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We have fabricated metal-semiconductor-metal- (MSM-) type ultraviolet (UV) photoconductive sensors using aluminium- (Al-)
doped zinc oxide (ZnO) nanorod arrays that were annealed in different environments: air, oxygen, or a vacuum. The Al-doped
ZnO nanorods had an average diameter of 60 nm with a thickness of approximately 600 nm that included the seed layer (with
thickness ~200 nm). Our results show that the vacuum-annealed nanorod-array-based UV photoconductive sensor has the highest
photocurrent value of 2.43 x 10~* A. The high photocurrent is due to the high concentration of zinc (Zn) interstitials in the
vacuum-annealed nanorod arrays. In contrast, the oxygen-annealing process applied to the Al-doped ZnO nanorod arrays
produced highly sensitive UV photoconductive sensors, in which the sensitivity reached 55.6, due to the surface properties of the
oxygen-annealed nanorods, which have a higher affinity for oxygen adsorption than the other samples and were thereby capable of
reducing the sensor’s dark current. In addition, the sensor fabricated using the oxygen-annealed nanorod arrays had the lowest rise
and decay time constants. Our result shows that the annealing environment greatly affects the surface condition and properties of

the Al-doped ZnO nanorod arrays, which influences the performance of the UV photoconductive sensors.

1. Introduction

Recently, zinc oxide (ZnO) nanostructures have been widely
studied because of their potential for various applications,
including solar cells [1-3], light emitting devices [4], electron
emitters [5, 6], photocatalysts [7], and sensors [8, 9].
The performance of devices containing one-dimensional
(1D) ZnO nanostructures, such as nanobelts and nanorod
arrays, has significantly improved because of the unique
properties of these nanostructures, such as high mobility
and a high surface-to-volume ratio [10, 11]. ZnO nanorod
arrays are very promising materials for use as sensing
elements in ultraviolet (UV) photoconductive sensor appli-
cations because these arrays exhibit a fast response and high

photocurrent and are highly sensitive to UV light [10, 12].
The use of ZnO nanorod arrays in UV photoconductive
sensors is attractive for practical applications because of the
diversity of fabrication methods for these nanorods, their
large surface availability, and excellent physical and chemical
properties. In addition, the high surface-to-volume ratio
of ZnO nanorod arrays produces better sensitivity to UV
light compared to conventional ZnO thin films because the
photoconductivity mechanism in ZnO is strongly related to
the surface reaction activities [13]. ZnO nanorod arrays can
be successfully grown on substrates using various methods,
such as chemical vapour deposition (CVD) [14], metal-
organic chemical vapour deposition (MOCVD) [15], pulsed
laser deposition (PLD) [16], and solution-based techniques



[17-20]. However, solution-based techniques offer many
advantages over other synthesis methods capable of growing
ZnO nanorod arrays at low temperature with low cost.

Generally, fabricated ZnO nanorod arrays, especially
those prepared using solution-based techniques, contain a
considerable number of defects, resulting in a low response to
UV light. Because the UV photoconductivity is governed by
the surface conditions of the nanorod arrays, effective fabri-
cation methods should be developed to reduce the number of
defects and improve the surface quality of the prepared ZnO
nanorod arrays. A few approaches have been proposed that
can enhance the performance of the ZnO-based UV photo-
conductive sensor by improving the ZnO surface condition
and reducing the defects. These approaches include the use of
polymer and metal surface coatings [13, 21-23] and plasma
and chemical surface treatments [24-28]. These techniques
facilitate efficient photogeneration processes in the ZnO
under UV illumination, thereby contributing to improved
performance of the device, such as a high and stable pho-
tocurrent, high sensitivity, and a fast photoresponse. How-
ever, annealing is also a ZnO surface treatment process that
could remove surface defects and contamination, thereby
improving the surface condition of ZnO [29-31]. Although
the annealing temperature is widely reported to influence the
performance of the UV photoconductive sensor [32-35], the
effects of annealing under different environments have rarely
been reported in terms of the performance of ZnO nanorod-
array-based UV photoconductive sensors.

Herein, we reported on the performance of a UV pho-
toconductive sensor developed using thin Al-doped ZnO
nanorod arrays prepared using the sonicated sol-gel immer-
sion method and annealed in different environments. The
nanorod arrays were prepared in a very short immersion
time, within 50 min, using sonicated sol-gel immersion
method, which yield small and thin nanorod arrays with an
average diameter of 60 nm and thickness of approximately
600 nm. We observed that annealing under different environ-
ments significantly influenced the surface conditions of the
nanorod arrays, thereby affecting the performance of the UV
photoconductive sensor.

2. Experimental Procedure

Al-doped ZnO nanorod arrays were grown on a glass sub-
strate that was coated with an Al-doped ZnO seed layer using
sonicated sol-gel immersion. The Al-doped ZnO thin film,
which was used as a seeded catalyst, was prepared on the glass
substrate using sol-gel spin-coating [36]. The solution for the
seed layer was prepared using 0.4 M zinc acetate dihydrate
(Zn(CH3COO0);,-2H,0, 99.5% purity, Merck) as a precursor,
0.4 M monoethanolamine (MEA, H,NCH,CH,OH, 99.5%
purity, Aldrich) as a stabiliser, 0.004 M aluminium nitrate
nonahydrate (AI(NOj3);-9H,0, 98% purity, Analar) as a
doping source (to achieve approximately 1 at.% Al-doped
Zn0), and 2-methoxyethanol as a solvent. The solution was
then heated at 80°C and stirred using a hot plate magnetic
stirrer for 3h to yield a clear, homogeneous solution. The
solution was further stirred at room temperature for 24h
for the ageing process. The seed layer was deposited onto
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glass substrate using spin-coating technique. The prepared
solution was dropped onto glass substrates while the sub-
strates were spun at 3,000 rpm for 60 s. After the spin-coating
process, the substrates were heated at 150°C for 10 min to
evaporate the solvent and remove the organic component
from the film. The coating was repeated five times to increase
the film thickness to approximately 200 nm. The prepared
films then were annealed in air using a furnace at 500°C for
1 h.

The solution for preparing the aligned Al-doped ZnO
nanorod arrays contained 0.1 M zinc nitrate hexahydrate
(Zn(NO3),-6H,0, 98%, Systerm) as a precursor, 0.1 M
hexamethylenetetramine (HMT, C¢H12N4, 99%, Aldrich) as
a stabiliser, and 0.001 M aluminium nitrate nonahydrate
(AI(NOs3)3-9H,0, 98%, Analar) as a dopant, which were
dissolved in deionised (DI) water. The solution was then
sonicated at 50°C for 30 min using an ultrasonic water bath
(Hwashin Technology Powersonic 405, 40 kHz) before being
aged and stirred for 3 h at room temperature.

To deposit the aligned Al-doped ZnO nanorods, approx-
imately 100 mL of the prepared solution was poured into
a vessel that contained the horizontal glass substrates that
were coated with the seeded catalyst at the bottom. The
sealed vessel was immersed into a water bath deposition
system at 95°C for 50 min. After the deposition process, the
samples were removed from the vessel and cleaned with DI
water. The resulting Al-doped ZnO nanorod arrays were
heated at 150°C for 10 min to evaporate the water. Next,
the samples were annealed at 500°C in an oxygen, air, or
vacuum environment for 1 h using a furnace. Undoped ZnO
nanorod arrays were also prepared using the same procedure
and were annealed in air at 500°C for 1h. In addition, the
Al-doped ZnO nanorod arrays were prepared at different
lengths of immersion time (i.e., 50, 100, and 150 min) and
were annealed in air at 500°C for 1 h. To complete the metal-
semiconductor-metal- (MSM-) type sensor structure, 60 nm
thick Al-metal contacts were deposited onto the prepared
nanorod arrays using a thermal evaporator at a deposition
pressure of 4 X 107* Pa. The distance between the two metal
contacts was 2 mm.

The prepared nanorod arrays were characterised using
field-emission scanning electron microscopy (FESEM, JEOL
JSM-7600F), which was used to observe their surface mor-
phology and the cross-section images. The crystallinity of
the samples was characterised using X-ray diffraction (XRD,
Panalytical X'pert PRO). The structural and selected area
electron diffraction (SAED) of the air-annealed undoped
and Al-doped ZnO nanorod arrays was investigated using
transmission electron microscopy (TEM; JEOL JEM 3010).
The transmittance and absorbance properties of the nanorod
arrays were characterised using ultraviolet-visible-near-
infrared (UV-vis-NIR) spectrophotometry (Perkin Elmer
Lambda 750). The photoluminescence properties of the pre-
pared samples were characterised using a photoluminescence
(PL) spectrometer (Horiba Jobin Yvon 79 DU420A-OE-325)
equipped with a helium-cadmium (He-Cd) laser excitation
source at 325 nm. The current-voltage (I-V) characteristics
of the UV photoconductive sensors were investigated using
a two-probe I-V measurement system (Keithley 2400). The
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UV photoresponse measurements of the fabricated sensor
were conducted using a UV photocurrent measurement
system (Keithley 2400) operating at 365 nm with a power
density of 750 yW/cm? at a bias voltage of 10 V.

3. Results and Discussion

Figures 1(a)-1(d) present the FESEM images of the
as-grown, oxygen-annealed, air-annealed, and vacuum-
annealed Al-doped ZnO nanorod arrays prepared using the
sonicated sol-gel immersion method. These images reveal
that the nanorods were uniformly deposited on the glass sub-
strate coated with the seed layer after immersion for 50 min.
The FESEM images also reveal that the morphology of the
Al-doped ZnO nanorod arrays did not exhibit a significant
change after annealing in different environments. Based on
the FESEM images, the average diameter of the Al-doped
ZnO nanorod is approximately 60 nm. According to the EDS
spectrum of as-grown Al-doped ZnO nanorod arrays shown
in Figure 1(e), the peaks of Zn, Al, and O correspond to an
atomic ratio of 49.21:0.64:50.16. Figures 2(a)-2(d) show
the cross-sectional images of the Al-doped ZnO nanorod
arrays that were annealed under different environments.
These images indicated that the Al-doped ZnO nanorods
were deposited perpendicular to the substrate with good
alignment. The thicknesses of these films were estimated
from the FESEM images to be approximately 600 nm.

Figure 3 presents the XRD patterns of the as-grown,
oxygen-annealed, air-annealed, and vacuum-annealed Al-
doped ZnO nanorod arrays. The nanorod arrays present
diffraction peaks that can be indexed to the ZnO hexagonal
phase with a wurtzite structure (Joint Committee on Powder
Diffraction Standards (JCPDS) PDF number 36-1451). The
XRD patterns reveal that the (002) peak of the nanorod is the
most prevalent, which indicates that the nanorod preferen-
tially grows along the c-axis (perpendicular to the substrate).
The other weak diffraction peaks in the XRD patterns may
be a result of imperfect nanorod alignment on the substrate
[37]. According to this result, the relative intensities of the
XRD peak from the (002) plane are oxygen-annealed > air-
annealed > vacuum-annealed > as-grown. This ordering
indicates that oxygen is a better annealing environment than
the other annealing environments (i.e., air and vacuum) for
improving the crystallinity of the Al-doped ZnO nanorod
arrays. Annealing in oxygen promotes the reaction between
oxygen and the Zn interstitials to form crystalline ZnO.
Similarly, this process also occurred during annealing in
air. However, due to the higher concentration of oxygen
molecules in the oxygen-annealing process relative to air
annealing, the oxidation rate in oxygen annealing is much
faster due to the greater reduction in the free-surface energy.
Therefore, the crystallinity of the oxygen-annealed nanorod
arrays is better than that of the air-annealed nanorod arrays.
The as-grown sample presented low-intensity XRD peaks,
which were attributed to the high density of defects in the
nanorod arrays, particularly the presence of hydroxyl (OH)
groups on the nanorod surface. The presence of OH groups
on the surface of the nanorod is commonly reported for low-
temperature solution-based syntheses [29, 38, 39]. However,

the XRD pattern of the vacuum-annealed ZnO nanorod
array presents the weakest peak intensity compared to the
other annealed samples. In addition, the XRD pattern of
the vacuum-annealed nanorod arrays shows the emergence
of Zn metal peaks. This condition could be attributed to
the desorption of OH groups from the ZnO nanorod array
during annealing, which leaves a large amount of Zn or Zn
interstitials in the nanorod. Because of the unavailability
of oxygen molecules, the oxidation of Zn could not occur
during the annealing process in the vacuum. As a result,
the growth of ZnO was inhibited while maintaining a high
concentration of Zn or Zn interstitials, thereby degrading the
crystallinity of the Al-doped ZnO nanorod arrays.

Figure 4(a) shows the transmittance spectra of the Al-
doped ZnO nanorod arrays prepared at different annealing
environments in the wavelength ranges from 300 to 1500 nm.
These spectra demonstrate that the nanorod arrays have
good optical transmittance in the visible (400-800 nm) and
near-infrared ranges (800-1500 nm). The spectra also reveal
that upon the annealing process in the oxygen environment,
the transmittance of the nanorod arrays improves relative to
the as-grown sample. Note that the average transmittance of
the as-grown Al-doped ZnO nanorod arrays in the visible
region is approximately 72%. The average transmittance
of the oxygen-annealed Al-doped ZnO nanorod arrays in
the visible region was estimated to be 78%. However, the
transmittance slightly decreased after annealing in air and
vacuum, with average transmittances of 77 and 76%, respec-
tively. We also observed that interference fringes appeared
in the spectra, which indicated that the nanorod arrays
are uniformly deposited on the substrate [40]. Figure 4(b)
shows the absorbance spectra of the Al-doped ZnO nanorod
arrays prepared using different annealing environments. The
absorbance spectra reveal that all of the samples exhibit good
UV absorption properties below 400 nm with an absorption
edge of 380nm. The sharp absorption edge observed at
approximately 380 nm corresponds to the direct transition
of electrons between the edges of the valence band and the
conduction band. The high absorption properties in the UV
region indicate that the prepared samples are suitable for UV
photoconductive sensor applications.

Figure 5 shows the PL spectra of the as-grown, oxygen-
annealed, air-annealed, and vacuum-annealed Al-doped
ZnO nanorod arrays. Two emission peaks were detected in
the PL measurement, located in the UV region and the visible
region. The UV emission is due to the recombination of
excitons, whereas the visible emission is caused by the emis-
sion of defects [41-43]. The as-grown nanorod arrays have a
broad and low-intensity UV emission peak centred at 383 nm
and a high-intensity visible emission peak centred at 573 nm.
This visible peak is due to the high concentration of OH-
groups on the nanorod surface [44]. For the oxygen-annealed
nanorod arrays, the intensity of the UV emission peak that
is centred at 379 nm increased relative to that of the as-
grown nanorod arrays. However, the visible region exhibits
a reduced intensity and shift to a higher wavelength. This
visible emission peak was shifted to 630 nm and attributed
to interstitial oxygen or excess oxygen at the nanorod surface
[39, 45]. The oxygen adsorption in the nanorod arrays
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FIGURE 1: Surface morphology of (a) as-grown, (b) oxygen-annealed, (c) air-annealed, and (d) vacuum-annealed Al-doped ZnO nanorod

arrays. (e) EDS spectrum of as-grown Al-doped ZnO nanorod arrays.

also decreases the excitonic recombination, as reported
by other groups [39, 46]. However, the air-annealed and
vacuum-annealed nanorod arrays show almost identical UV
emission peak intensity of the peaks that are centred at 379
and 380 nm, respectively, but slightly different intensities
in the visible emission peak. The visible emission peak
intensity for the air-annealed nanorod arrays was slightly
higher than that of the vacuum-annealed nanorod arrays. In
addition, these visible emission peak centres for the air-
annealed and vacuum-annealed Al-doped ZnO nanorod
arrays are located at different wavelengths of 600 nm and

588 nm, respectively. We suspected that this condition is
due to different defect conditions, which affected the visible
emission of the nanorod arrays. For the air-annealed sample,
the defect state may be dominated by oxygen adsorption,
but with lower concentration compared to the oxygen-
annealed nanorod arrays, whereas for the vacuum-annealed
sample, the zinc interstitials and oxygen vacancies may be the
prominent defects in the nanorod arrays.

Figure 6 presents the I-V measurement spectra of the
Al-doped ZnO nanorod arrays annealed in different envi-
ronments. The I-V curves indicate that all of the prepared
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FiGure 3: XRD patterns of the as-grown, oxygen-annealed, air-
annealed, and vacuum-annealed Al-doped ZnO nanorod arrays.

Al-doped ZnO nanorod arrays formed ohmic contacts with
the Al contacts. However, the current with respect to the
supplied voltage shows different values for the as-grown,

oxygen-annealed, air-annealed, and vacuum-annealed Al-
doped ZnO nanorod arrays. According to this spectra,
the highest current value is exhibited by the vacuum-
annealed sample, followed by the air-annealed sample, then
by the as-grown sample, and finally, by the oxygen-annealed
sample. From these results, the resistance of the samples
were calculated to be 0.80, 1.59, 0.16, and 0.10 MQ for
the as-grown, oxygen-annealed, air-annealed, and vacuum-
annealed Al-doped ZnO nanorod arrays, respectively. The
lowest resistance of the vacuum-annealed nanorod arrays
might be a result of the excess of free carriers due to the
Zn interstitials and Al-doping. In addition, annealing in
vacuum also removed the adsorbed oxygen on the nanorod
surface, which decreased the resistance of the nanorod arrays
[47]. However, annealing in oxygen significantly increased
the resistance of the nanorod arrays, which is likely due
to the large amount of oxygen adsorbed on the surface
of the nanorod arrays. During the annealing process in
oxygen, oxygen could also diffuse into the nanorod arrays,
which induces a high density of acceptor-like defects (i.e., Zn
vacancies, oxygen antisites) [48]. This condition results in
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the compensation of donor-like defects (i.e., oxygen vacan-
cies, Zn interstitials) and depletion of the carrier density.
Meanwhile, annealing the nanorod arrays in air produced
the nanorod arrays with a moderate resistance, in which the
resistance value was between that of the vacuum-annealed
and oxygen-annealed nanorod arrays. This phenomenon is
due to the decreased concentration of oxygen molecules
in air compared to the concentration of oxygen molecules
available during the oxygen annealing process, which reduces
the amount of adsorbed oxygen. The as-grown sample
presented the highest resistance due to its high defect
concentrations and poor crystallinity properties, as shown in
the XRD patterns.

Figure 7 depicts the time-resolved photoresponse of the
UV photoconductive sensor prepared using the Al-doped
ZnO nanorod arrays that were annealed in different envi-
ronments. The measurements were performed using 365 nm
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FIGURE 6: Current-voltage (I-V) plots of the as-grown, oxygen-
annealed, air-annealed, and vacuum-annealed Al-doped ZnO
nanorod arrays.

UV light with an optical power density of 750 yW/cm?
at a bias voltage of 10V. Under UV illumination, the
Al-doped ZnO nanorod-array-based UV photoconductive
sensor showed good photoresponses; the current rapidly
increased and then gradually became saturated. The current
suddenly decreased when the UV illumination was turned
off, eventually returning to its initial value.

The spectra indicate that the photocurrent properties of
the sensors provide different responses with the use of Al-
doped ZnO nanorod arrays that were annealed in different
environments. The spectra reveal that the UV photocon-
ductive sensor with the vacuum-annealed Al-doped ZnO
nanorod arrays has the highest photocurrent value of
2.43 x 107* A, The UV photoconductive sensor that uses
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FIGURE 7: Photoresponse spectra of the UV photoconductive sen-
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annealed Al-doped ZnO nanorod arrays under UV illumination
(365nm, 750 yW/cm?) and a 10 V bias.

the air-annealed nanorod arrays also has a high photocurrent
value (2.39 x 107 A) but it is slightly lower than that of the
vacuum-annealed nanorod-arrays. However, the photocur-
rent value of the oxygen-annealed Al-doped ZnO nanorod-
array-based UV photoconductive sensor was significantly
reduced to 1.69 x 10~* A. Furthermore, the as-grown Al-
doped ZnO nanorod array-based UV photoconductive sen-
sor shows the lowest photocurrent value of 3.91 x 107° A.
The highest photocurrent value of the vacuum-annealed
Al-doped ZnO nanorod-array-based UV photoconductive
sensor could be attributed to the high concentration of Zn
interstitials. According to Bera et al., when ZnO nanowires
with a high concentration of Zn interstitials are irradiated
with UV light, the photogenerated excitons could interact
with the Zn interstitials, which results in ionisation of Zn
interstitials [13]. When Zn interstitials are ionised, more
free electrons are generated in the conduction band, which
increases the photocurrent of the sensor. We also proposed
that the photogenerated excitons also interact with Al-
doping level to contribute more free electrons to the conduc-
tion band. However, annealing in air and oxygen results in an
improvement of the ZnO stoichiometry, thereby decreasing
the concentration of defects, including Zn interstitials.
During the annealing process, vacant sites in the ZnO lattice,
which resulted from the evaporation of OH groups from
the nanorod surface, were immediately replaced by oxygen
from the environment. Because of the excessive oxygen flow
during the oxygen annealing process, oxygen molecules are
easily adsorbed onto the nanorod surface, which results
in the increase of the nanorod resistance. As a result, the
photocurrents of the Al-doped ZnO nanorod array-based
UV photoconductive sensors were reduced after annealing in
air and oxygen. For the as-grown Al-doped ZnO nanorod-
array-based UV photoconductive sensor, the photocurrent

is low because of the low concentration of photogenerated
electrons in the conduction band. This condition is a result
of the large concentration of OH-groups on the nanorod
surface, which hinders efficient photogeneration during UV
illumination. In addition, the as-grown nanorod arrays
have a large number of structural defects, which is evident
by the less intense XRD peaks compared to the annealed
samples. This condition reduces the mobility of the nanorod
arrays and induced the recombination of the photogenerated
electrons with the defects, which decreased the number of
photogenerated electrons in the conduction band.

Generally, the adsorption of oxygen on the nanorod
surface causes the existence of a non-conductive barrier or a
surface depletion region and thus, an upward band bending.
However, the width of this barrier in nanorod arrays may
differ after annealing in oxygen, air, and vacuum. According
to our results, the band bending of the as-grown Al-doped
ZnO nanorod arrays and the Al-doped ZnO nanorod arrays
that were annealed in oxygen, air, and vacuum can be illus-
trated in Figure 8. In this case, among the annealed samples,
the oxygen-annealed Al-doped ZnO nanorod arrays have
the most depleted surface region due to the large amount
of adsorbed oxygen, followed by the air-annealed sample
and the vacuum-annealed sample. For this reason, the
oxygen-annealed Al-doped ZnO nanorod arrays have lower
photocurrent properties compared to the other annealed
samples. This theory was also supported by our PL measure-
ment result, in which the UV emission was suppressed and
has lower intensity compared to the other annealed samples
despite the oxygen-annealed nanorod arrays having the
highest crystallinity. Meanwhile, for the as-grown nanorod
arrays, the depletion region is primarily attributed to the
OH-groups and other native defects of ZnO, such as oxygen
vacancies and Zn interstitials.

From the photocurrent spectra, the responsivity of the
sensors was estimated using the following equation [49]:

Ioh — Idark

R= ,
Py,

(1)

where I, is the photocurrent, Igqr is the dark current, and
P,, is the optical power of the UV source. In this study,
the Iqark values of the sensors fabricated using the as-grown,
oxygen-annealed, air-annealed, and vacuum-annealed Al-
doped ZnO nanorods are 6.29 x 1079, 3.03 x 107°, 2.26 X
107>, and 5.44 x 107> A, respectively. From this calcula-
tion, the responsivity values of the sensors composed of
the as-grown, oxygen-annealed, air-annealed, and vacuum-
annealed Al-doped ZnO nanorods are 0.73, 3.69, 4.81,
and 4.19 A/W, respectively. This result indicates that the
sensor composed of air-annealed ZnO nanorod arrays had
a higher responsivity than the other samples. Although the
photocurrent value of the vacuum-annealed Al-doped ZnO
nanorod-array-based UV sensor is the highest, the sensor
exhibits a lower responsivity value than the air-annealed
nanorod-based UV photoconductive sensor due to its high
dark current value. We believed that this large dark current
value of vacuum-annealed Al-doped ZnO nanorod-array-
based UV photoconductive sensor is primarily contributed
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illustrating the band bending due to oxygen adsorption and defects.

to high concentration of Zn interstitials and Al-doping. This
condition improves the conductivity of the sensor, which
results in significant enhancement of the dark current than
that of the other samples.

The sensitivity of the sensors, which is defined as the
photocurrent-to-dark-current ratio, was calculated for all of
the devices. The sensitivity values of the sensors composed of
the as-grown, oxygen-annealed, air-annealed, and vacuum-
annealed Al-doped ZnO nanorod arrays are 6.2, 55.6, 10.6,
and 4.6, respectively. The results indicate that the oxygen-
annealed Al-doped ZnO nanorod array-based UV photocon-
ductive sensors had the highest sensitivity. The improvement
of the sensor sensitivity by oxygen annealing is due to the
significant reduction of the dark current value as compared
with the other samples. We suspect that the significant
reduction in the dark current value is correlated with more
adsorbed oxygen on the oxygen-annealed nanorod arrays,
which increases the resistance of the film, as shown by
the I-V measurement results. In addition, annealing in
oxygen improves the surface condition of the nanorod arrays,
which increases their affinity for the oxygen molecules. The
sensitivity of the sensor has been reported to be correlated
with the oxygen adsorption and desorption processes [12, 33,
50]. In the dark, oxygen molecules tend to adsorb onto the
nanorod surfaces by capturing free electrons and producing
adsorbed oxygen ions, as shown by the following equation:

Oy+e” — Oy, (2)

where O, is the oxygen molecule, e” is the free electron,
and O, is the adsorbed oxygen ion on the nanorod surface.
The adsorbed oxygen ions create a barrier near the surface,
which generates a low current before UV illumination. When
UV light is irradiated onto the nanorods, photogenerated
electron-hole pairs are generated at the surface according to
the following equation:

hv — h" +e7, (3)
where hv is the photon energy of UV light, h" is the photo-

generated hole in the valence band, and e is the photogen-
erated electron in the conduction band. The photogenerated

holes recombine with the adsorbed oxygen ions on the
surface, producing oxygen molecules; this reaction also
eliminates the barrier near the nanorod surface. This process
is described by the following equation:

0,  +h" — 0,. (4)

At the same time, the desorption of adsorbed oxygen ions on
the nanorod surface leaves photogenerated electrons in the
conduction band, thereby increasing the film conductivity
and contributing to the photocurrent. When the UV light is
switched off, oxygen once again begins to adsorb onto the
nanorod surface, thereby decreasing the conductivity of the
SEnsor.

Using the photocurrent spectra, the rise and decay time
constants of the fabricated sensors were calculated using the
following equations:

I=

Iy [1 —exp (— Ti)] :rise process with UV illumination on,
T

t . . .
I =Iyexp <_?>: decay process with UV illumination off,
d
(5)

where I is the magnitude of the current, I, is the saturated
photocurrent, ¢ is the time 7, is the rise time constant,
and 74 is the decay time constant. The calculation results
indicate that the sensors constructed using the as-grown,
oxygen-annealed, air-annealed, and vacuum-annealed Al-
doped ZnO nanorod arrays have rise (decay) time constants
of 38 (109), 3 (13), 10 (26), and 15 (52)s, respectively.
Based on these results, it can be concluded that the
oxygen-annealed Al-doped ZnO nanorod array-based UV
photoconductive sensor exhibits the fastest response. This
behaviour may be attributed to the surface condition of the
oxygen-annealed Al-doped ZnO nanorod arrays, which can
promptly adsorb and desorb oxygen during the switching
on and off of the UV illumination, thereby resulting in
sudden changes in the nanorod resistance. In addition,
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FIGURE 9: Surface morphology and cross-sectional images of Al-doped ZnO nanorod arrays as a function of immerse time: ((a)-(b)) 100 min

and ((¢)-(d)) 150 min.

TaBLE 1: The characteristics of the as-grown, oxygen-annealed, air-annealed, and vacuum-annealed Al-doped ZnO nanorod-array-based

UV photoconductive sensors.

Sample Resistance Dark current ~ Photocurrent Rise time Decay time Responsivity Sensitivity
MQ) (A) (A) constant (s) constant (s) (A/W)

As-grown 0.80 6.29 X 10°¢ 3.91x10°° 38 109 0.73 6.2

Oxygen-annealed 1.59 3.03x10°¢ 1.69 x 107* 3 13 3.69 55.6

Air-annealed 0.16 2.26 x 1077 239 x 1074 10 26 4.81 10.6

Vacuum-annealed 0.10 5.44 x 1073 243 x 1074 15 52 4.19 4.6

the oxygen-annealed Al-doped ZnO nanorod arrays possess
better crystallinity than the other samples, which enhances
the mobility of the photogenerated carriers in the nanorod
arrays. In comparison, the vacuum-annealed nanorod arrays
show a higher rise and decay time constant due to the
prominent electron trapping at the positively charged Zn
interstitial defect state, which has a large lifetime [51].
The characteristics of the as-grown, oxygen-annealed, air-
annealed, and vacuum-annealed Al-doped ZnO nanorod-
array-based UV photoconductive sensors are presented in
Table 1.

We also investigate the UV photoconductive sensors
performance using air-annealed Al-doped ZnO nanorod
arrays that were prepared for longer immersion times of
100 and 150 min. Figures 9(a) and 9(c) show the surface
morphologies of air-annealed Al-doped ZnO nanorod arrays

immersed for 100 and 150 min, respectively. In these FESEM
images, dense nanorod arrays can be observed with high
uniformity across all samples. However, the diameter of the
nanorods is almost constant at 60 nm with further increase
of immersion time up to 150 min. Figures 9(b) and 9(d)
show the cross-sectional images of air-annealed Al-doped
ZnO nanorod arrays prepared at immersion time of 100 and
150 nm, respectively. Based on the cross-sectional images,
the thickness of the film increase, with the increase of
immersion time. On the basis of the FESEM measurements,
the thicknesses of the films prepared by immersion for 100
and 150 min are approximately 650 and 700 nm, respectively.
Figure 10 depicts I-V curves of Al-doped ZnO nanorod
arrays prepared at different immersion times. The graphs
reveal that the current intensity with respect to the voltage
decrease when the immersion time was increased up to
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FiGure 10: The I-V characteristic of air-annealed Al-doped ZnO
nanorod arrays prepared for different immersion times.
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Figure 11: Photoresponse spectra of the UV photoconductive
sensor using air-annealed Al-doped ZnO nanorod arrays prepared
for different immersion times under UV illumination (365 nm,
750 uW/cm?) and a 10V bias.

150 min. The resistance of the samples was calculated to be
0.72 and 2.41 MQ for the nanorod prepared at immersion
time of 100 and 150 min, respectively.

Figure 11 shows the time-resolved photoresponse of the
UV photoconductive sensor prepared using the air-annealed
Al-doped ZnO nanorod arrays that were prepared at longer
immersion times of 100 and 150 min. The results show
that both photocurrent and dark current of the sensors
were decreased with the increase of immersion time. The
photocurrent/dark current values of the sensors are 8.41
X 1073/5.43 x 107¢ and 6.50 x 107°/4.07 x 107° A for
the nanorod arrays prepared for immersion times of 100
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and 150 min, respectively. The reduction in photocurrent
value for sensors using nanorod arrays prepared for longer
time influenced the responsivity of the devices; devices
using nanorod arrays prepared for longer immersion time
exhibited lower responsivity values. The responsivity values
of the sensors are 1.75 and 1.36 A/W for the nanorod
arrays prepared for immersion times of 100 and 150 min,
respectively. In this case, we believed that the decrease of
the photocurrent and responsivity values of the devices was
affected by the increase of the resistance of the nanorod
arrays after being immersed for longer times. However,
the sensitivity of the devices is slightly increased using Al-
doped ZnO nanorod arrays immersed for longer times. The
sensitivity values of the devices are 15.5 and 16.0 using Al-
doped ZnO nanorod arrays prepared for 100 and 150 min,
respectively. This sensitivity increment may be attributed
to decrease of the dark current and increase of the surface
area for the devices using Al-doped ZnO nanorod arrays
immersed for longer times.

In order to understand the effects of Al doping on
ZnO nanorod array-based UV photoconductive sensor
performance, air-annealed undoped and Al-doped ZnO
nanorod-array-based UV photoconductive sensor were stud-
ied. Figure 12(a) shows FESEM image of air-annealed
undoped ZnO nanorod arrays at magnification of 30,000x.
The image reveals that undoped ZnO nanorods have been
uniformly deposited on the seed-layer-coated glass substrate.
The diameter of the undoped ZnO nanorod is estimated
to be 100 nm, in which the size is larger than that of the
air-annealed Al-doped ZnO nanorod and other samples. A
cross-sectional image as shown in Figure 12(b) confirms that
the nanorods grew perpendicular to the substrate with the
thickness estimated to be approximately 600 nm. Figures
13(a)-13(d) show TEM images and SAED patterns of air-
annealed undoped and Al-doped ZnO nanorods. These
results indicate that both undoped and Al-doped ZnO
nanorods are single crystals with wurtzite ZnO structure.
The TEM images also reveal that the size of the Al-
doped ZnO nanorod is smaller than the undoped ZnO,
which attributed to the effect of the doped Al. The AIP*
ions (0.054nm) have smaller ionic radius than Zn>" ions
(0.074 nm) and it is expected that this ionic radius difference
may influence the diameter of ZnO nanorods when doped
with Al [52, 53].

Figure 14 shows the I-V properties of the undoped and
Al-doped ZnO nanorod arrays, which clearly show that
the undoped ZnO nanorod arrays exhibit lower current
value than that of Al-doped ZnO nanorod arrays with
respect to the supplied voltage. From this I-V characteristic,
the resistance of the undoped arrays was calculated to be
1.15 MQ. It is understood that this resistance value is higher
than resistance value of air-annealed, vacuum-annealed, and
as-grown Al-doped ZnO nanorod arrays but show lower
values than that of oxygen-annealed Al-doped ZnO nanorod
arrays.

Figure 15 shows the photoresponse spectra of the air-
annealed undoped and Al-doped ZnO nanorod-array-based
UV photoconductive sensors. The spectra reveal that both
photocurrent and dark current of the undoped ZnO
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FIGURE 13: (a) TEM image and (b) SAED pattern of the undoped ZnO nanorod. (¢) TEM image and (d) SAED pattern of the Al-doped ZnO
nanorod.



12

Current (uA)
S
S
1

Voltage (V)

780 .

—— Undoped
—— Al-doped
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FIGURE 15: Photoresponse of undoped and Al-doped ZnO nanorod
array-based UV photoconductive sensors under UV illumination
(365 nm, 750 yW/cm?) and a 10 V bias.

nanorod-array-based UV photoconductive sensor show
lower values than that of the Al-doped ZnO nanorod-array-
based UV photoconductive sensor. The photocurrent/ dark
current of the device is 2.98 x 107°/2.97 x 10=° A, while
the responsivity and sensitivity values were calculated to be
0.60 A/W and 10.0, respectively. When comparing the perfor-
mance of the undoped and Al-doped ZnO nanorod-array-
based UV photoconductive sensors (i.e., as-grown, oxygen-
annealed, air-annealed, and vacuum-annealed Al-doped
ZnO nanorod arrays), the undoped ZnO nanorod-array-
based device shows the lowest photocurrent and responsivity
values. From this result, it can be shown that the doped Al
improved the photocurrent and responsivity of the devices
by increasing the carrier concentration of the nanorod arrays.
When ZnO is doped with Al, the AI’" ions substitute the
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Zn?* ions in their sites in ZnO lattice to generate free
electron in the process [8, 54, 55]. This condition increases
the carrier concentration of the nanorod arrays and thus,
improves the photocurrent and responsivity values of the
Al-doped ZnO nanorod-array-based UV photoconductive
sensors. Moreover, this phenomenon could also attributed
to the higher surface to volume ratio of Al-doped ZnO
nanorod-arrays compared to the undoped ZnO, which is
contributed by smaller size of the Al-doped ZnO nanorod
as can be observed in the FESEM and TEM images in
Figures 12 and 13, respectively. Besides that, the doped Al
was also reported to increase the stability and performance
of the UV photoconductive sensor by decreasing the defect
incident in ZnO such as Zn interstitials and oxygen vacancies
[8, 56]. On the other hand, the sensitivity value of the
undoped ZnO nanorod array-based UV photoconductive
sensor was greater than that of the as-grown and vacuum-
annealed Al-doped ZnO nanorod array-based devices but
lower than that of air-annealed and oxygen-annealed Al-
doped ZnO nanorod array-based UV photoconductive sen-
sor. We believed that this condition is mainly attributed to
the low dark current value of the undoped ZnO nanorod
array-based UV photoconductive sensor, which increases
the sensitivity value compared to that of the as-grown
and vacuum-annealed Al-doped ZnO nanorod array-based
devices. However, the undoped ZnO nanorod arrays lack free
electron, which lower the photocurrent value of the device.
As a result, the sensitivity of the undoped ZnO nanorod
array-based UV photoconductive sensor is lower than that
of the air-annealed and oxygen-annealed Al-doped ZnO
nanorod array-based UV photoconductive sensors.

In comparison with our previous study, the Al-doped
ZnO nanorod arrays show better UV sensing than that
of the ZnO nanoparticle thin film especially in term of
photocurrent and responsivity. The ZnO nanoparticles used
in UV photoconductive sensors tend to exhibit sluggish
photoresponses; this is likely the result of grain boundary
effects and the presence of surface defects, which reduce the
carrier mobility and increase carrier scattering within the
thin film [49, 55, 57, 58]. The use of the nanorod arrays
enhanced the UV photoconductive sensor performance due
to their high mobility and high surface-to-volume ratio. Bera
et al. emphasised that the UV photoconductivity of ZnO
is strongly related to the surface reaction processes; thus,
the high surface-to-volume ratios in the one-dimensional
(1D) nanostructure (i.e., nanorod) enhance the sensitivity of
the sensor beyond that of the ZnO nanoparticle thin film
[13]. According to Soci et al., 1D structures have several
advantages over bulk or thin films in UV sensor applications,
including light scattering enhancements that reduce optical
losses, improved light absorption, high photosensitivity
due to the high gain, and the possibility to integrate
functionalities within single 1D devices [59]. The prolonged
photocarrier lifetime, which is due to charge separation
promoted by surface states, and the reduction in carrier
transit time, which can be achieved in high-quality, low-
defect ZnO nanorods together with small gaps in the metal
contacts, both contribute to the high gain in nanorod-based
devices [59, 60].
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4. Conclusions

UV photoconductive sensors were successfully fabricated
using Al-doped ZnO nanorod arrays that were annealed
at 500°C in different environments. The nanorod arrays
were prepared on seed-layer-coated glass substrates using
sonicated sol-gel immersion. FESEM images reveal that the
deposited nanorods have an average diameter of 60 nm with
a thickness of approximately 600 nm including the seed layer.
Interestingly, after annealing in different environments (i.e.,
oxygen, air, and vacuum), the morphology and thickness
of the nanorod arrays remain almost unchanged. The XRD
patterns indicate that the as-grown and annealed nanorod
arrays have a prominent peak for the (002) orientation,
with the oxygen-annealed nanorod arrays presenting the
highest peak intensity, followed by the air-annealed, vacuum-
annealed and as-grown nanorod arrays. For the vacuum-
annealed nanorod arrays, the XRD measurement detected
the appearance of Zn peaks, which indicates that the nanorod
arrays are rich in Zn interstitial defects. The prepared
nanorod arrays also show high transmittance properties in
the visible region with an average transmittance of over
72%. According to the PL measurement spectra, the vacuum-
annealed nanorod arrays have the highest UV emission peak
intensity compared to the other samples. However, the air-
annealed nanorod arrays show slightly lower UV emission
peak intensity than those of the vacuum-annealed nanorod
arrays, whereas for the oxygen-annealed nanorod arrays,
the UV emission peak intensity is lower than that of the
air-annealed arrays but higher than that of the as-grown
nanorod arrays. Notably, we also observed that the oxygen-
annealed nanorod arrays have visible emission that is centred
at 630 nm, at which the intensity was almost similar with the
UV emission. This visible emission was correlated with oxy-
gen interstitials or adsorbed oxygen on the nanorod surface.
The I-V measurement spectra show that oxygen-annealed
nanorod arrays have higher resistance values than the other
samples, which was due to oxygen adsorption on the
nanorod surface. In contrast, the vacuum-annealed nanorod
arrays have low resistance values, which is due to the high
concentration of Zn interstitials. The photocurrent measure-
ment spectra indicate that the vacuum-annealed nanorod
arrays exhibit the highest photocurrent, followed by the air-
annealed, oxygen-annealed, and as-grown nanorod arrays.
However, the oxygen-annealed nanorod-array-based UV
photoconductive sensor shows the highest sensitivity value
of 55.6. This result was due to the significant reduction
of the dark current and suitable surface conditions of the
nanorod arrays, which facilitates fast oxygen adsorption
and desorption processes. In addition, the oxygen-annealed
nanorod arrays also show lower rise and decay time constants
compared to the other samples.
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