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1. Introduction

Zinc oxide (ZnO) nanomaterials have emerged as one of the most promising materials for
electronic devices such as solar cells, light-emitting devices, transistors, and sensors. The
diverse structures of ZnO nanomaterials produce unique, useful, and novel characteristics
that are applicable for high-performance devices. The ZnO nanorod array is a beneficial
structure that has become extremely important in many applications due to its porosity,
large surface area, high electron mobility, and variety of feasible techniques. The chemistry
and physical tuning of its surface state, including processes such as annealing and chemical
treatments, enhance its functionality and sensitivity and consequently improve the device
performance. These useful characteristics of ZnO nanorod arrays enable the fabrication of
ultraviolet (UV) photoconductive sensors with high responsivity and reliability. Although
there are many techniques available to synthesise the ZnO nanorod arrays, solution-based
methods offer many advantages, including the capacity for low-temperature processing,
large-scale deposition, low cost, and excellent ZnO crystalline properties. In this chapter, the
synthesis of ZnO nanorod arrays via ultrasonic-assisted sol-gel and immersion methods will
be discussed for application to UV photoconductive sensors. The optical, structural, and
electrical properties of deposited ZnO nanorod arrays will be reviewed, and the
performance of the synthesised ZnO nanorod array-based UV photoconductive sensors will
be discussed.

2. Ultraviolet photoconductive sensor using ZnO nanomaterials

Recently, ZnO nanostructures have received much attention due to their promising
characteristics for electronic, optical, and photonic devices. Generally, ZnO exhibits
semiconducting properties with a wide band gap of 3.3 eV at room temperature and a
strong binding energy of 60 meV, which is much larger than that of gallium nitride (GaN, 25
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meV) or the thermal energy at room temperature (26 meV). ZnO is naturally an n-type
semiconductor material that is very transparent in the visible region, especially as a thin
film, and has good UV absorption. ZnO is a biosafe and biocompatible material that has
many applications, such as in electronics and biomedical and coating technologies. A
reduction in size of the ZnO particle to the nanoscale level produces novel and attractive
electrical, optical, mechanical, chemical, and physical properties due to quantum
confinement effects. Moreover, ZnO nanostructures have a high aspect ratio, or a large
surface-to-volume ratio and high porosity, which can fulfil the demand for high
performance and efficiency in numerous applications (Lee et al., 2009, Galoppini et al., 2006,
Park et al., 2011, Hullavarad et al., 2007).

UV photoconductivity, where the electrical conductivity changes due to the incident UV
radiation, is characteristic of few semiconductors (wide band gap) or materials. This
characteristic involves a number of mechanisms, including the absorption of light, carrier
photogeneration, and carrier transport (Soci et al., 2010). Generally, a change in conductivity
is related to the number of photogenerated carriers per absorbed photon or quantum yield
and the mobility of the photogenerated carriers. The photoresponse time usually involves
factors such as carrier lifetime and the defects state of the material. In other words, the UV
photoconductivity represents important electrical properties that are related to carrier
mobility, carrier lifetime, and defects in the materials.

There are various reports regarding UV photoconductive sensors that utilise ZnO
nanostructures as the sensing elements. For example, Pimentel et al. developed ZnO thin-
film-based UV sensors using radio frequency (RF) magnetron sputtering (Pimentel et al.,
2006). They produced ZnO thin films with resistivities from 5 x104 to 1 x10° Q cm and
revealed that the preparation of ZnO films without oxygen exposure in an RF sputtering
chamber produced a UV detector with higher sensitivity at thicknesses below 250 nm than
ZnO films with oxygen exposure. They theorised that the result might have been due to the
smaller grain size of the ZnO films without oxygen exposure, which increased the sensor
active areas for UV detection.

Additionally, Xu et al. developed an Al-doped ZnO thin-film-based UV sensor using the sol-
gel method (Xu et al., 2006). They produced a 5 mol % Al-doped ZnO film that was highly
oriented along the c-axis of a Si (111) substrate. Their study detailed the suitability of Al-
doped ZnO thin films for UV detection, where a high photocurrent value was obtained
when the film was irradiated with UV light between 300 nm and 400 nm. However, their
study revealed that the cut-off wavelength of Al-doped ZnO was blue-shifted to a shorter
wavelength compared with the undoped film. They also observed that the photocurrent
value of the Al-doped ZnO film in the visible region was reduced slightly compared to the
undoped ZnO film, which improved the UV sensor sensitivity.

Zheng et al. developed a photoconductive ultraviolet detector based on ZnO films (Zheng et
al., 2006). The ZnO thin films were deposited by pulsed laser deposition (PLD) at a thickness
of 300 nm on glass substrates. Al metal contacts with 0.1 mm separation were deposited
onto the ZnO films to complete the UV photoconductive sensor configuration. The
crystallite size of the PLD-deposited ZnO film was around 23 nm, and the ZnO films grew
along the c-axis, or perpendicular to the substrate. They found that the crystallite
boundaries that were induced by the small crystallite size of the ZnO nanoparticles
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contributed to the oxygen adsorption at the interfaces of the ZnO crystallites. This condition
also resulted in carrier scattering, which decreased the carrier mobility. They also observed
that the ZnO-nanoparticles based UV detector from their method showed a large dark
current of approximately 0.2 mA at a bias voltage at 5 V, which was due to intrinsic defects,
such as oxygen vacancies and zinc interstitials.

Jun et al. fabricated ultraviolet photodetectors based on ZnO nanoparticles with a diameter
size of 70 nm using a paint method on thermally oxidised Si substrate (Jun et al., 2009). They
used gold as the metal contacts with a gap of 20 pm. They addressed the surface defect
problem experienced by nanoparticle-based UV detectors. Surface defects cause a rise time
delay during UV illumination and irradiative recombination between the holes and
electrons, which lowers the performance of ZnO nanoparticle-based devices.

Liu et al. fabricated a ZnO/diamond-film-based UV photodetector on a Si substrate (Liu et
al., 2007). The ZnO films were deposited on a freestanding diamond-coated Si substrate by
RF magnetron sputtering. They used gold as the metal contacts, which were deposited onto
the film by DC magnetron sputtering with 2 mm of electrode separation. They found that
the dark current of their UV sensor decreased with the grain size, which was due to the
reduction of the ZnO grain boundaries. It was also mentioned that the ZnO-film-based UV
photodetector showed a slow photoresponse due to a carrier-trapping or polarisation effect.

Hullavarad et al. developed UV sensors based on nanostructured ZnO spheres in a network
of nanowires (Hullavarad et al., 2007). They produced the nanostructured ZnO using a
direct vapour phase (DVP) technique. The sizes of the microspheres varied from 600 nm-2
pm, while the nanowire diameters were 30-65 nm. Based on their analysis, the dark current
value of their sensor was 1 x 10-10 A at 1 V, which is less than the dark current of a ZnO thin
film-based sensor reported by Yang et al. (Yang et al., 2003) and is a result of the low
surface-defect properties of their ZnO nanostructures, as observed in the photoluminescence
(PL) spectra.

Another interesting study that utilised a single nanobelt as a UV photoconductive sensor
was conducted by Yuan et al. (Yuan et al., 2011). The nanobelt has a very similar structure as
the nanorod, except the nanobelt exists in a box-like dimension where it has height
(nanobelt thickness), width and length. In this case, the prepared nanobelt had a thickness of
120 nm and a width of 600 nm. With this structure, a sensor was constructed with a
photocurrent value that was four orders of magnitude higher than the dark current. The
sensor also possessed other excellent performance features, such as a high photosensitivity
of 104, a low dark current of 103 pA, a low power consumption of 2.45 uW, a typical rise
time of 0.12 s, and a decay time of 0.15 s. They explained that the high surface-to-volume
ratio and the high coverage-area-to-total-area ratio contributed to the superior performance
of their device.

A UV photoconductive sensor using a film of ZnO nanowall networks has been fabricated
by Jiang et al. (Jiang et al., 2011). The films were prepared on a Si (111) substrate using
plasma-assisted molecular beam epitaxy, with the inner diameters of the nanowalls ranging
from 100 to 500 nm. In their sensor configuration, 200 nm-thick Au metal contacts were
deposited in an interdigitated electrode design with electrode fingers that were 5 pm wide,
500 um long, and on a pitch of 2 pm. The sensor showed a huge response to 352 nm UV
light, with a responsivity of 24.65 A/W under a biased voltage of 5 V. The cut-off
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wavelength of the sensor was approximately 360 nm. They showed that the nanostructure-
based device had a high photoconductive gain due to the presence of oxygen-related hole-
trap states on the nanowall surface.

Based on these previous studies, the use of nanostructure materials for UV photoconductive
sensor applications have many advantages over bulk structures, including high gain, low
power consumption, high sensitivity, reduced dimensionality, and the use of an extremely
small fraction of the device’s active materials. There are a number of factors that contribute
to the high photosensitivity of nanostructure-based devices, including the surface-to-volume
ratio, surface defects, light trapping, and porosity (Soci et al., 2007). Current research has
mainly focused on the fabrication of UV photoconductive sensors using ultra-small
nanostructures that contribute to the large surface area of the sensing element. Research has
also emphasised prolonging the carrier lifetime of the device during UV illumination to
lower the charge-carrier recombination. The carrier transit time also plays an important role
in the device performance; thus, high mobility nanostructures are needed for good device
performance.

3. ZnO nanorod arrays in ultraviolet photoconductive sensor

Currently, ZnO nanorods are receiving considerable attention for UV photoconductive
sensor applications due to their unique characteristics and quantum confinement properties.
The nanorod structure shows good surface area availability with excellence carrier transport
characteristics that are very suitable for UV sensor applications. Depending on the method
and experimental parameters used, the nanorod sizes (i.e., diameter and length) are
tuneable, which may give different sensor performances. Additionally, by modifying the
surface, the performance of the sensor can also be improved because of the relationship
between surface defects and surface adsorption of gas molecules from the atmosphere,
which tremendously influence the sensor characteristics. According to Soci et al., one-
dimensional (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, large photosensitivity due to the high gain, and the possibility to integrate
functionalities within single 1D devices (Soci et al., 2010). 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 nanorod
together with small gap of metal contacts, both contribute to the high gain in the nanorod-
based devices.

Surface area plays a very important role in the UV sensing mechanism, as the sensing
mechanism involves the surface reactions between free carriers and the surrounding
environment, such as oxygen molecules and humidity (Mamat et al., 2011). The nanorod
area possesses a high surface area on the film surface that is suitable for UV
photoconductive sensor applications. Moreover, these nanorods exhibit higher carrier
mobility than that of ZnO nanoparticles, which works effectively during the surface reaction
process. Generally, the photoresponse of a UV photoconductive sensor is influenced by the
adsorption and desorption of oxygen on its surface during UV illumination. Oxygen
molecules from the surrounding are adsorbed onto the nanorod surface by capturing free
electrons from ZnO, as shown in the following equation (Su et al., 2009, Zheng et al., Lupan
et al., 2010):
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where O; is an oxygen molecule, e is a free electron, and O, is an adsorbed oxygen on the

nanorod surface. When the UV light is incident on the nanostructure surface, electron-hole
pairs are photogenerated according to the following equation:

hw—h"+e” ()

where hv is the photon energy of UV light, h* is a photogenerated hole in the valence band
and e is a photogenerated electron in the conduction band. A large surface area availability
in the nanorod film facilitates a fast surface reaction process as the photogenerated hole
reacts with a negatively charged adsorbed oxygen, as shown by:

0, +h* -0, 3)

This condition leaves behind the electron of the pair, which increases the conductivity of the
nanostructures. When the illumination is turned off, the oxygen molecule recombines with
the electron, leading to a decrease in film conductivity.

This sensor behaviour that is related to the adsorption and desorption of oxygen was
studied by Jun et al. (Jun et al., 2009). They measured their fabricated UV sensor under
different atmospheric pressures (0.1-1 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 had a lower oxygen content, it reduced
the ability of the sensor to return to its initial state (dark current) due to a reduction of
oxygen adsorption onto the ZnO surface. This condition increased the decay time constant
of the device as the atmospheric pressure was lowered.

Basically, the nanorod-based UV photoconductive sensor represents the simplest
configuration of the UV sensor. It consists of just the nanorods and metal contacts for the
photogenerated carrier transport to the outer circuit. In this UV photoconductive sensor
configuration, ZnO nanorods are used either vertically or horizontally with the substrates.
The vertical standing nanorod is commonly used in an array form or a film-based sensor,
while the horizontal nanorod is used in single-nanorod-based sensors. However, a single-
nanorod-based UV sensor is very complicated and involves a very challenging fabrication
process using high-cost instruments. The realisation of single-nanorod-based UV sensors
might reduce the size and the power consumption of the UV sensor. For example, a single-
ZnO-nanorod-based UV sensor has been fabricated by Chai et al. (Chai et al., 2011). They
used chemical vapour deposition (CVD) method to synthesise a ZnO nanorod with a
diameter approximately 1-3 pm and a length of 20-200 um. To fabricate the UV sensor, a
focused ion beam (FIB) in situ lift-out technique was used. In their sensor configuration,
Au/Ti metal electrodes separated by 20 um were used. They showed that the single
nanowire had a good response to UV light, where the resistance decreased from 52.4 to 48.0
kQ during 365 nm UV illumination with an optical power of 0.1 mW.

A nanorod array-based UV photoconductive sensor is a promising device structure that has
an easier fabrication process compared to a single nanorod-based UV sensor. Moreover, it
produces large photocurrent signals due to the large surface coverage and nanorod density.
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Various techniques are available to fabricate the ZnO nanorod array, including metal-
organic chemical vapour deposition (MOCVD), CVD, sputtering, and solution-based
synthesis. Solution-based synthesis has shown promising results for producing aligned ZnO
nanorod arrays. This technique is simple, versatile, low-temperature and can be used for
large-scale depositions. Another advantage of this technique is that it is a vacuum and gas-
free deposition method in which the chemical reactions completely depend on the prepared
solution. The biggest advantage of this method is its low-temperature processing, which
could even be used to deposit nanostructures on polymer substrates. Unlike other methods
that require high temperature for nanostructure growth, this hydrothermal synthesis can be
operated at temperatures as low as 50°C for the deposition of ZnO nanostructures (Niarchos
et al., 2010).

4. Synthesis of ZnO nanorod arrays via ultrasonic-assisted sol-gel and
immersion methods

Recently, ultrasonic irradiation has been applied in hydrothermal processes to prepare ZnO
nanostructures. This sonochemical methods use ultrasound irradiation at ranges between 20
kHz to 10 MHz (Suslick et al., 1991). For example, Mishra et al. have synthesised flower-like
ZnO nanostructures using a starch-assisted sonochemical method (Mishra et al., 2010). Jia et
al. also produced ZnO nanostructures using a sonochemical method (Jia et al., 2010). Using
ultrasonic irradiation, they produced hollow ZnO microspheres during hydrothermal
synthesis. Another example of ultrasonic-assisted hydrothermal synthesis is a study
performed by Mazloumi et al. They produced cauliflower-like ZnO nanostructures using a
sonochemical method (Mazloumi et al., 2009). The products that were synthesised by the
three sonication methods were similar in that they consisted of powder-form
nanostructures. Unfortunately, the powder-forms structures require a seperate process to
deposit them onto the substrate for electronic device applications.

In our process, we apply ultrasonic irradiation to the precursor solution, which is used to
grow ZnO nanorod arrays on a seed-layer-coated substrate using an immersion process. The
sonication process uses powerful ultrasound radiation that can induce molecules to undergo
chemical reactions. Sonication is usually used in cleaning processes to remove
contaminations, such as substrate and glass wear, from solid surface. Ultrasound radiation
involves the creation, growth and collapse of bubbles that can break the chemical bonds of
materials in a liquid medium. Generally, growing nanomaterials using a chemical solution
method requires a precursor, stabiliser, and solvent. The precursor material supplies the
main atoms or ions of the nanomaterials, while the stabiliser material is used to ensure that
the growth of the nanomaterial is controlled to a specific rate or structure. The reaction
process between the stabiliser and the precursor material prevents the nanomaterials from
growing too fast in a certain direction or plane. However, if the reaction process between the
precursor and stabiliser does not occur uniformly throughout the solution (e.g., due to
agglomerated precursor materials at the beginning or early stages), the size of the end
product materials will be large, consequently reducing the surface area. This condition
reduces the quantum confinement effect in the produced nanomaterials. In our case, we
apply sonication to rupture agglomerated precursor and stabiliser materials and, at the
same time, ensure a highly homogenous and uniform reaction process between the
precursor and stabiliser.
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ZnO nanorod array films were fabricated using an ultrasonic-assisted sol-gel and immersion
method wusing zinc nitrate hexahydrate (Zn(NOs),6H,O) as a precursor,
hexamethylenetetramine (HMT, CsHi2Ng) as a stabiliser, and aluminium nitrate
nonahydrate (AI(NOs); 9H>O, 98 %, Analar) as a dopant (Mamat et al., 2010). Aluminium
(Al) doping is especially attractive because it contributes to the higher conductivity of the
film without deteriorating the optical and crystalline properties of the ZnO. The precursor,
stabiliser, and dopant were dissolved in deionised (DI) water before being subjected to the
sonication process using an ultrasonic water bath (Hwasin Technology Powersonic 405, 40
kHz) for 30 min at 50°C. Subsequently, the solution was stirred and stored at room
temperature for 3 h.

Next, the solution was poured into a vessel, where the seed-layer-coated glass substrate was
positioned at the bottom of the vessel. The seed layer, or Al-doped ZnO nanoparticle layer,
was coated onto the substrate with a thickness of approximately 200 nm using sol-gel spin-
coating (Mamat et al., 2010). The existence of the seed layer on the glass substrate reduced
the formation energy for the crystallisation of the ZnO and, thus, helped the nanorod grow
more easily on the glass substrate. The vessel was then sealed before being immersed into a
water bath for 4 h at 95°C. After the immersion process, the sample was removed from the
vessel and rinsed with DI water. The sample was then dried at 150°C for 10 min and
annealed at 500°C for 1 h in a furnace. Next, 60-nm-thick Al metal contacts were deposited
onto the nanorod array using thermal evaporation to complete the sensor structure. The
distance between the electrodes was approximately 2 mm.

The surface morphologies of the ZnO nanorod array films were observed by field-emission
scanning electron microscopy (FESEM, ZEISS Supra 40VP and JEOL JSM-7600F). The surface
topology of the nanorod arrays was characterised using atomic force microscopy (AFM, Park
System). The crystallinity of the samples was investigated using X-ray diffraction (XRD,
Rigaku Ultima IV). The transmittance and absorbance characteristics of the seed layer and the
thin film were characterised using an ultraviolet-visible (UV-Vis) spectrophotometer (Perkin
Elmer Lambda 750). The photoluminescence (PL) properties of the synthesised nanorods were
investigated using a PL spectrophotometer with a helium-cadmium (He-Cd) excitation laser
operating at 325 nm (PL, Horiba Jobin Yvon-79 DU420A-OE-325). The UV photoresponse
measurements of the fabricated sensor were conducted using a spectral sensitivity analysis
system (Bunko-Keiki, CEP 2000) with a monochromatic xenon (Xe) lamp operating at 365 nm
and a power intensity of 5 mW /cm? as well as photocurrent measurement system operating at
365 nm and a power density of 750 pW/cm?. The thicknesses of the samples were measured
using a surface profiler (VEECO/D 150+). The fabrication process of the ZnO-nanorod-based
UV photoconductive sensor is shown in Fig. 1.

5. Performance of synthesised ZnO-nanorod-array-based ultraviolet
photoconductive sensor

We have investigated the performance of the ZnO-nanorod-array-based UV
photoconductive sensor prepared via ultrasonic-assisted sol-gel and immersion methods.
There are numerous factors that influence the sensor performance, such as nanorod size,
surface area, surface defects, film thickness, metal contacts, and doping. In this subchapter,
we will highlight the effects of surface modifications, film thickness, and Al ions doping on
the performances of the fabricated ZnO-nanorod-array-based UV sensor.
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Fig. 1. Fabrication process of aligned ZnO nanorod array-based UV photoconductive sensor
via sonicated sol-gel and immersion methods.

5.1 Surface modification

A 7ZnO nanorod array was prepared on glass substrate utilising an Al-doped ZnO
nanoparticle thin film catalytic seed layer. Figure 2(a) shows a field-emission scanning
electron microscopy (FESEM) image of the seed layer that was prepared using the sol-gel
spin-coating technique. The particle sizes of the Al-doped ZnO nanoparticles were
estimated to range from 10 to 40 nm. From the FESEM figure, synthesised Al-doped ZnO
nanoparticles exhibited some edges rather than perfect curved surfaces due to the
differenced in the surface energy of crystallographic directions of the ZnO growth. In the
wurtzite structure, the relative growth rate of each crystallographic plane differed
somewhat according to the crystal orientation, so it was difficult for crystalline ZnO to grow
symmetrically into spherical particles (Lee et al., 2007). The FESEM figure also indicates that
the particles were well connected to each other and that it was very important to develop a
continuous transport pathway in the granular film for electron movement in the UV sensor
application. Figure 2(b) shows an AFM image of the seed catalyst layer. Based on the AFM
image, the root mean square (RMS) roughness of the Al-doped ZnO nanoparticle thin film
was 17.51 nm over an area of 100 pm?2.

In the UV photoconductive sensor, this seed layer plays a very important role in increasing
the sensor performance. Generally, one of the factors that degrades the sensor performance
is the strain of the film or the material, which influences the density of the defects and the
photoelectric activity of the sensor (Shinde & Rajpure, 2011). This seed layer facilitates the
homogenous growth of the compressive-strained layer, i.e., the high quality ZnO nanorod
material, which has a low defect density and allows for a smooth charge transfer process
during UV photo-illumination. As a result, the seed layer results in a higher responsivity of
the ZnO-nanorod-array-based UV photoconductive sensor.
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Fig. 2. (a) FESEM image of Al-doped ZnO nanoparticle thin film seed layer. (b) AFM
topography image of the seed layer.

Figure 3 shows an FESEM image of the Al-doped ZnO nanorod array before (Fig. 3(a)) and
after (Fig. 3(b) and 3(c)) the annealing process at 500°C. The nanorods were prepared using a
1000 ml solution that was sonicated in a beaker. The images show that well-oriented,
hexagonal-shaped ZnO nanorod arrays were deposited onto the seed-layer-coated glass
substrate with good uniformity and high density. The diameters and lengths of the
nanorods were not strongly affected by the annealing process, as the diameter of the
nanorods ranged between 40 to 150 nm and the nanorods were 1.1 pm long. The nanorods
were aligned well, which indicates that this low-temperature ultrasonic-assisted sol-gel and
immersion processes produce high-quality ZnO nanorod arrays. We believe that the
excellent alignment of the nanorod arrays is due to the seed layer films, which act as
nucleation centres that provide an almost mismatch-free interfacial layer between the
nanorods and the seed layers. This layer assists an epitaxial nanorod growth process on the
seed-layer-coated glass substrates. Figure 3(d) shows an AFM topography image of an
annealed ZnO nanorod array measured in a 1 um? area. Based on this topography image,
the root mean square (RMS) roughness of the nanorod array was approximately 21.95 nm.

As shown in Fig. 3(b) and 3(c), nanoholes appeared on the surfaces of the nanorods after the
annealing process. A closer look at the cross-sectional images indicates that nanoholes exist
on nearly the entire nanorod surface. We suspect that these nanoholes are the result of the
evaporation of impurities, such as hexamethylenetetramine (HMT), during the annealing
process at high temperature. Interestingly, these nanoholes facilitate a larger surface area
availability of the single nanorod and facilitate effective sites for the oxygen adsorption
process. Thus, the existence of these nanoholes on the nanorod surface could improve the
performance of the UV photoconductive sensor because of the increased surface area and
surface photochemistry. The condition of the Al-doped ZnO nanorod with nanoholes after
annealing process is shown in Fig. 4.

XRD spectra of the as-grown nanorods and the 500°C annealed nanorods are shown in
Figure 5. The spectra confirmed that the synthesised nanorods belong to the ZnO hexagonal
wurtzite structure (joint committee on powder diffraction standards (JCPDS) PDF no. 36-
1451). Both the as-grown and annealed samples contained a dominant XRD peak at the
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Fig. 3. FESEM image of (a) as-grown and (b) 500°C annealed Al-doped ZnO nanorod arrays.
(c) Cross-sectional image of the annealed Al-doped ZnO nanorod arrays, clearly showing
nanoholes on the ZnO surface. (d) AFM image of the annealed Al-doped ZnO nanorod
array.

Surface
modification by
annealing process

-

(» Nanoholes

ZnO nanorod

Fig. 4. Nanoholes produced on the surface of the nanorod after the annealing process as a
result of the evaporation of impurities.

(002)-plane, implying that the nanorods were grown along the c-axis, or perpendicular to
the substrates. This result indicates that the Al-doped ZnO nanorod arrays prepared in this
work had a very good ZnO crystal quality. The weak peaks intensities of the other
orientations might be due to the vertical alighment imperfections of the nanorods (Qiu et al.,
2009). Based on the spectra, the peak intensities of the annealed nanorods were higher than
the as-grown sample, indicating an improvement in the nanorod crystallinity after the
annealing treatment. Based on these results, we predicted a possible growth mechanism for

www.intechopen.com



ZnO Nanorod Arrays Synthesised Using Ultrasonic-Assisted
Sol-Gel and Immersion Methods for Ultraviolet Photoconductive Sensor Applications 103

the formation of the well-aligned ZnO nanorod arrays on the seed-layer-coated glass
substrate using the ultrasonic-assisted sol-gel and immersion methods (Mamat et al., 2011).
We suspect that the growth along the c-axis might be caused by the effects of the sonication
process on the precursor solution, which disperses and mixes the zinc nitrate (i.e., the
precursor), aluminium nitrate (i.e., the dopant), and the HMT (i.e., the stabiliser) very well.
The sonication process also helps dissolve the agglomerated zinc nitrate and HMT particles,
which hasten the physical and chemical reaction activity in the solution. This process
enables the Zn2* ion to react effectively with the HMT, as shown by (Khusaimi et al., 2010)

ZH(NO3)2 + CcH1pNy — [ZH(C6H12N4)]2+ + 2NO3- (4)

The HMT plays a very important role in controlling the growth of the aligned ZnO
nanorods. When it attaches to the Zn2* ions, particle agglomeration is reduced and ZnO
formation in the solution is slowed.
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Fig. 5. XRD patterns of Al-doped ZnO nanorod array before (as-grown) and after annealing.

During the hydrothermal process, the seed catalyst layer provides a base that initiates the
growth of the nanorod arrays through heterogeneous nucleation. It is generally accepted
that heterogeneous nucleation on a seed layer surface occurs more easily than does
homogenous nucleation (Guo et al., 2005). The seed layer provides the lowest energy barrier
for heterogeneous nucleation, which produces almost negligible lattice mismatch between
the nanorods (Chen et al., 2009, Giri et al., 2010). This condition results in the growth of
high-quality aligned nanorod arrays on the substrates. The general reactions occurring
during the hydrothermal process can be described by the following equations (Khusaimi et
al., 2010, Lupan et al., 2007):

CeHioN,y + 4H,0 = CeHpNyHy* + 40H- (5)
[Zn(CsH1Ny)J2+ + 40OH- — Zn(OH) 2~ + CoH1oNy 6)

Zn(OH) 2~ — Zn2+ + 40H- )

Zn2* + 20H-= ZnO + H,0 or Zn2+ + 20H- = Zn(OH), = ZnO + Hy0 8)
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Initially, when the Zn2* and OH- ion concentrations exceed the boundaries of
supersaturation, ZnO nuclei form on the seed layer surface, initiating the growth of aligned
ZnO nanorods. It has been suggested that the HMT also acts as a chelating agent that
attaches to the nonpolar facets of ZnO nanorods (Sugunan et al., 2006). Because of this
attachment behaviour, epitaxial growth along the c-axis is facilitated because only the (0001)
plane is exposed during the growth process. Because the growth rate in the (0001) plane
proceeds the fastest in the hydrothermal system (Laudise & Ballman, 1960, Laudise et al.,
1965), the ZnO nanorods grow preferentially in the (0001) plane, which is vertically aligned
with the substrate.

Good dispersion and mixing processes between the precursor and the stabiliser through
sonication help control the diameter sizes of the nanorods because the HMT can immediately
attach onto the nonpolar facets (i.e., six prismatic side-planes) after the ZnO nanorod
nucleation process is initiated on the seed layer. The HMT acts as a buffer layer at the nonpolar
surfaces, which disturbs the ZnO deposition onto these surfaces. This condition disables rapid
growth on the side walls, or the nonpolar surface of the nanorod, which served to maintain an
almost constant diameter size throughout the length. The rapid attachment of the HMT onto
the ZnO surface prevents any nanorod growth in the direction of the nonpolar facets, thus
hindering an enlargement in the nanorod diameter. Therefore, because the ZnO nanorods are
confined by the HMT molecules on their nonpolar surfaces and only grow from the polar
surface for further growth, directional growth along the c-axis is achieved.

The photoluminescence (PL) spectra of the as-grown nanorod and the annealed nanorod
with nanoholes are depicted in Fig. 6. The main peaks that were observed in the spectrum of
the annealed nanorods are located at 380 and 580 nm, and the main peaks in the spectrum of
the as-grown nanorods is located at 380 and 590 nm. The UV emission at 380 nm
corresponds to free exciton recombination, while the orange emission at 580 and 590 nm are
related to the emission from defects, such as oxygen deficiencies and zinc interstitials.
According to Rosa et al., this orange emission is due to zinc interstitials that occur close to or
on the surface of the ZnO structure (De la Rosa et al., 2007). The shift in the visible emission
peak from 590 to 580 nm for annealed nanorods might be due to the desorption of the OH
groups from the nanorod surface (Lee et al., 2010). The as-grown nanorods exhibited a very
weak UV emission peak intensity compared to the annealed nanorods. The annealing
process increased the UV emission peak intensity, which indicates that the crystallinity of
the sample improved at the higher annealing temperatures.

During the annealing treatment, the concentrations of defects in the nanorods were reduced
according to equations (9-10) shown below (Lin et al., 2001):

Vo+ %Oz =0p ©)
1
Zni + 502 = ann + OO (10)

where Vo is an oxygen vacancy, Zn; is a zinc interstitial, and Znz, and Oo represent zinc and
oxygen at a lattice site, respectively. Because the supplied thermal energy induces an
oxygenation process during the annealing treatment, oxygen from the atmosphere occupies
the vacant sites of the ZnO lattice, which eventually reduces both the zinc interstitial and
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oxygen vacancy concentrations. To investigate this phenomenon, we calculated the ratio of
the UV emission intensity over the visible emission intensity to be 0.6 and 7.1 for the as-
grown and the 500°C annealed nanorods, respectively. It is generally accepted that this ratio
value is a good way to evaluate the optical quality and stoichiometric properties of ZnO. An
increase of this ratio indicates that the stoichiometric properties of ZnO and its optical
properties were improved after the annealing process. Lee et al. reported that the ratio of the
UV peak intensity over the visible peak intensity is directly related to the oxygen deficiency
in the ZnO nanorods (Lee et al., 2010). Based on this ratio analysis, the defect concentrations
from oxygen vacancies and zinc interstitials were suppressed during the annealing
treatment, as indicated by in equations (9-10). The reduction of defect concentrations in the
nanorods strengthened the UV emission and reduced the visible emission of the nanorods
after the annealing process.
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Fig. 6. Room temperature PL spectra of the as-grown and annealed ZnO nanorod arrays.

Figure 7 shows the time-dependent photocurrent properties of the fabricated UV
photoconductive sensors under a bias voltage of 10 V. The measurements were conducted
using 365 nm UV illumination with an optical power density of 5 mW/cm?2. Both the as-
grown and annealed nanorods showed a response to the UV light but with different sensing
characteristics. The dark currents/photocurrents of the fabricated devices were 3.49 x 10-¢
A/4.08 x 104 A and 1.78 x 10¢ A/1.35 x 104 A for the annealed and as-grown nanorods,
respectively. The responsivity of the fabricated devices was calculated according to equation
(11) (Jun et al., 2009):
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where I, is the photocurrent, Iy, is the dark current, and P,, is the optical power of the
UV source. For the annealed nanorod-array-based UV sensor, the calculated responsivity
was 1.35 A/W. For the as-grown nanorod-array-based UV sensor, the responsivity was 0.44
A/W. The desirable crystallinity properties and low defect concentrations of the annealed
nanorods may have contributed to the high responsivity of this sensor. The rise and decay
time constants for the fabricated sensors were estimated using equations (12-13) (Jun et al.,
2009, Li et al., 2009):

Rise process upon UV illumination ON:

—t
[=Iy| 1-¢" (12)

Decay process after UV illumination OFF:

—t
[=Ipe™ (13)

where [ is the magnitude of the current, I is the saturated photocurrent, t is time, 7, is the
rise time constant and 7; is the decay time constant. The calculations show that the

annealed Al-doped ZnO nanorod array-based UV sensor exhibited small rise and decay
time constants at 20 s and 22 s, respectively. For the as-grown sample, the rise time constant
was 280 s, while the decay time constant was estimated to be 300 s. This result indicates that
the annealing process greatly improved the performance of the UV sensor.
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Fig. 7. Plot of the growth and decay of the photocurrent measured at 10 V of the as-grown
and annealed Al-doped ZnO nanorod array-based UV photoconductive sensors under 365
nm, 5 mW/cm?2 UV illumination.
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The annealing process plays an important role in improving the sensor performance and is
considered a surface treatment or surface modification. For example, Kim et al. reported that
water molecules and residual carbon from the fabrication process could be effectively
desorbed from the surface of a ZnO nanowire during the annealing process (Kim et al.,
2011). As a consequence, oxygen molecules from the air could occupy the existing defect
sites more easily, which contributed to a faster photocurrent decay, higher sensitivity, and
faster response when the UV light was turned off. Because their fabricated sensor consisted
of a ZnO nanowire network that depended on the interconnections between the nanowires
for the carrier transportation, the annealing process improved the contact between the
nanowire interfaces. As a result, the contact resistance was reduced, and the potential
barrier was lowered. Other important effects of the annealing process included an
improvement of the nanowire crystallinity and a reduction in defects, which also
significantly improved the photocurrent properties of the sensor.

Improvements of UV sensor performances from surface modifications have also been
reported by other groups. For instance, Park et al. showed that a larger photocurrent value
and faster photoresponse time were achieved for roughened ZnO nanorods in a UV
photodetector (Park et al., 2011). They demonstrated that the surfaces of the nanorods could
be roughened by immersing the nanorods in isopropyl alcohol (IPA) for 30 days. The etched
areas of the nanorod surfaces from IPA contained defects state that enhanced the adsorption
of oxygen molecules onto the surface. This condition resulted in a large quantity of oxygen
molecules that adsorbed onto the nanorod surfaces.

Another method for increasing the sensor responsivity involved the surface passivation of
ZnO nanorods by thin layer coating (e.g., with polyvinyl alcohol (PVA)). The idea is to
increase the photoluminescence (PL) UV emission of the ZnO while reducing the green
emission that is related to ZnO surface defects. Recent research on coating ZnO
nanoparticles with PVA has shown a suppression in the number of defects evidenced by a
reduction in the parasitic green emission (Qin et al., 2011). This characteristic increased the
ratio of the photocurrent over the dark current compared to the uncoated ZnO particles. The
coatings effectively decreased the number of holes in the deep level, which helped the UV-
excited electrons to recombine with the holes in the valence band without being trapped in
the deep-level defects of ZnO.

5.2 Role of nanorod array thickness

We investigated the performance of the UV sensor at different nanorod array thicknesses. In
this study, we prepared the nanorod array films at different thicknesses by varying the
immersion times from 1 to 5 h. In this case, we used a 100 ml solution in the vessel to grow
the Al-doped ZnO nanorod arrays. We have previously shown that the volume of solution
in the vessel affects the nanorod length or film thickness during the deposition process
(Mamat et al., 2011). Therefore, it was expected that the film prepared for this study would
be thinner than the nanorod array discussed in section 5.1. Figure 8 depicts FESEM images
of the Al-doped ZnO nanorod arrays at different immersion times. The sizes of the nanorod
diameters in the sample prepared after a 1 h immersion (Fig. 8(a)) ranged from 40 to 150 nm.
Notably, the diameters of the nanorods remained almost unchanged after increasing the
immersion time to 2, 4, and 5 h, as observed in Fig. 8(b), 8(c), and 8(d).
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Fig. 8. Top-view FESEM images of Al-doped ZnO nanorod arrays prepared at immersion
times of (a) 1, (b) 2, (c) 4, and (d) 5 h.

To investigate the growth behaviour, we performed thickness measurements to characterise
the lengths of the nanorods, i.e., the film thicknesses that were grown with at different
immersion times. The thicknesses of the nanorods were 629, 677, 727, 768, and 834 nm after
being immersed for 1,2,3,4, and 5 hours, respectively. From this result, we concluded that
the nanorod growth behaviour occurs primarily along the c-axis when the immersion
process is carried out at longer times. It is interesting to note that the nanorod dimension
increased only in length when immersed for longer times, without significantly affecting the
size of the nanorod diameter. This result indicates that the controllable growth of the
nanorods along the c-axis could be achieved under different immersion times using our
sonicated sol-gel immersion method while maintaining the diameter sizes of the nanorods.
It demonstrated that the sonication process provides a good dispersion process of the
starting materials to produce a mixture of zinc-aluminium-hexamethylenetetramine (Zn-Al-
HMT) complexes, which inhibit growth at the nonpolar surfaces of ZnO while promoting
growth along the c-axis, or polar surface, at longer immersion times.

Figure 9 shows the photoresponse spectra of the Al-doped ZnO nanorod array-based UV
sensor at different thicknesses. The photocurrent value of the UV sensor decreased with
increasing film thickness up to 834 nm. The decrease in photocurrent value with film
thickness also influenced the responsivity of the device, as it exhibited a lower value with
thicker films. The responsivity of the device was calculated to be 2.13, 1.75, 1.21, 0.94, and
0.83 A/W for sensors with thicknesses of 629, 677, 727, 768, and 834 nm, respectively.
Thicker films also increased the rise (decay) time constant of the devices. The rise (decay)
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process time constants of the device were calculated to be 3(12), 4(13), 6(15), 8(16), and 9(20)
s for 629, 677, 727, 768, and 834 nm-thick nanorod array-based UV sensors, respectively.
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Fig. 9. UV photoresponse properties of Al-doped ZnO nanorod arrays at different
thicknesses under a 365 nm, 750 pW/cm?2 UV light at 10 V bias voltage.

In the UV sensor, the film has an optimum thickness for effectively detecting UV irradiation.
If the film is too thin, the UV light can pass through the film and not be fully absorbed
because the transmittance depth of light is proportional to its wavelength. Therefore, the
photocurrent value would be weak due to the low carrier photogeneration within the
limited absorbed UV light. A thicker film should increase the UV absorption, which would
result in an enhancement of the photocurrent value and responsivity of the UV sensor.
However, an excessively thick film would saturate the UV absorption and would not
contribute to an increase in photogenerated carriers. In this study, a reduction of
responsivity of the sensor with increasing film thickness might be influenced by the
extension of the diffusion lengths of the carriers to the metal contacts (Fu & Cao, 2006). An
increase in film thickness should increase the recombination probability of the electron-hole
pairs, leading to a decrease in photocurrent, and thus reducing the responsivity value of the
UV sensor. This phenomenon might also contribute to a larger rise (decay) time constant of
the device.

A similar observation of thickness-dependent UV photoconductive sensor was also reported
by Shinde et al. when they produced a gallium (Ga)-doped ZnO thin-film-based UV
photoconductive sensor fabricated using a spray pyrolysis method (Shinde & Rajpure, 2011,
2011). They found that by decreasing the Ga-doped ZnO thin film from 225 nm to 139 nm,
the responsivity of the sensor at a 5 V bias voltage at 365 nm improved from 1125 A/W to
1187 A/W.
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5.3 Aluminium doping effects

The doping process also plays an important role in the performance of the UV sensor. There
are several elements that could be used as a dopant in the nanorods, such as gallium (Ga),
indium (In), and aluminium (Al). In our study, we used Al ions doping because it could be
easily incorporated into the ZnO lattice and because it enhanced some of the ZnO nanorod
properties, such as optical transmittance and electrical conductivity. Furthermore, Al can
serve as a donor and induce chemical defects, which tremendously improve the optical and
electrical properties of ZnO (Yun & Lim, 2011).

Figure 10 shows the FESEM morphologies and cross-sectional images of undoped (Fig 10(a-
c)) and Al-doped ZnO nanorod arrays (Fig. 10(d-e)). In this experiment, we sonicated 500 ml
of the precursor solution in a smaller beaker to increase the ultrasonic power density
applied to the solution. We observed that the diameter sizes of nanorods decreased after Al
ions doping. The sizes of the undoped ZnO nanorods varied from 80 to 120 nm, while the
sizes of the Al-doped ZnO nanorods ranged from 30 to 70 nm. The reduction in size may
have originated from the different radii of Zn2* and Al3* ions, which are 0.074 nm and 0.054
nm, respectively. The existence of Al in the ZnO lattice may influence the attractive forces
between the atoms and thus reduce the diameter sizes of the ZnO nanorod. A similar
behaviour of the decrease in diameter was also reported by Hsu et al. (Hsu & Chen, 2010).
We also observed that the diameter sizes of Al-doped ZnO nanorods were smaller than
those of nanorods produced using a solution that was sonicated in a volume of 1000 ml, as
discussed in section 5.1 and 5.2. We suspect that the mixing process between the precursor
(i.e., zinc nitrate), stabiliser (i.e., HMT), and dopant (i.e., aluminium nitrate) was improved
by the stronger and more intense ultrasonic irradiation.

Figure 11 shows the photoresponse spectra of undoped and Al-doped ZnO nanorod array-
based UV photoconductive sensors under 365 nm UV illumination with an optical power
density of 750 pW/cm?2. The spectra reveal that the Al-doped ZnO nanorod array-based UV
sensor almost doubled the magnitude of the photocurrent compared to the undoped ZnO
nanorod. The responsivity of the Al-doped ZnO-based UV sensor was 3.24 A/W, while the
responsivity of the undoped ZnO-based UV sensor was 1.60 A/W. From the calculation
results, we found that the rise (decay) process time constant of the undoped and Al-doped
ZnO nanorod array-based UV sensors were 16(16) and 3(10) s, respectively. This result
suggests that the Al-doped ZnO nanorod array improved the photoresponse of the sensor
by increasing the responsivity and decreasing the rise (decay) process time constant.

By adding Al, the carrier concentration of ZnO nanostructures were improved because the
substitution of Al3* at the Zn2* site created an extra free carrier in the process (Mridha &
Basak, 2007, Fournier et al., 2008). Because of the high electron concentration, this condition
reduced the barrier height between the Al-doped ZnO nanorod and the seed layer and
between the film and the Al metal contact interface. This reduction initially allowed the
photogenerated electrons to move more easily from the Al-doped ZnO nanorods to the seed
layer, then from the seed layer back to the Al-doped ZnO nanorods underneath the metal
contact, and finally to the metal contact. The flow of the photogenerated electrons during
UV illumination is depicted in Fig. 12. Additionally, Al ions doping led to a suppression of
defects in the film, such as zinc interstitials and oxygen vacancies, which served to increase
the stability and performance of the Al-doped ZnO film-based sensor (Mamat et al., 2011,
Sharma & Khare, 2010).
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Fig. 10. FESEM images of undoped (a-c) and Al-doped ZnO (d-e) nanorod arrays prepared
using 500 ml sonicated solution.
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Fig. 11. The dependence of the photocurrent on operating time for undoped and Al-doped
ZnO-nanorod-array-based UV photoconductive sensors under 365 nm UV light with a
power density of 750 pW/cm?2 and a bias of 10 V.
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6. Conclusions

The performance of a UV photoconductive sensor using ZnO nanostructures, particularly
ZnO nanorod arrays, was discussed. The problems related with grain boundaries and poor
electron mobility have motivated researchers to develop ZnO nanostructure-based UV
sensors. The ZnO nanostructures which could be prepared in many shapes such as nanorod
and nanobelt might provide a way in improving electronic device performance through
reducing grain boundaries concentration and increasing the electron mobility in the
structure. Numerous techniques have been used to fabricate ZnO nanostructure-based UV
sensors, such as radio frequency (RF) magnetron sputtering, chemical vapour deposition
(CVD), sol-gel, molecular beam epitaxy (MBE), and pulsed laser deposition. Based on
previous studies, the use of nanostructure materials for UV photoconductive sensor
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applications have many advantages over bulk structures, including high gain, low power
consumption, high sensitivity, reduced dimensionality, and the use of an extremely small
fraction of the device’s active materials. There are a number of factors that contribute to the
high photosensitivity of nanostructure-based devices, such as the surface-to-volume ratio,
surface defects, light trapping, and porosity. Current research has mainly focused on the
fabrication of UV photoconductive sensors using smaller ZnO nanostructures that
contribute to the large surface area of the sensing element and prolonging the carrier
lifetime of the device during UV illumination to lower the charge-carrier recombination. The
nanostructures that have high carrier mobility also have been used to improve the transit
time of carriers, which results in the improvement of the device performance. A review of
the current status of the UV photoconductive sensor found that ZnO nanorods are very
promising nanostructures for UV detection due to their large surface area, high mobility,
and good surface photochemistry. However, there are still many challenges in the
fabrication of ZnO nanorod-based UV sensors because of certain ZnO defects that are
produced during the fabrication process. These defects eventually contribute to a lower
photoresponsivity, a low photogenerated carrier lifetime, and less effective UV light
absorption properties of the ZnO-nanorod-array-based UV sensor. In this chapter, we have
discussed the fabrication of ZnO-nanorod-array-based UV photoconductive sensors via
ultrasonic-assisted sol-gel and immersion methods. The fabrication of ZnO nanorod arrays
using a solution-based method is very attractive because of its simplicity, versatility, and
low-temperature processing. We found that several factors influence the UV sensor
performance, including surface treatment, film thickness, and doping of the ZnO nanorod
arrays.
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