bare TNAs migrate
randomly to the surface or otherwise recombine. Most of the pho-
togenerated electron-hole pairs in this condition are recombined,
resulting in very poor quantum efficiency in the UV photoresponse
process [42]. The formation of a built-in potential difference at the
p-n junction of the NNS/TNAs heterojunction moves the electron
and hole in opposite directions to minimize recombination and
increase quantum yield. This built-in potential difference strength-
ens the electron-hole separation, causing a better photoresponse
performance. Hence, the excess photo-generated electrons drifted
to the conductive side at the back contact of FTO coated glass sub-
strate through the nanorods [6], under the influence of the built-in
potential difference. This difference constituted the photocurrent
in the external circuit, while the photogenerated holes are concep-
tually diffused towards the NNS/platinum interface. Thus far, sev-
eral studies have reported that p-type NiO materials act as hole
traps and collectors [43,44|. Hence, the photo-generated electrons
form an external current and move towards the platinum electrode
to recover the photo-generated holes and complete the closed-loop
circuit.

The performance of the fabricated UV photosensor was there-
fore mainly based on the mobility of photogenerated electron-
hole pairs. The generated photocurrent reduced the total resistance
during the “on” state, and instantaneously returned to initial value
during the “off” state [45,46]. The generated photocurrent densi-
ties of the fabricated UV photosensor from NNS/TNAs p-n hetero-
junctions are summarized in Table 2. The UV photosensor
fabricated from TN; sample showed photocurrent density of
0.095 pA/cm?. The growth in NNS thickness increased the gener-
ated photocurrent density to 0.332 and 0.510 pA/cm? for TN, and
TN; samples, respectively. The increase in photocurrent density
values could be attributed to the increase of the inner built-in
potential difference with increasing NNS layer thickness, which
offered a driving mechanism for the initial separation of charge
carriers and the mobility of the excess photocurrent.

When the NNS thickness was further increased for TN, and TN5
samples, the measured photocurrent density started to decrease to
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Fig. 10. (a) The energy band diagram of NNS/TNAs heterojunction device under UV irradiation. (b) Diagram of different NNS thicknesses of TN1, TN3 and TN5 samples,

respectively (The depletion layers are represented by slash lines).

0.107 pA/cm? and further decreased to 0.086 pA/cm?, respectively.
The results of the measured photocurrent density suggest that the
performance of the fabricated photosensor was not improved as
expected with increasing NNS layer thickness. This result may be
explained by the potential mechanism, illustrated in Fig. 10(b).
The depletion layer of the fabricated UV photosensor from NNS/
TNAs p-n heterojunctions with thinner a NNS layer (sample TN;)
was smaller than for the TN3 sample. Therefore, there were inade-
quate numbers of interfacial defects and generated charge carriers,
which led to the lower generation of photocurrent for the thinner
samples. Although the thicker NNS layer for the TNs sample had
adequate numbers of generated charge carriers due to sufficient
formation of the depletion layer, the increasing series resistance
from the thicker NNS film decreased the generation of photocur-
rent. These results are in agreement with previous research, indi-
cating that the increase in the series resistance implies a
suppression of the mobility of charge carriers due to the longer
pathway, which possibly leads to the recombination of generated
electron-hole pairs [47].

Table 2

The generated photocurrent based on the photoconductivity
effect of rutile TNAs depends on a light-trapping and hole-
trapping mechanism, in addition to the presence of chemisorbed
oxygen molecules [48,49] on the surface of the TNAs. During the
initial state without any irradiation, a high-resistance carrier-
depletion region is formed at the NNS/TNAs interface due to the
existence of free electrons in the n-type TiO, material captured
by the absorbed oxygen molecules. The oxygen molecules from
the environment tend to be adsorbed on the TNAs surface by the
capture of a free electron to form adsorbed oxygen ions, as shown
by following reaction in Eq. (7):

0,+e — 0. (7)

Thus, a depletion region near the surface of the TNAs is formed.
Upon illumination by UV light on the developed photosensor with
an energy exceeding the energy gap of the synthesized material,
the electron-hole pairs are generated. The oxygen is consequently
desorbed from the surface of this region. The photogenerated holes

Photocurrent density, dark current density, responsivity, sensitivity, rise time and fall time of NNS/TNAs heterojunction-based UV photosensor prepared at different deposition

time of NNS. The performances of ZnO-based UV sensors are also shown as comparison.

Samples Photocurrent Density, J,, Dark Current Density, Jia Responsivity (mA/ Sensitivity Rise Time Fall Time
(pA-cm2) (pA-cm 2) W) (sec) (sec)

TN, 0.095 0.008 0.12 119 0.05 0.70

TN2 0.332 0.003 0.44 110.7 0.02 0.20

TNy 0.510 0.004 0.68 127.5 0.01 0.13

TNy 0.107 0.005 0.14 214 0.05 0.62

TNs 0.086 0.006 0.11 143 0.06 0.77

V-doped ZnO [53] - - 1.1x 1073 05 150 400

Fe-doped ZnO - -
(54]

273 11.73 - -
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move towards the surface, due to the built-in electric field, to react
with adsorbed oxygen ions and produce oxygen molecules. This
reaction can be described as follows in Eq. (8):

0, +h* — 0,. (8)

This reaction leaves behind a photogenerated electron, which
increases the photocurrent density of the devices. The separation
of electrons and holes through the built in electric field of the
p-n heterojunction also reduces the recombination rate of photo-
generated carriers and increases the carrier lifetime. As a result,
the photocurrent gain of the p-n heterostructures is increased.
The light-trapping and hole-trapping mechanisms are more related
to the active surface area to determine the performance of the
developed UV photosensor. The increase of the high-resistance
carrier-depletion region with increasing thickness layer of NNS
contributes to possible recombination and poor generation of
photocurrent, as seen in TN4 and TN5 samples. The hole-trapping
mechanism of the absorbed and desorbed oxygen is also under-
stood to determine the response time of the developed photosen-
sor and become dominant when the materials reach the
nanoscale [50]. A possible explanation for this might be that the
diffusion of electrons in TNAs is superior to the diffusion of holes
in NNS. The diffusion of photo-generated charge carriers is limited
by the transportation between the boundaries of the nanostruc-
tures and high-resistance carrier-depletion region, which could
hinder the moving pathway, and thus increase the possibility of
electron recombination, particularly on the thicker structure.
Strong evidence of these explanations was found when the TN;
sample showed optimum photocurrent density (0.510 pA/cm?),
compared to the other samples. This was likely due to the optimum
NNS layer thickness for the deposited TNAs layer.

Fig. 11 shows the responsivity and sensitivity of the fabricated
NNS/TNAs heterojunction-based self-powered UV photosensor.
The responsivity, R, of the sensors was estimated using the follow-
ing Eq. (9) [51]:

j h 7J,dark
S (9)

where Jp, is the photocurrent density, Jyqi is the dark current
density and P, is the optical power density of the UV source
(750 pW/cm?). Note that an effective surface area for the coupling
of the NNS/TNAs heterojunction, which was exposed to UV irradia-
tion, is 1 cm?. The dark current densities for TNy, TN,, TN5, TN, and
TN; were 0.008, 0.003, 0.004, 0.005 and 0.006 pA/cm?, respectively.
From this calculation, the responsivity of the sensors composed of
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Fig. 11. The responsivity and sensitivity of NNS/TNAs heterojunction-based device
at different NNS thicknesses.

TN;, TNy, TNs;, TN4, and TNs was 0.12, 0.44, 0.68, 0.14 and
0.11 mA/W, respectively. This result shows that the sensor com-
posed of TN3 had a higher responsivity than the other samples.

The sensitivity of the UV photosensors, which is defined as the
photocurrent-to-dark-current ratio, was calculated for all the
devices through the measured photocurrent and dark current den-
sity under an “on” and “off” states during repeated switching
cycles with 365 nm UV irradiation at 0 V bias within a certain time
interval. The sensitivity was calculated using the following Eq. (10)
[52]:

o _]ph

B .Idurk

The sensitivity of the sensors composed of TN, TN;, TN3, TN,
and TNs was 11.9, 110.7, 127.5, 21.4 and 14.3, respectively. The
results indicate that the self-powered UV photosensor based on
the TN; sample had the highest sensitivity. This sensitivity value
is higher than the values reported for ZnO-based devices in Refs.
[53,54], which can be referred in Table 2. As shown in Table 2,
the sensitivity values were highly dependent on the photocurrent
density, due to low dark current density, as the measurement
was performed at 0 V bias. Based on these results, the responsivity
and sensitivity values for the TN5; sample were the highest, proba-
bly due to the optimized NNS thickness that enabled generation of
carriers at the optimum level under UV illumination.

Further investigation was done on the performance of fabri-
cated UV photosensors from NNS/TNAs p-n heterojunctions using
the recorded photocurrent density data on the rise and fall times
of the device. To calculate the speed of the photoresponse of the
fabricated device, the current density — time switching curve
(Fig. 9) measured at 0V bias, was analyzed at the rising and falling
edges. The rise time is the required time for current density to
increase from 10% to 90% of its optimum saturation value, while
the fall time is the required time for current density to decrease
from 90% to 10% of its minimum saturation value. As shown in
Fig. 9, the response time for the photocurrent density was clearly
less than 0.1 sec and the Jiq4 Was too small and determined to
be negligible for all samples. However, the J,, was instantly gener-
ated once the UV light was turned on. The fall times were deter-
mined to be less than 1.0 sec as illustrated in Table 2, indicating
that the fabricated UV photosensor can be proposed for high speed
sensing devices. In addition, the photocurrent decay happened
upon the “on” state of UV light in all samples. At the start of
“on” state, an intense spike was detected and steadily decreased
until it reached a saturated value of J,,. This phenomenon could
be due to the substantial generation of charge carriers caused by
the accumulation of electrons in the bulk, or holes on the surface,
which immediately recombined after generation [55]. The result is
also likely related to the deficiency in electron transportation in the
fabricated device. However, the photocurrent decay was insignifi-
cant because the difference between the maximum spike and the
stable Jpn values was comparatively higher than the J4ar value dur-
ing the “off” state.

S

(10)

4. Conclusion

In summary, NNS/TNAs heterojunctions were successfully
deposited on FTO-coated glass substrates using a facile immersion
route in a clamped Schott bottle. Different NNS thicknesses were
produced by varying the deposition time. The FESEM images
revealed that the thickness of the NNS layer increased with
increasing deposition time. The XRD patterns showed that the
samples consisted of crystalline TNAs and NNS. The fabricated
samples exhibited excellent stability and a rapid change of the
photocurrent density, and rose and decayed during the “on” and
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“off” states for the UV irradiation at 0V bias. The UV sensing per-
formance via the NNS/TNAs heterojunctions could be effectively
tuned by controlling the NNS layer thickness through the deposi-
tion time. The photocurrent measured from the fabricated self-
powered UV photosensor was improved with increasing thickness
of NNS from 140 to 170 nm under the UV irradiation (365 nm, 750
uWcem 2) at 0V bias. The increased performance of the photocur-
rent was due to the increased photogenerated charge carriers for
the NNS/TNAs. However, a further increase in the NNS thickness
reduced the photocurrent density to some extent. This photocur-
rent decrease was due to recombination of photo-generated
electron-hole pairs, which reduced the total gain of the photocur-
rent. The best performance of the fabricated UV sensor at 0 V bias
was obtained for the TN; sample that had a measured photocur-
rent density of 0.510 pA/cm?. In addition, the TNs sample also
showed the highest sensitivity value of 127.5.
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