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Abstract

Highly transparent metal-semiconductor—metal ultraviolet (UV) photoconductive sensors were fabricated using thin (less than 100 nm in
thickness), dense, small-diameter ZnO nanocolumn arrays prepared via low-power, catalyst-free radio frequency (RF) magnetron sputtering at
different oxygen flow rates ranging from 0 to 25 sccm. The FESEM images revealed the average nanocolumn diameter decreased with increasing
oxygen flow rate. The transmittance spectra show that with the introduction of oxygen, the transmittance of the nanocolumn arrays in the visible
region improves relative to that of a film prepared in the absence of oxygen with values greater than 95%. The UV responsivity and sensitivity
were significantly improved for sputtered ZnO nanocolumn arrays prepared at oxygen flow rates up to 10 sccm, with the highest values of
9.70 mA/W and 2.20 x 10*. Furthermore, the responsivity and sensitivity decreased at oxygen flow rates greater than 10 sccm, which can be
attributed to the increased electrical resistance of the nanocolumn arrays. Our findings indicate that a high-performance UV photoconductive

sensor can be realised using very thin sputtered ZnO nanocolumn arrays and that such a sensor would exhibit high sensitivity.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Nanostructured zinc oxide (ZnO) has emerged as a promising
material for applications in UV photoconductive sensors because
of its unique physical and chemical characteristics, wide
bandgap energy of 3.3 eV, and high exciton binding energy of
60 meV. Nanostructured ZnO-based UV photoconductive sen-
sors have been widely studied because of their numerous
applications, which include gas sensors, surface acoustic wave
(SAW) devices, flame sensors, and ozone monitoring. Various
ZnO nanostructures have been studied for UV photoconductive
sensor applications, including nanofibers [1], nanoflakes [2],
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nanosheets [3], and nanorods [4—7]. The performance of UV
photoconductive sensors has been significantly improved
through the use of ZnO one-dimensional (1D) nanostructured
arrays, in particular, because of the characteristics of the 1D
nanostructured arrays, which have a high surface-to-volume ratio
and high electron mobility. Numerous synthesis methods have
been reported for the preparation ZnO 1D nanostructured arrays,
including vapour solid deposition [8], electrodeposition [9,10],
metal-organic chemical vapour deposition (MOCVD) [11],
pulsed laser deposition (PLD) [12], and solution-based processes
[13—17]. The preparation of ZnO 1D nanostructured arrays using
a sputtering process is important in the fabrication of devices
because of this method's advantages, which include a low
deposition temperature, the possibility of large-scale synthesis,
and the relatively low cost compared with that of other vacuum-
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based techniques, such as MOCVD and PLD. Furthermore, due
to the stability of the sputtering process, the growth of films can
be well controlled and is reproducible [18].

The performance of UV photoconductive sensors based on
ZnO film can be improved via several methods. For example,
surface treatments (i.e., plasma and heat treatments) have been
shown to increase the UV-sensing capability of ZnO film by
improving the surface conditions, which allow for more efficient
interactions with the surrounding environment [19-21]. In addi-
tion, coating the film with certain materials also results in an
improved photoresponse of the UV-sensing device [22,23].
Furthermore, the surface area of the sensing material has been
increased through the utilisation of 1D nanostructured with a
small diameter and a dense array in the UV sensor, resulting in a
UV sensor with improved performance [24]. Among these
strategies for improving UV sensing, the preparation of small-
diameter and dense 1D nanostructured arrays is the most
fundamental aspect in the production of high-performance UV
sensors. The preparation of a small-diameter and dense 1D
nanostructured array via surface treatments and coating processes
may further improve the performance of UV sensors and
represents an approach that is challenging but nonetheless
attractive, particularly if high quality ZnO 1D nanostructured
arrays can be produced using a sputtering technique. Although
grain boundary that exists in sputtered ZnO 1D nanostructured
arrays is generally regarded to be worse for devices, the
enhancement of surface area due to grain boundary can effec-
tively improves the UV sensor performance. Therefore, the UV
photoconductive sensor fabricated using sputtered ZnO nanocol-
umn arrays is expected to give higher performance than that of
thin film-based UV sensor. Various sputtering parameters,
including radio frequency (RF) power, deposition pressure, and
the insertion of oxygen, may influence the deposition process and
the quality of the resulting ZnO film. Sputtered ZnO films
produced with oxygen introduced during the deposition have
shown different optical, structural, and electrical characteristics
when prepared under different oxygen flow rates [25-27].
Therefore, variations in the oxygen flow rate are expected to
result in sputtered-ZnO-based UV photoconductive sensors with
different performance characteristics. Generally, the growth of
ZnO 1D nanostructured arrays is most likely determined by
surface energy. According to Shet et al., substrate temperature
played important role to the growth of nanostructured arrays [28].
Insertion of oxygen gas during sputtering process is also essential
for 1D nanostructured growth. According to Chou et al., higher
oxygen content or oxygen partial pressure during sputtering
process results in higher area density of 1D ZnO nanostructures
[29]. They explained that at higher oxygen partial pressure, there
will be more collision between the oxygen and substrate, creating
more energetic or active sites on the substrate in the process,
which enhance the growth of the ZnO nanostructures. Besides,
the addition of oxygen also enhances the (002) orientation or the
c-axis preferred growth and forms single crystalline ZnO.

Herein, we report the fabrication of UV photoconductive
sensors using highly transparent, dense, and small-diameter
ZnO 1D nanostructured in form of nanocolumn arrays, which
were prepared via catalyst-free RF magnetron sputtering at

different oxygen flow rates. In addition, the prepared ZnO
nanocolumn arrays have thicknesses of less than 100 nm,
which is rare among ZnO films used in highly responsive UV
photoconductive sensors. These fabricated sensors exhibit high
sensitivity on the order of 10%, which indicates that sputtered
ZnO nanocolumn arrays are a promising sensing material for
UV photoconductive sensors. Our study also reveals that the
performance of the UV photoconductive sensors differs when
the sensors are fabricated with ZnO nanocolumn arrays
prepared at different oxygen flow rates.

2. Experimental procedure

ZnO nanocolumn arrays were deposited on a glass substrate
without a catalyst using an RF magnetron sputtering (SNTEK,
Korea) technique at a low power of 50 W. The nanocolumn
arrays were deposited using a pure ZnO target (4 in., Process
Materials, USA, 99.99%) at a deposition pressure of 0.67 Pa
and a substrate temperature of 100 °C for 30 min. After a base
pressure of 1 x 10~ % Pa was achieved in the chamber, pure
argon and oxygen gases were fed into the chamber for the
deposition process. During this process, the flow rate of argon
was fixed at 45 sccm, whereas the flow rate of oxygen was
varied from 0 to 25sccm. The sample was subsequently
removed from the deposition chamber and annealed in air
for 1 h at 500 °C. To complete the metal-semiconductor—metal
(MSM)-type ultraviolet photoconductive sensor structure, 60-
nm-thick Al-metal contacts were deposited onto the samples
with inter-electrode distances of 2 mm using a thermal
evaporator at a deposition pressure of 4 x 10~* Pa. A sche-
matic diagram of sputtered ZnO nanocolumn array-based UV
photoconductive sensor is shown in Fig. 1.

The surface morphology and cross-sections of the ZnO
nanocolumn arrays were characterised by field-emission scan-
ning electron microscopy (FESEM, JEOL JSM-7600F). The
crystallinity of the samples was characterised using X-ray
diffraction (XRD, Panalytical X'pert Pro). The optical proper-
ties of the nanocolumn arrays were characterised using
ultraviolet—visible—near-infrared (UV-vis—NIR) spectrophoto-
metry (Perkin Elmer Lambda 750). The current-voltage (I-V)
characteristics of the samples were investigated using a two-
probe I-V measurement system (Keithley 2400). UV photo-
response measurements of the fabricated sensors were

UV illumination (365 nm, 750 uW/ch)

Al metal contacts & &

Sputtered ZnO
nanocolumn

Glass substrate ==

Fig. 1. A schematic diagram of sputtered ZnO nanocolumn array-based UV
photoconductive sensor.
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Fig. 2. Surface morphology of sputtered ZnO nanocolumn arrays prepared at oxygen flow rates of (a) 0, (b) 5, (c) 10, (d) 15, and (e) 25 sccm. (f) Magnified FESEM
image of sputtered ZnO nanocolumn arrays prepared at an oxygen flow rate of 10 sccm.

performed using a UV photocurrent measurement system
(Keithley 2400) operated at 365 nm with a power density of
750 tW/cm?2 and a bias voltage of 10 V.

3. Results and discussion

The FESEM images of the sputtered ZnO nanocolumn
arrays on glass substrates prepared at oxygen flow rates
ranging from 0 to 25 sccm are shown in Fig. 2(a)—(f). These

images indicate that the nanocolumns were densely deposited
on the glass substrate using catalyst-free RF magnetron
sputtering. The FESEM image of a sample prepared without
oxygen (0 sccm) shows that the uniformity of the sample is
poor because the film consists of both large- and small-
diameter nanocolumns. However, when oxygen was flowed
during the sputtering process, films with high uniformity were
deposited; these films consist of well-distributed, small-
diameter ZnO nanocolumn arrays on the substrate, as shown
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Fig. 3. Cross-sectional images of sputtered ZnO nanocolumn arrays prepared at oxygen flow rates of (a) 0, (b) 5, (c) 10, (d) 15, and (e) 25 sccm. (f) 450,000 x
magnified cross-sectional image of sputtered ZnO nanocolumn arrays prepared at an oxygen flow rate of 10 sccm.

in Fig. 2(b)-(e). The 450,000 x magnified FESEM image of
ZnO nanocolumn arrays prepared at 10 sccm shown in Fig. 2
(f) reveals that the nanocolumns have a small diameter of 10 to
20nm and are uniformly deposited on the substrate. The
average diameter of the nanocolumns was estimated from the
FESEM images as 24, 19, 17, 15, and 14 nm when prepared at
oxygen flow rates of 0, 5, 10, 15, and 25 sccm, respectively.
These results indicate that the diameter of the sputtered

nanocolumns decreased incrementally as the nanocolumns
were grown at higher oxygen flow rates.

The cross-sectional images of sputtered ZnO nanocolumn
arrays prepared at oxygen flow rates of 0, 5, 10, 15, and
25 scem are shown in Fig. 3(a)—(e). The images reveal that the
ZnO films deposited by RF magnetron sputtering contained
highly dense, thin, and aligned ZnO nanocolumn arrays. The
magnified image in Fig. 3(f) of a sputtered ZnO film prepared
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at an oxygen flow rate of 10 sccm shows that the nanoscopic
aligned ZnO nanocolumn arrays were vertically deposited on
the glass substrate. The thickness of these films were estimated
from the FESEM images to be 80, 70, 67, 58, and 53 nm for
films prepared at oxygen flow rates of 0, 5, 10, 15, and
25 scem, respectively.

The slight decrease in both the thickness and the nanocol-
umn diameter of the nanocolumn arrays with increasing
oxygen flow rates is due to the increase of electronegative
oxygen in the sputtering discharge [30]. This electronegative
oxygen, which is highly affinitive to electrons in the discharge,
reduces the plasma density and thus, results in fewer positive
argon ions. This condition reduces the sputtering rate and
finally, reduces both thickness and diameter of the nanocol-
umns when more oxygen is introduced into the sputtering
chamber. The decrease in both the thickness and the diameter
of the nanocolumn arrays with increasing oxygen flow rates
may also be caused by differences in the sputtering yield of the
two gases (argon and oxygen) [31]. The rare-gas ions of argon
have a higher sputtering rate compared to the reactive-gas ions
of oxygen. In addition, high oxygen flow rates also decreased
the argon partial pressure and, therefore, decreased the number
of bombarding argon ions, which decreased the deposition rate
of ZnO [26]. A high flow rate of oxygen may also disturb the
bombardment of argon ions towards the ZnO target because
oxygen molecules may adsorb onto the target surface [32].

The XRD patterns of the sputtered ZnO nanocolumn arrays
prepared at oxygen flow rates of 0 and 10 sccm are shown in
Fig. 4. The diffraction patterns of the nanocolumn arrays
exhibit peaks that can be indexed to the ZnO hexagonal phase
with a wurtzite structure (Joint Committee on Powder Diffrac-
tion Standards (JCPDS) PDF no. 36-1451). The broad peak
located between 20° and 40° is due to the glass substrate [33].
The XRD patterns of sputtered nanocolumn arrays prepared at
an oxygen flow rate of 0 sccm exhibit three peaks correspond-
ing to the (100), (002), and (101) planes of ZnO. However, the
XRD spectrum of the sample prepared at an oxygen flow rate
of 10 sccm shows only the (002) peak, which indicates that the
nanocolumns preferentially grow along the c-axis or perpendi-
cular to the substrate. In addition, the prominent (002) peak in
the spectrum of the nanocolumn arrays prepared at an oxygen
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Fig. 4. XRD patterns of sputtered ZnO nanocolumn arrays prepared at oxygen
flow rates of O (i.e., in the absence of oxygen) and 10 sccm.

flow rate of 10 sccm is more intense than that in the spectrum
of the nanocolumn array prepared at an oxygen flow rate of
0 sccm (without oxygen). This result indicates that the crystal-
linity of the prepared nanocolumn arrays improved when
oxygen was introduced during the deposition process. Because
of the high-energy bombardment of argon ions on the target
with a high sputtering rate in the absence of oxygen, structural
defects, such as dislocations, are most likely formed, which
diminish the crystallinity of the films [31]. Therefore, the
introduction of oxygen is essential during the sputtering
process to improve the crystallinity of the ZnO film. A similar
observation has also been reported by Wang et al., who studied
RF magnetron sputtered ZnO films at oxygen flow rates
between 0 and 10 sccm [33]. According to their results, the
diffraction pattern of a ZnO film grown without oxygen
contained numerous diffraction peaks corresponding to the
(002), (101), (102), (103), (201), and (004) planes. However,
when oxygen was introduced during the sputtering process, the
film grew preferentially along the c-axis or (002) plane, and
the other diffraction peaks disappeared, except the (002) and
(004) peaks. According to their results, this (002)-plane
preferential growth became more pronounced with higher
oxygen flow rates. It was suggested that this increased (002)
preferential growth with increasing oxygen flow rates was due
to a decrease in the concentration of oxygen vacancies.

Fig. 5(a) shows the transmittance spectra of the sputtered
ZnO nanocolumn arrays prepared with different flow rates of
oxygen in the wavelength range from 300 to 1500 nm. These
spectra demonstrate that the nanorod arrays exhibit good optical
transmittance in the visible (400-800 nm) and near-infrared
(800-1500 nm) ranges. The spectra also reveal that with the
introduction of oxygen, the transmittance of the nanocolumn
arrays improves relative to that of a film prepared in the absence
of oxygen. The average transmittance in the visible region of
ZnO nanocoumn arrays prepared with oxygen flow rates of 5,
10, 15, and 25 sccm was estimated to be 96%, 98%, 97%, and
97%, respectively. Notably, the average transmittance in the
visible region of the ZnO nanocolumn arrays prepared in the
absence of oxygen (0 sccm) was approximately 90%. These
results demonstrate that the sputtering process produces ZnO
nanocolumn arrays with transparencies in the visible region
greater than 90%. The lower transmittance of the ZnO
nanocolumn arrays prepared without oxygen may be due to
poor uniformity of the film, as shown in the FESEM image in
Fig. 2(a). According to Ahn et al., the deposition of a ZnO film
without oxygen in a sputtering process produced a film with a
rough surface that exhibited degraded optical transmittance [31].
Fig. 5(b) shows the absorbance spectra of ZnO nanocolumn
arrays prepared using different oxygen flow rates. The absor-
bance spectra reveal that all of the samples exhibit good UV
absorption properties at wavelengths of less than 400 nm, with
an absorption peak centred at approximately 365 nm. The strong
absorption properties in the UV region indicate that the
sputtered nanocolumn arrays are suitable for UV photoconduc-
tive sensor applications.

The optical bandgap energy of sputtered ZnO nanocolumn
arrays, in the high absorption region could be expressed by the
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Fig. 5. UV-vis—NIR (a) transmittance and (b) absorbance spectra of sputtered
ZnO nanocolumn arrays prepared at different oxygen flow rates.

following Tauc's relation (1) [34]:
ahv=B(hv—E,)" 1)

where hv is the photon energy, E, is the optical band gap and B
is an energy-independent constant having values between
1x10° and 1x 10°cm ™' eV ™', which is depending on elec-
tron—hole mobility [35]. The a is an absorption coefficient,
which can be calculated using transmittance data that has been
estimated from Lambert's law as shown in the following Eq. (2):

o« } In (%) 2

where ¢ is the thickness and T is the transmittance of the of
sputtered ZnO nanocolumn arrays. The n represents an exponent
which can be a different values depending on the nature of the
electronic transitions responsible for the optical absorption; n=1/
2 and 3/2 for direct allowed and forbidden direct transitions,
respectively, n=2 and 3 for indirect allowed and forbidden
indirect transition, respectively. Due to the fact that ZnO is a
direct band gap material, the value of n is taken as 1/2 and the
optical band gap is determined from the Tauc's plot as shown in
Fig. 6(a). The band gap was estimated as the energy at which the
extrapolated linear part of (ahv)® versus hv plot intersects the
photon energy (x-axis). The optical band gap energy estimation
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Fig. 6. (a) Estimation of the optical bandgap energy, Eg, of ZnO nanocolumn

arrays using Tauc's plot as a function of oxygen flow rate. (b) Plot of optical
bandgap versus oxygen flow rate.

of the sputtered ZnO nanocolumn arrays with respect to oxygen
flow rate is shown in Fig. 6(b). The band gap energy of ZnO
nanocolumn arrays prepared with oxygen flow rates of 0, 5, 10,
15, and 25 sccm was estimated to be 3.222, 3.229, 3.233, 3.231,
and 3.230 eV, respectively. According to Ansari et al., the band
gap energy of ZnO may be influenced by the oxygen vacancies
in the ZnO lattice and lattice disorder represented by band tail or
Urbach energy [36]. The authors explained that the oxygen
vacancies in the ZnO lattice decrease band gap energy, which
was also in agreement with the other reported works [37,38].
Moreover, the lattice disorder can generate a band tail below the
conduction band, which also reduces band gap energy [39-41].
The oxygen vacancies and lattice disorder are common defects in
the sample prepared without or under low oxygen ambient in the
sputtering process [42—45]. Therefore, the ZnO nanocolumn
arrays prepared without oxygen may have higher density of
oxygen vacancies and lattice disorder as the sputtering process
was conducted without oxygen. However, these defects were
reduced when oxygen was introduced in the sputtering chamber
up to 10 sccm. This condition subsequently increased the band
gap energy of ZnO nanocolumn arrays when the oxygen flow
rate was increased from O sccm to 10 sccm. The increase in band
gap energy with the increased flow rate from 0 sccm to 10 sccm
may also be related to the decrease in resistance value, as
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discussed in the I-V plot, because the ZnO band gap is sensitive
to small changes in carrier concentration, grain boundary
configuration, and film stress [46]. However, the band gap
energy decreased when the oxygen flow rate was further
increased to 25sccm. Under rich oxygen ambient in the
sputtering process, oxygen interstitials have low formation
energies, which can occupy the interstitial sites of the ZnO
lattice [47]. Furthermore, excessive oxygen may produce struc-
tural defects that contribute to lattice disorder and poor crystal-
linity [48,49]. This condition introduces states in the lower part
of the band gap, and these states can accept two electrons,
thereby acting as compensation centres [47]. This energy state
may reduce the electron concentrations, which causes the shift in
the Fermi level to lower energies and increases the Urbach
energy or band tailing, thereby decreasing the band gap energy
of ZnO nanocolumn arrays at higher oxygen flow rates greater
than 10 sccm. This energy state may be the reason behind the
increased resistance when the ZnO nanocolumn arrays were
prepared at an oxygen flow rate greater than 10sccm, as
discussed in the I-V plot.

The structural disorder in the sputtered ZnO nanocolumn
arrays was characterised by the slope of the Urbach tail or
Urbach energy. The Urbach energy can be used to evaluate the
defective concentration in the sputtered ZnO nanocolumn
arrays. The Urbach law states that o near the band edges is
exponentially dependent on photon energy, hv, as shown by
the following equation (3)[50]:

a = apexp (g) (3)

u

where E, is the Urbach energy, and ay is a constant. Thus, the
Urbach energy can be determined through the plot of In (@)
versus photon energy, in which the value of the Urbach energy
is equal to the reciprocal gradient of the linear potion of the
plot. The Urbach plots of the nanocolumn arrays are shown in
Fig. 7(a).

The Urbach energy has the dimension of energy related to
the width of the localised states in the band gap. This energy is
considered a free parameter indicating the effect of all possible
defects. These defects may be originated during the film
growth process, causing lattice disorders and generating stress
in the film. The defects in ZnO lead to local electric fields that
influence the band tails [51]. The plot in Fig. 7(b) reveals that
the Urbach energy reduced when the oxygen flow rate was
increased from O sccm to 10 sccm but increased when the flow
rate was increased to 25 sccm. The calculated Urbach energy
values of sputtered ZnO nanocolumn arrays prepared at
oxygen flow rates of 0, 5, 10, 15, and 25 sccm were 149,
129, 122, 130, and 131 meV, respectively. The Urbach energy
values inversely varied with the optical band gap energy.
During the formation of ZnO nanocolumn arrays at different
oxygen flow rates, some defects were formed that produced
localised states in the films. Thus, the increase in the width of
the localised states, which was represented by the Urbach
energy, decreased the optical band gap energy. This result
suggested that the structural defects were reduced when
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Fig. 7. (a) Plot of In(a) versus photon energy for ZnO nanocolumn arrays
prepared at various oxygen flow rates. (b) Urbach energy E, of ZnO
nanocolumn arrays as a function of oxygen flow rates.

oxygen was introduced up to 10 sccm but increased when
the flow rate was increased to 25 sccm. At the flow rate of
Osccm, the corresponding Urbach energy was high at
149 meV and decreased very slowly with the increase in flow
rate up to 10 sccm. As the flow rate increased to 10 sccm, the
oxygen atoms diffused, occupied the correct site in the ZnO
crystal lattice, grew at lower surface energy, and finally
improved the structural properties of the nanocolumn arrays.
The decrease in Urbach energy was also related to the
reduction in oxygen vacancy defects. The density of oxygen
vacancy defects in the sputtered ZnO nanocolumn arrays was
expected to reduce when the oxygen flow rates increased up to
10 sccm, which may decrease the density of mid-gap states
induced by oxygen vacancies [52]. As a result of the reduction
in sub-gap states below the conduction bands, the optical band
gap energy of the ZnO nanocolumn increased at the oxygen
flow rate of up to 10 sccm. According to Seo et al., the reduced
band gap of nonstoichiometric oxide semiconductor films was
caused by the sub-oxide states associated with the oxygen
vacancies [53]. However, Urbach energy increased at the flow
rates of more than 10 sccm, suggesting the irregular atomic
arrangement of ZnO nanocolumn arrays at higher oxygen flow
rates. When the oxygen content was too high with high flow
rates, the atomic arrangement in the lattice structure became
disordered and the oxygen atoms randomly occupied the
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interstitial sites, thereby degrading the crystal quality of ZnO
nanocolumn arrays. Bachari et al. reported that low oxygen
content in the film structure causes an increase in crystal-
lographic defects, whereas high oxygen content destroys the
stoichiometry because of the lower surface mobility of the
deposited atoms and lower kinetic energy for surface diffusion
[49]. In addition, adding more oxygen into the discharge may
produce more neutral oxygen atoms, which diffuse into films
without sufficient energy, thereby creating additional unex-
pected defects [45,54]. Excessive oxygen in low-power
sputtering causes a decrease in the surface mobility of the
deposited atoms and provides less energy for surface diffusion.
Consequently, the crystallinity of the deposited films
decreases. [48,49].

The -V characteristics of the sputtered ZnO nanocolumn
arrays prepared at different oxygen flow rates are shown in
Fig. 8. The linear /-V curves indicate that the sputtered ZnO
nanocolumn arrays form a good ohmic contact with the Al
metal. The result also shows that the current, with respect to
the supplied voltage, increased for the sputtered ZnO nano-
column arrays prepared at oxygen flow rates as high as
10 sccm. However, the current decreased when the flow rate
of oxygen was further increased to 25 sccm. The resistance of
the sputtered ZnO nanocolumn arrays prepared at oxygen flow
rates of 0, 5, 10, 15, and 25 sccm was 16.7, 5.2, 2.3, 9.8, and
16.5 GQ, respectively.

Based on several studies, the introduction of oxygen during
the sputtering process normally reduces the carrier concentra-
tion because the occurrence of native donors, such as zinc
interstitials and oxygen vacancies, is reduced [26,32]. How-
ever, the polycrystalline nature, structural defects, and poor
uniformity of the sample without oxygen might be the factors
that increase the resistance of the film. In our study, the
introduction of oxygen at flow rates of up to 10 sccm improved
the electronic conduction in the film, as shown by the
decreased resistance. The addition of oxygen is believed to
result in films with good electron mobility that is facilitated by
the improved uniformity, low structural disorder (Urbach
energy), and crystallinity of the film compared to that of the
sample deposited in the absence of oxygen, as shown in the
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Fig. 8. Current—voltage (I-V) plots of the sputtered ZnO nanocolumn arrays
prepared at different oxygen flow rates.

FESEM micrographs (Fig. 2), Urbach energy plot (Fig. 7) and
XRD patterns (Fig. 4). The nanocolumn arrays prepared in the
absence of oxygen may contain numerous dislocations and
structural defects, which result in electron scattering and, thus,
high resistance in the film. This defects may also traps electron
with long lifetime, which reduce the carrier concentration in
the films. When oxygen was introduced during the sputtering
process, the occurrence of structural defects was reduced,
which improved the conductivity of the films. However, the
excessive oxygen introduced at flow rates greater than 10 sccm
during the sputtering process produced films with high
resistance because the oxygen ions most likely situate at the
interstitial position of the lattice, thereby forming oxygen
interstitials and/or antisite defects [55]. These acceptor-like
defects consume electrons in the film to increase the resistance
of the film. Furthermore, high numbers of oxygen molecules
facilitated by a high oxygen flow rate during the sputtering
process may be chemisorbed onto the nanocolumn arrays and
may increase the band bending, which decreases the electron
mobility of the film [26]. This result also consistent with the
calculated Urbach energy as discussed above. Similar observa-
tions have been reported by Kim et al., who studied the effect
of the oxygen/argon flow-rate ratio on the growth of Ga-doped
ZnO films [27]. According to their analysis, an increase in the
oxygen/argon flow-rate ratio up to certain value (i.e., 0.25)
resulted in reduced resistivity of the film due to enhanced
crystallinity and increased mobility; however, at high oxygen/
argon flow-rate ratios (i.e., greater than 0.25), the resistivity
increased due to the segregation of oxygen atoms in the lattice.

The spectra from the photocurrent measurements for the
sputtered ZnO nanocolumn arrays deposited at different oxygen
flow rates are shown in Fig. 9(a). The results indicate that the
photocurrent of the sensors increased for the sputtered nano-
column arrays prepared at oxygen flow rates of up to 10 sccm.
However, the photocurrent of the sensor decreased for the
nanocolumn arrays prepared at oxygen flow rates of 15 and
25 sccm. The photocurrents (dark current) of the sensors were
1.88x 1077 (1.28x 107", 282x1077 (1.54x 10~ 'h,
435x 1077 (1.98 x 1071, 351 x 1077 (1.92 x 10~ '), and
138x 1077 (1.13x 10~ ') A for the sputtered nanocolumn
arrays prepared at oxygen flow rates of 0, 5, 10, 15, and
25 sccm, respectively. The improvement in the photocurrent
value of sputtered ZnO nanocolumn arrays prepared at oxygen
flow rates up to 10 sccm may be due to a decrease in the
resistance of the nanocolumn arrays, as shown in the -V
measurement data. This photocurrent improvement may also be
attributed to the improved structural properties of the sputtered
ZnO nanocolumn arrays prepared at an oxygen flow rate of
10 sccm, which resulted in an enhanced mobility of the
photoexcited electron across the Al contacts. However, at
oxygen flow rates greater than 10 sccm, the oxygen ions may
occupy the interstitial positions of the lattice sites to form
oxygen interstitials or/and antisite defects that may again inhibit
electronic conduction in the ZnO films [55]. As a result, the
photocurrent and the dark current of the sensors decreased when
sputtered ZnO nanocolumn arrays prepared at oxygen flow rates
of 15 and 25 sccm were used. The resistance values of these
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Fig. 9. (a) Photoresponse spectra of the UV photoconductive sensors using
sputtered ZnO nanocolumn arrays prepared at different oxygen flow rates; the
spectra were measured under UV illumination (365 nm, 750 pW/cm?) and a
10-V bias. (b) The variations in sensitivity and responsivity of the UV
photoconductive sensors using sputtered ZnO nanocolumn arrays prepared at
different oxygen flow rates.

samples were also greater than that of the nanocolumn arrays
prepared at an oxygen flow rate of 10 sccm, as revealed by the
I-V curves. These oxygen defects also induce the formation of a
non-conductive barrier or a depletion region and, thus, upward
band bending [56]. From these photocurrent measurement
results, the responsivity of the devices was calculated using
the following equation (4) [57]:

Iph - Idark
P,

R= (4)
where 1,,;, is the photocurrent, I, is the dark current, and P,, is
the optical power of the UV source (4.49 x 1073 W). The
results of these calculations indicate that the sputtered ZnO
nanocolumn arrays prepared at an oxygen flow rate of 10 sccm
exhibited the highest responsivity, with a value of 9.70 mA/W.
The responsivities of the other sensors were 4.19, 6.27, 7.81,
and 3.07 mA/W for the sputtered nanocolumn arrays prepared at
oxygen flow rates of 0, 5, 15, and 25 sccm, respectively.
Interestingly, the sensitivity of the sensors, which is defined
as the photocurrent-to-dark-current ratio, was very high: on the
order of 10* for all of the ZnO nanocolumn array sensors. This
high sensitivity of the sputtered ZnO nanocolumn array-based

UV photoconductive sensors is attributed to the large surface
area facilitated by the high density and small diameter of the
nanocolumns [24]. The sensitivity of the sensors was
147 x 10%, 1.83 x 10*, 2.20 x 10*, 1.83 x 10*, and 1.40 x 10"
for sputtered nanocolumn arrays prepared at oxygen flow rates
of 0, 5, 10, 15, and 25 sccm, respectively. This result indicates
that the sensitivity of sputtered ZnO nanocolumn array-based
UV photoconductive sensors can be enhanced through an
increase in the oxygen flow rate to 10 sccm during the sputtering
process. The variations in sensitivity and responsivity of the UV
photoconductive sensors using sputtered ZnO nanocolumn
arrays prepared at different oxygen flow rates are depicted in
Fig. 9(b).

Based on several reports, the sensitivity of the sensor is
generally influenced by the surface area availability and the
surface conditions of the nanocolumns that are capable of
promptly adsorbing and desorbing oxygen [24,58,59]. The
oxygen adsorption and desorption processes can be explained
as follows. In the dark, oxygen molecules tend to adsorb onto
nanocolumn surfaces by capturing free electrons and produ-
cing adsorbed oxygen ions, as shown by the following
equation (5) [60,61]:

Oy+e” -0, (5)

where O, is an oxygen molecule, e is a free electron, and O;
is an adsorbed oxygen ion on the nanocolumn surface. The
adsorbed oxygen ions create a barrier near the surface that
generates a low current prior to UV illumination. When the
nanocolumns are irradiated with UV light, photogenerated
electron-hole pairs are produced at the surface according to the
following Eq. (6):

h—ht +e™, (6)

where hv is the photon energy of the UV light, A is the
photogenerated hole in the valence band, and e~ is the
photogenerated electron in the conduction band. The photo-
generated holes recombine with the adsorbed oxygen ions on
the surface, thereby producing oxygen molecules; this reaction
also eliminates the barrier near the nanocolumn surface. This
process is described by following Eq. (7):

0, +ht >0, @)

Simultaneously, the desorption of oxygen ions adsorbed
onto the nanocolumn surface produces photogenerated elec-
trons in the conduction band, which increases the film
conductivity and contributes to the photocurrent. When the
UV light is switched off, the oxygen once again starts to
adsorb onto the nanocolumn surface, which decreases the
conductivity of the sensor. From our results, the high density
and small diameter of the sputtered nanocolumn arrays
facilitate a large surface area for oxygen adsorption and
desorption processes, which results in the high sensitivity of
the devices [24]. In addition, high UV sensitivity of the ZnO
nanocolumn arrays resulted from the increase in photocurrent
magnitude [62]. This finding was expected from the electrical
resistance data, which showed an inverse relation between the
photocurrent and sensitivity with the electrical resistance of the
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samples, similar to previously reported work [63]. According
to the resistance data, the resistance of the ZnO nanocolumn
arrays reduced when the oxygen flow rate increased from
0 sccm to 10 scem but increased when the flow rate increased
to 25 sccm. By contrast, the photocurrent and sensitivity of the
ZnO nanocolumn array-based UV photoconductive sensor
increased when the flow rate increased from 0 sccm to 10 sccm
but decreased when the flow rate increased to 25 sccm. The
high photocurrent obtained for ZnO nanocolumn arrays pre-
pared at 10 sccm may be attributed to its enhanced crystallinity
and low Urbach energy, which indicated that the structural
disorder of the sample was the lowest. Given this condition,
the ZnO nanocolumn arrays prepared at 10 sccm had more
photogenerated free electrons, which could be accredited to the
significantly suppressed recombination of photogenerated
charge carriers [46,64]. This result suggested that the photo-
current of the sensor increased when the resistance and
structural disorder of the sample decreased, contributing to
high sensitivity of the samples, particularly for the ZnO
nanocolumn arrays prepared at the oxygen flow rate of
10 scem.

The relationship of the sensor behaviour to the adsorption
and desorption of oxygen was studied by Jun et al [57]. They
measured fabricated UV sensors under different atmospheric
pressures (0.1-1.0 atm) with different oxygen levels. They
found that the photoresponse decay time constant of the sensor
increased with decreasing atmospheric pressure. Because the
lower atmospheric pressure caused a lower oxygen content, the
ability of the sensor to return to its initial state (dark current)
was reduced as the adsorption of oxygen onto the ZnO surface
was reduced. This condition increased the decay time constant
of the device as the atmospheric pressure was lowered.
Similarly, Cheng et al. also demonstrated the dependency of
ZnO on the oxygen adsorption process [65]. They fabricated
ZnO microtube ultraviolet photodetectors using a microwave-
heating growth method. They analysed their fabricated sensors
in different environments (e.g., air, O,, Ar, and N,) and found
that the sensor responses and the photocurrent were highly
dependent on the environment. It was found that the response
of the sensor was fastest in the oxygen ambient environment,
with rise and decay times of 2.9 and 100 s, respectively. They
acknowledged that this sensing behaviour was due to the rapid
desorption and adsorption of oxygen on the nanorod surface as
the UV illumination was being turned on and off in the rich
oxygen environment. Ok et al. fabricated a ZnO nanowire-

Table 1
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carbon nanotube (CNT) heterostructure-based UV photocon-
ductive sensor using the CVD technique [66]. By using Au for
the metal contacts, the fabricated sensor demonstrated a high
response with a photocurrent of approximately 33 pA under
365-nm UV light with an optical power density of 74 mW/
cm?’. They also reported that their fabricated sensors did not
work under vacuum, which indicated that the response of their
sensors was governed by the oxygen adsorption and desorption
process.

We also observed that photocarrier relaxation or photocur-
rent decay under UV illumination occurred for the sputtered
ZnO nanocolumn arrays prepared at oxygen flow rates of 0 and
5 sccm. However, for the sputtered ZnO nanocolumn arrays
prepared at oxygen flow rates of 10 sccm or greater, this
photocurrent decay was reduced. Photocurrent decay under
UV illumination mainly occurs due to photoexcited electron
trapping by the surface re-adsorbed oxygen molecules [22].
According to Bera et al., this condition is also due to the
existence of structural defects, such as positively charged Zn
interstitials, on the nanorods, which act as recombination
centres for the photoexcited electrons [67]. Because the
recombination centres have a longer lifetime, the re-
excitation process of recombined electrons cannot occur as
fast as the recombination process, which decreases the photo-
current value under steady UV illumination. This result
indicates that the photocurrent decay under UV illumination
could be reduced through the introduction of oxygen at a high
flow rate during the sputtering process, which decreases the
occurrence of defects (i.e., recombination centres for photo-
excited electrons) in the nanocolumn arrays and thus reduces
the photocurrent decay under steady UV illumination.

The rise (decay) time constants of the sensors were
calculated from the photocurrent spectra using following
Egs. (8), and (9):

t
I=1Iy {1 —exp ( — —)] : rise process with UV illumination on

®)

t
I =Ipexp < — —> : decay process with UV illumination off.
Ta
)

Here, I is the magnitude of the current, I, is the saturated
photocurrent, ¢ is the time, 7, is the rise time constant, and z, is

Characteristics of UV photoconductive sensors based on sputtered ZnO nanocolumn prepared at different oxygen flow rates; the measurements were performed
under 365-nm UV illumination with an optical power of 750 pW/cm? and a 10-V bias.

Oxygen flow rate

Dark current (A) Photocurrent (A) Rise time constant Decay time

Photocurrent-to-dark current ratio or Responsivity (mA/W)

(sccm) (s) constant (s) Sensitivity

0 128 x 1071 1.88x 1077 13 14 1.47 x 10* 4.19
5 1.54 x 1071 2.82x 1077 7 8 1.83 x 10* 6.27
10 1.98 x 10~ 1 435%x 1077 6 7 2.20 x 10* 9.70
15 1.92x 1071 351x 1077 5 5 1.83 x 10* 7.81
25 L13x 1071 1.38x 1077 5 4 1.40 x 10* 3.07




M.H. Mamat et al. / Ceramics International 42 (2016) 4107-4119 4117

the decay time constant. The rise (decay) time constants of the
sensors were estimated to be 13 (14), 7 (8), 6 (7), 5 (5), and 5
(4) s for the sputtered ZnO nanocolumn arrays prepared at
oxygen flow rates of 0, 5, 10, 15, and 25 sccm, respectively.
According to these calculation results, the rise and decay time
constants of the sensors tended to decrease for the sputtered
ZnO nanocolumn arrays prepared at higher oxygen flow rates.
This result may be due to the higher surface-to-volume ratio of
the sputtered ZnO nanocolumn arrays prepared at higher
oxygen flow rates, which have smaller nanocolumn diameters
[24,68]. In addition, this phenomenon may also be attributed to
the shorter electron transmission lengths of the sputtered ZnO
nanocolumn arrays prepared at higher oxygen flow rates
compared to those of larger-diameter nanocolumn produced
at low oxygen flow rates [69,70]. Thus, the sensors constructed
with the arrays of small diameter and small thickness may
exhibit low rise and decay time constants. The performances of
the UV photoconductive sensors based on sputtered ZnO
nanocolumn arrays prepared at different oxygen flow rates,
which were measured under 365-nm UV light and a 10-V bias,
are presented in Table 1.

4. Conclusions

UV photoconductive sensors were successfully fabricated
using sputtered ZnO nanocolumn arrays prepared at different
oxygen flow rates ranging from 0 to 25 sccm. The sputtered
ZnO nanocolumn arrays had small diameters and thicknesses
of less than 100 nm and were densely and uniformly deposited
onto the glass substrate. The average diameter and thickness of
the nanocolumn arrays were found to decrease as the oxygen
flow rate increased. The resistance values of the sputtered ZnO
nanocolumn arrays decreased when the arrays were prepared at
higher oxygen flow rates up to 10sccm; however, the
resistance values decreased when the arrays were prepared at
oxygen flow rates greater than 10 sccm. The photocurrent of
the UV photoconductive sensors increased when sputtered
ZnO nanocolumn arrays prepared at oxygen flow rate up to
10 sccm were used, but decreased for the sputtered ZnO
nanocolumn arrays prepared at oxygen flow rates greater than
10 sccm. An extremely high sensitivity of the sensors (on the
order of 10%) was obtained when the sputtered ZnO nanocol-
umn arrays were used as the sensing element, with a maximum
sensitivity of 2.20 x 10* for the sputtered ZnO nanocolumn
arrays prepared at an oxygen flow rate of 10 sccm.
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