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Zinc oxide/carbon nanotube (ZnO/CNTs) nanocomposites are developed on gold (Au)-
coated unpolished Si p-type (100) substrates with 2, 4, 6, 8, and 10 nm thicknesses by
vapor-liquid—solid method. One set of Au-coated Si substrates are annealed to develop
Si—Au samples for better nucleation. XRD, FE-SEM, Raman, and photoluminescence
spectroscopic characterizations are used to study structural, morphological, and optical
properties on annealed and unannealed catalyst layers with various Au thickness samples.
In XRD results, the ZnO/CNT nanocomposites are observed with higher crystallinity and
purity of phase. FE-SEM images showed variety of nanostructures with variation in
morphologies with respect to Au thickness in annealed and unannealed samples.
Clear indication of high defect concentrations and high crystallinity is observed in
Raman spectra. It is observed in PL spectra that preferred peak orientation with
shift ~4nm in the unannealed Au layer and ~9nm in annealed Au layer samples
exhibited formation of ZnO/CNT nanocomposites. Efficient sensing is observed in the
6-nm thickness Au layer in the unannealed sample. Annealed Au-coated Si samples at 8
and 10nm thicknesses showed efficient UV sensing with quick response and
recovery time.

Keywords: UV sensors, nanotubes, metal oxide, semiconductors, microstructures

1 INTRODUCTION

ZnO nanostructures have a wide range of operating temperature, stability, and flexibility, which
make them a good candidate for sensing applications (Sinha et al., 2006; Yin et al., 2013). Keeping in
view the properties and sensing results of ZnO- and CNT-based sensors, nanocomposites are
designed for sensing applications. Different ZnO morphologies have different sensing responses. The
effective sensing applications of nanocomposites must have some properties such as high surface
area, high crystallinity, and organized molecular structure. ZnO exhibits conductivity in the presence
of UV light, as reported earlier (Comini, 2009; Tiwari et al., 2012). This variation in electronic
conductivity is exploited in UV photodetectors and photoswitches. CNTs increase the conductivity
of ZnO-based nanocomposites, which results in quick recovery and response time (Xia et al., 2003).
Various methods are used for the synthesis of nanostructures such as the liquid phase technique,
vapor phase technique (Xu, 2005), spray pyrolysis (Sadananda Kumar et al., 2014), electrochemical
technique (Wong, 2003; Amin, 2015), and chemical precipitation. The vapor phase technique is the
recommended technique for the controlled growth of nanostructures due to the vapor-liquid-Solid
(VLS) and vapor-solid (VS) growth mechanisms (Choi et al., 2002; Amin et al., 2014). VLS is a
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cost-effective and easy-to-handle method to generate single
crystalline one-dimensional nanostructures (Chen et al., 2013).
Mostly commercial sensors are less cost-effective, bulky, offer
complex designing, or involve time-consuming methods to start
the effective functioning of devices. To overcome the
shortcomings of commercially available sensors, scientists start
to exploit nanostructures and nanoparticles
(HullavaradHullavarad et al., 2009).

Metal oxides are the effective sensing materials as anions are
usually available with vacancies whereas cations exist with mixed
valence states in them. Alteration in properties of oxide
semiconductors offers tailoring of the optical band gap,
electrical, chemical, and magnetic properties, which enable
scientists to develop more efficient devices. Zinc oxide (ZnO)
is an effective material for sensing devices (Wan et al., 2004; Bai
et al., 2011) for both chemicals (Carotta et al., 2009) and UV
radiations (Hierold, 2009; Zhai et al., 2009). Sensing is a very
sensitive process; it involves the manufacture of a pure crystalline
state and high-quality nanostructures. ZnO allows variety of
nanostructures with wider band gaps (3.37eV at room
temperature) (Lee et al, 2009) that are suitable for sensing
applications (Zhang et al., 2010). The unique quality of surface
polarity and surface plane energies in ZnO allows synthesis of
diverse morphologies (Givargizov, 1975). ZnO also have strong
piezoelectric and optical properties which make it a more
interesting material for sensing applications.

Carbon nanotubes (CNTs) can alter their electrical properties
upon interacting with molecules in the nearby environment (Li
et al., 2003). CNTs have drastically different mechanical,
electrical, optical, and electromechanical properties, which give
researchers the urge to experiment with them and discover their
applications at the nanoscale. They provide highly selective,
responsive, cheap, and sensitive sensors depending upon their
structures (JohanssonWacaser et al., 2006; Wang et al., 2008).
Combined effects of CNTs and ZnO exhibit amazing properties
in nanocomposites, such as high current flow (1.1 mA) at low
voltage (1Volt) and increased optical transmittance (70-80%).
Compared to CNTs, ZnO nanostructures show enhanced
divergent light emission with optical transition and mechanical
properties (Wang and Geng, 2005). These changes in properties
give insights about next-generation applications in optoelectronic
and electronic fields such as batteries, solar cells, supercapacitors,
and sensors. (Wang, 2003).

ZnO and CNT nanocomposites are reported to have enhanced
UV and visible ranges because of their defects. Mechanical
properties of CNTs combine with ZnO results in enhancement
of mechanical strength of ZnO nanostructures. ZnO shows
structural defects in the basal plane while forming
nanocomposites with CNTs. These defects in ZnO allow
monochromatic emission in the UV range ie., 373-376 nm
(Roper et al., 2007). This low level emission increases the
chances of electron-hole recombination. Nanocomposites of
such ZnO nanostructures and CNTs show stability-enhanced
mechanical, electrical, magnetic, and optical behaviors which
allow these nanocomposite potential applications (Wang,
2009), such as photocatalysts (Afrin et al, 2013),
nanoelectronics, nanodevices, and sensors. The literature
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studies have reported to form various ZnO/CNT
nanocomposite methods such as hydrothermal methods
(Nasser, 2020), wet-chemical method (Vyas et al, 2012),
sol-gel method (Albiss et al., 2010; Ahmed Jamal et al,, 2017),
layer-by-layer (LBL) self-assembly technique for thin film
formation (Herndndez, 2012), electrochemical synthesis
method (Zhang et al,, 2009), thermal decomposition method
(Khanderi et al., 2009), chemical reflux method (Ranjithkumar
et al, 2019), and simple/efficient ultrasonic-based method
(Farbod et al., 2016; Subodh, 2017a; Subodh, 2017b). No
literature has reported the direct synthesis of ZnO
nanostructures over the CNTs.

The method used in this study develops a direct link between
the CNTs and ZnO nanostructures during synthesis. It is the
major factor of increased response time of sensors. The VLS
method can be further exploited for numerous applications of gas
and electrochemical sensing and photocatalytic activity. This
work is motivated by the unique properties of CNTs and ZnO
provoking to develop nanocomposites to utilize both material
properties to generate effective sensors. The VLS method is used
for the growth of ZnO nanostructures at different thicknesses of
the catalyst layer. The effect of annealing of the catalyst layer is
considered in this study as it affects the properties of
nanostructures drastically. It also helps to better understand
composite properties. The properties of prepared samples are
studied by X-ray diffraction, field emission scanning electron
microscopy, photoluminescence, and Raman spectroscopy. The
sensors are developed for UV sensing. Numerous nanostructures
of ZnO are used to form nanocomposites with CNT's to develop
quick responsive sensors. The inert nature of ZnO is very suitable
for the environment despite being at the nanolevel. Very
encouraging results with high sensitivity and quick response
time of UV sensors are reported in this study.

2 EXPERIMENTAL METHODS

2.1 Growth of ZnO Nanostructure by the VLS
Method

For the study, 1 g of the prepared source was placed in a ceramic
boat; then, the boat was pushed precisely at the center of a quartz
tube with 100 cm length and 3.5 cm diameter (Lao et al., 2003).
The processed substrate was placed on another ceramic boat with
the help of a carbon tape. It will provide a heating path to the
substrate and allow the substrates to stick to the defined position
during the experiment. The substrate-holding boat was pushed
adjacent to the source boat in the quartz tube. The tube with both
boats was placed in an electric furnace (local electric furnace) with
care. Argon (Ar) gas was supplied by connecting the quartz tube
cap, while the other end was kept open. Ar gas was allowed to flow
at 45 SCCM (standard cubic centimeters per minute) through the
tube, prior to the start of the furnace to avoid impurities. The
furnace was programmable at 1050°C, while the gas flow was
maintained at 45 SCCM. The rise of temperature in the furnace
was 10°C per minute. Ar gas was used as a carrier gas of ZnO
vapors to Au-coated Si substrates. The systematic experimental
set up is shown in Figure 1.
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FIGURE 1 | Schematic diagram of the experimental setup of the VLS method.

MWCNTs

ZnO nanostructures

FIGURE 2 | Schematic diagram of CNTs deposited on the Au layer and growth of ZnO nanostructures by the VLS method.

The VLS method is used for the growth of ZnO nanostructures
at different thicknesses of the catalyst layer. VLS growth is a
nucleation-based growth; as shown in Figure 2, mostly metal
catalysts are used for this purpose. Usually nuclei are formed by
the mixing of catalyst and source vapors during synthesis. If the
nuclei are formed during an internal chemical reaction, then the
process is called self-catalyzed VLS growth. A suitable additive
material within the source can reasonably reduce its vaporization
temperature. ZnO have a vaporization temperature up to 1,900°C
which can be reduced approximately up to 1,000°C by adding
graphite (C) powder with ZnO. The fine mixture of graphite in
ZnO leads to the development of Zn or Zn sub-oxide vapors at
1000°C due to the following chemical reaction (Djurisi¢ and
Leung, 2006).

27Zno + C — 2Zn + CO,, (1)
ZnO + CO — Zn + CO,, 2)
Zno + (1 —x)CO — Znoy + (1 —x)CO,. (3)

The forms of nanostructures are dependent on Zn and Zn sub-
oxides at lower temperatures since Zn oxides play a major role in
the nucleation of ZnO nanostructures, while the other parameters
such as vacuum condition, carrier gases, and catalyst become less
influential on the nanostructures. Hence, the principal effecting
parameter for ZnO growth of nanostructures is temperature (Kim
and Sigmund, 2002). There is a possibility of direct reaction of the
graphite powder with ZnO vapors or oxygen (O) present in the
tube, resulting in carbon monoxide (CO) gas. Such a reaction

depends upon the atmospheric conditions of the tube. In an
open-ended quartz tube, vapors of sub-oxides of Zn generate at
low temperature due to mixing of the graphite powder. Partial
oxidation of Zn occurs due to the lack of oxygen (O) in the open-
ended tube during synthesis of nanostructures. The droplets are
generated by the vaporization of ZnO and its sub-oxides, which
act as nuclei for 1-D growth of ZnO nanostructures. Zn sub-
oxides are unstable compounds, so their electron affinity is not
completely satisfied as in ZnO. This reactive nature of Zn sub-
oxides is responsible to increase the growth of the ZnO
nanostructure at the tips, resulting in the micro length of 1-D
nanostructures, as shown in Figure 3. Higher surface tension,
wetting ability, and higher accommodation coefficients make Au
an extensively used catalyst for the growth of the 1-D
nanostructure (Li et al., 2010). Au supports highly crystalline,
dense, long, and manageable diameter of nanostructures as the
catalyst. 1-D nanostructures using Au catalysts, showing high
crystallinity and density, are reported in the literature (Zhang
et al., 2010).

In the VLS method, the position of the substrate needs to be
optimized for particular morphology of the nanostructure of the
source material. Vapor pressure and temperature vary every cm
within the synthesis tube with respect to the source. The tube
furnace is open from both sides, which creates a major difference
in the temperature with distance from the center. Different planes
have different activation energies, which create different
morphologies within the tube. Second, vapor pressure varies
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with distance, resulting in the difference of supersaturation of
droplets. These phenomenal changes in the precipitation rate of
droplets eventually affect the morphology of the nanostructure.

2.2 UV-Sensing Mechanism
The principle of UV-sensing mechanism is photoconductivity.
Oxygen defects have a major influence on electrical properties
and on the optical band structure (Wen et al, 2012). ZnO
nanostructures synthesized by the VLS method have oxygen
defects and point defects which enable good sensing response
and recovery time. Oxygen vacancies in the ZnO nanostructure
are due to Zn oxide and sub oxides which can be increased by
post-annealing in the oxygen environment. Introduction of
oxygen vacancies creates a blue shift in the luminescence
spectrum. ZnO creates a bond with the CNTs sp® surface and
shows high permeability for air (Zhu et al., 2009). The rough
surface of the nanostructure offers an increased adsorption of
oxygen which enhances the response of sensors (Kim, 2009).

Oxygen adsorbed on the surface is responsible for
photosensitivity (Guo, 2010). In the absence of UV light,
oxygen molecules adsorb on the outer surface of ZnO and
remove free electrons which create a depletion region; as a
result, it reduces conduction in the sensor (Fu et al., 2012), as
shown in Figure 4.

The reaction that occurs during UV-sensing in dark is given
below:

0,(g) +e — O; (ad), (4)

0,(g) +2e” — 0O (ad). (5)

In the presence of UV light, absorption of photons creates
electron-hole pairs which flow through the depletion region. A
sudden increase of the current is observed, while *holes are
attracted to the O™ ion to neutralize the ion in the oxygen
molecule. The release of the oxygen molecule from the surface
causes a change in the surface reaction.

hv - e +h', (6)
O; (ad) + h* — O, (g), 7)
O} (ad) + 2h* — O,(g). (8)

As holes neutralize with oxygen ions, they leave electrons of
their pairs free to conduct photoelectricity in nanocomposites.
Delay in the response and recovery time happens if electrons get
trapped in deep defects on the surface of ZnO nanostructures or
CNTs. These traps hinder electron recombination and increase
hole duration in the electronic band (Ali and Chakrabarti, 2010).

2.3 Annealing of Au-Coated Si Substrates

One set of Au-coated Si substrates with 2 nm, 4 nm, 6 nm, 8 nm,
and 10 nm thicknesses were annealed in a furnace (Protherm
laboratory furnaces MOS 160/2) at 250°C for 2 h in air. This heat
treatment allows the Au atoms to penetrate in the Si wafer,
leading to a good Si-Au system which causes better nucleation for
the VLS growth of nanostructures (Amin et al., 2012). The Si-Au
system was developed in an excessive oxygen (O,) environment.
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FIGURE 5 | SEM image of MWCNTs.

Due to the presence of O,, there is a formation of Si oxides (SiO,
Si0,). It is supportive for rich branched ZnO nanostructures
providing wider areas for sensing applications. The process
enhances the formation of nanocomposites of ZnO and CNTs.

2.4 Preparation of CNT Suspension

Pristine multi-walled carbon nanotubes MWCNTSs with length
approximately 10-20 um and diameter approximately 25-60 nm
with  95% purity were purchased from Beijing DK
nanotechnology (China). MWCNTs have lesser than 4%
amorphous carbon and approximately 0.5% metal impurity.
MWCNTs, as shown in Figure 5, were used without any
treatment for synthesis of ZnO/CNT nanocomposites. CNT
suspension was prepared by dissolving 200 mg of MWCNTs
in 5ml of 95% acetone (C3HgO). The obtained suspension
was sonicated for 20 min in an ultrasonic sonicator. MWCNTs
were deposited on Au-coated Si wafers by the drop-casting
method. For the experiment, 50 uL suspensions was taken in a
micropipette and poured on each sample of both sets.

After drying at room temperature, 50 uL suspensions were
again poured on the samples. The process was repeated thrice.
The mixture of graphite powder and ZnO was used as the source
instead of ZnO because this mixture helps to lower the
evaporation temperature of ZnO from 1975 to 600°C. It is a
well-known fact; the graphite powder is a good conductor of heat
and electricity which is used to lower the evaporation temperature
of ZnO. The localized heating of ZnO atoms was performed by
using fine graphite powder. The process was aggravated by
mixing both compounds with ball milling, which helps to
make a fine mixture to enable the graphite powder to reach
each ZnO compound easily. Preparation of the source is a very
necessary step for the VLS method. It is one of the major
controlling factors for the growth of nanostructures. Graphite
powder and ZnO with 1:1 ratio was mixed by ball milling. 5 g of
graphite powder (99.9%) and 5g of ZnO (99.99%) were put in
glass vials of 100 ml with 50 balls of zirconia (1 mm size). The
mixing was performed at 300 rpm for 3 h at 60 Hz. A fine gray
mixture was achieved, which was used as the source material.

1pm electrode distance

ZnO/CNTs Nanocomposites
Au Coated Si

Keithley Multimeter

FIGURE 6 | Schematic diagram of sensor fabrication.
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FIGURE 7 | XRD pattern of ZnO/CNT nanocomposites over unannealed
Au layer with various thicknesses on the Si substrate.

3 SENSOR FABRICATION

In this work, sensors were prepared by the Doctor Blade method. The
glass substrate was washed by the aforementioned process. Electrode
formation is shown in Figure 6. The electrodes were formed by RH
evaporation of Au on glass substrates. For the study, 95% pure Au of
1.5 um (1,500 nm) thickness was deposited on substrates at a distance
of 10 cm from the source to substrates. A fine diamond cutter was
used to separate electrodes at 1 um distance. Separations of electrodes
were confirmed by using a digital multimeter. ZnO nanostructures
along with CNT's were scraped away from the growth substrate. The
peel was carefully placed on electrode junctions, and 5 uL of 95% pure
CH;0H was poured dropwise on the peeled material to stick
nanostructures on the respective substrate. The prepared sensors
were used to sense UV light by using a Keithley multimeter 2,100
with different timings of UV light exposures.

4 RESULTS AND DISCUSSION

4.1 X-Ray Diffraction Analysis
XRD results revealed that the ZnO perfect crystal is a wurtzite
structure. A very sharp and prominent peak was observed, as
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FIGURE 8 | XRD pattern of ZnO/CNT nanocomposites over annealed
Au layer of various thicknesses on the Si substrate.

shown in Figure 7, indicating an extensive growth in the (201)
plane. Peaks at 66.3° and 67.86° with the planes (200) and 112),
respectively, were merged with the peak (201) at 69.01° significant
of ZnO, matched with JCPDS No. 01-089-1,397.

In Figure 7, carbon peaks are observed at 42.8° 61.1° and
75.6° with (100), (103), and (110) planes, respectively, according
to JCPDS No. 00-002-0,456. It was observed in the presence of
pure MWCNTSs, as reported earlier in the literature (Bharti,
2020). The MWCNT peaks are showing less intensity as
compared to ZnO because they are emended in thick ZnO
nanostructures, as reported by Ranjithkumar, R. et al
(Ranjithkumar et al., 2019). These peaks showed a shift of 1°
throughout the graph which confirms the ZnO/CNT
nanocomposite. The shift is due to the stress caused by ZnO
nanostructures which had grown through MWCNTs (Sapkota,
2019). High crystallinity and phase purity were confirmed at 6
and 8nm layers of Au by sharp peak intensities. ZnO
nanostructures at these thicknesses showed a smaller value of
full width at half maximum (FWHM) symbolized high defect
concentrations. The XRD pattern of unannealed Au on Si
substrates showed good crystallinity and phase purity with
high defect concentration levels. The slight variation in the
intensity of XRD peaks was due to the thickness of the Au
layer which caused a change in growth planes, resulting in
structural variation. There are some other factors which also
affect the intensity of XRD peaks ie., systematic accuracy,
instrumental effects, sample orientation, its placement, phase
concentration, crystallite size, and density of ZnO
nanostructures on Si substrates.

In Figure 8, sharp peaks of ZnO were observed at (100), (002),
(101), (102), (110), and (103) planes whereas peaks at 66.3°,
67.86°, and 69.01° with planes (200), 112), and (201), respectively,
were overlapping each other. The XRD pattern is matched with
JCPDS No. 01-089-1,397. Carbon peaks were indicated at (100)
and (110) as in JCPDS No. 00-002-0,456 [110]) with a shift of 1°
due to stress. Growths of the ZnO nanostructure interact with
CNTs at a high temperature causing mechanical stress. So it

SENSOR

TABLE 1 | Average dimensions and aspect ratio of nanobelts with respect to Au
thickness.

Sample Thickness of  Width (um) Length (um)<  Aspect ratio (L/D)
the Au layer (nm)

2 37 +1 3375 09.12

4 25+05 30+3 12.00

6 1.5+05 25+5 16.67

8 1.0+ 05 20+ 2 20.00

10 718 £ 4 295+ 5 04.12

confirms the formation of ZnO and CNT nanocomposites. The
substrate peak Si (100) peak at 28.3° was observed at 2- and 10-
nm Au thickness samples.

The annealed Au layer on the Si substrate showed higher
intensities and FWHM than unannealed Au layer samples.
The value of FWHM was decreased prominently, as
compared to Figure 7, which indicated an increase in
defect concentrations. Variation in the peak’s intensity was
due to the difference in Au thickness in preannealed Si with
the Au layer and change in nanostructures. The Au-Si
samples gave unified nucleation points for the ZnO
structural growth. Polycrystallinity was developed due to
two types of Au-Si substrate alloy droplets and pure Au
droplets for condensation of source vapors. Unannealed
Au layer samples did not show growth on different planes
as there was only Au droplets for condensation of ZnO
vapors. This pattern is completely supported by the results
of FE-SEM as in the growth of the polar plane which is shown
for nanobelts and nanosheets. The XRD graph exhibited a
hexagonal wurtzite nanostructure of ZnO. Nanocomposites
of ZnO and CNTs were confirmed. The annealed Au layer
sample  showed  poly-crystallinity,  higher  defect
concentrations, and smaller crystallite size, while
unannealed Au layer samples showed purity of phase,
similarity in growth planes, and relatively larger crystallite
size. The prominent peak (201) plane had extended growth in
the basal plane for unannealed Au layer on the Si sample.

4.2 Field Emission Scanning Electron

Microscopy

4.2.1 Nanobelt Structure

Field emission scanning electron microscopy (FE-SEM) was used to
investigate the morphology, grain size, and shape of nanostructures.
Synthesis of ZnO/CNT nanocomposites was performed at different
thicknesses of the Au layer catalyst on both annealed and
unannealed Si substrates. The flow rate of Ar gas, temperature,
and other parameters were kept constant throughout the
experiment. Thickness of the Au catalyst varied from 2nm,
4nm, 6nm, 8 nm, and 10 nm samples, as shown in Table 1.
Multiple structures were obtained on different thicknesses
depending upon the nucleation size of the seeds. VLS growth was
majorly dependent on the thickness of the catalyst layer. Annealing
of Au-coated Si substrates prior to the synthesis had shown a major
decrease in the size of structures and uniformity of the structures in
samples, as shown in Figures 9A-].
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FIGURE 9 | FE-SEM images of ZnO/CNT nanocomposites (A)

Nanobelts and nanowires (B) Nano belts and nanorods (C) Nanobelts and
nanorods (D) Nanobelts and microrods (E) Nanosheets and nanowires (F)
Nanobelts, microrods, microcombs, and multipods (G) Multipods (H)
Multipods (I) Nanowires (J) Nanowires and initial-staged nanosheets.

Nanobelts were observed in unannealed Au layer thicknesses of
2 nm, 4 nm, 6 nm, and 8 nm samples. The average length and width
of nanobelts were decreased with the increase in Au thickness in
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unannealed Si samples. The rings of nanobelts were observed, as
shown in Figure 9A, a unique property of ZnO nanostructures. It
was due to the polar surfaces and basal planar growth which enabled
the nanobelts to roll in the form of a complete ring (Lao et al., 2003).
Morphology of nanostructures was dependent on the thickness of
the Au layer. The larger the droplet size, the lesser will be the
supersaturation and rate of diffusion. So the nanobelts showed a
decrease in size. The aspect ratio increased with the increase in Au
thickness, which highly affects the sensing capability of the material.
In VLS growth, vapors were evaporated in the molecular form at a
high temperature. The stoichiometry of the molecules was also
satisfied. While condensing of vapors through Au droplets on the
substrate, the stoichiometry of cations and anions were arranged in a
pattern that every anion faces a cation. This arrangement stabilized
the structure and charges their symmetry around a small nucleus.
Every molecule arranged itself around the nucleus. Some parameters
are given in Table 1.

At high temperature, mobility of ZnO vapors was quite high
that lowered the energy of the surface, which inclined to be flat
unlike in nanocombs. To avoid agglomeration of ZnO on the
surface, the molecules were arranged in rough growth sites, which
turned to be active sites for growth of nanobelts (Wang and Geng,
2005).

4.2.2 Micro and Nanorod Structures

Micro and nanorod structures were observed in unannealed Au
layer samples at thicknesses of 4 nm, 6 nm, and 8 nm. There was an
increase in the width and decrease in the length of rods with the
increase in thickness of the Au layer. These nanorods were formed
along the (001) plane (c-axis) as this is the major growth plane. The
6-nm thickness sample indicates a high level of growth in the (001)
plane with respect to other planes which is the reason of its higher
aspect ratio (Roper et al., 2007). Morphology of the nanostructure
was majorly depending on local temperature during synthesis, rate of
surface diffusion, and accessibility of ZnO vapors to Au droplets for
supersaturation. Because of the lower diffusion rate in large droplets
of the thicker Au layer, the nanorods showed a rapid increase in the
width of rods. The details are given in Table 2.

4.2.3 Nanosheet Structure

Self-catalyzed growth is reported as the reason for growth of
nanosheets. The synthesis of nanosheets was a three-step process.
The nanowire was grown by VLS growth which was followed by
the teeth growth of 1-D branched from the nanowire; finally, the
interspace between the two teeth was filled by 2-D growth. Comb
teeth were formed by a slow rate of diffusion and supersaturation
of droplets in the source vapor environment. The VS growth
was started in an unstable environment. Lack of oxygen
concentration in the supersaturation level was increased in
the vapor phase. The increase in the Au droplet size,
temperature, and oxygen shifted the nanostructure from 1-
D to 2D structures (Zhai et al., 2009).

4.2.4 Micro and Nanocomb Structures
Comb-like structures were grown on annealed Au-coated Si
substrates in the 2-nm thickness sample. Figure 9F shows
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microsize combs of ZnO structures. The teeth of combs were
grown from one side of the belt; the other side of the belt was
smooth. The comb teeth were parallel to each other with
triangular tips. Bases of the teeth of combs to the tips were
presented clearly in FE-SEM images. The morphological
instability of the supersaturated Au droplet was responsible for
the side growth of comb teeth. Growth array of nanotips and
nanofingers on either sides of the nanobelt was due to the surface
polarity of ZnO. ZnO growth was along the (001) plane because
of the surface polarity as the growth rate was reasonably high. The
origination of teeth from the nanobelt in the comb-like structure
was due to the self-catalyzed mechanism (Hierold, 2009).

4.2.5 Multipods and Tetrapod Structure

Multipods were synthesized at different thicknesses of Au layer
substrates in annealed samples (2 nm, 4 nm, and 6 nm thickness).
In primary thickness of Au, the size was quite large in
microranges and reduced up to nanoranges with the increase
in Au thickness, whereas the aspect ratio increases with the
increase in Au thickness in annealed Au layer samples. Images
showed that multipods have nanorods and nanobelts originating
from a single nucleation point. The exact reason for synthesis of
these structures is still unknown. ZnO tetrapods and multipods
are reported in the literature (Lee et al., 2009). The octahedral
structure of ZnO offers high effective surface energy in Zn rather
than oxygen, so ZnO fine nanorods and nanobelts can be grown
from Zn surfaces, resulting in multipods and tetrapods. The
wurtzite structure of ZnO has two different atoms Zn and
oxygen. Zn is a reactive agent due to the d-shell, whereas
oxygen is passive in VLS growth. The difference in nature of
two elements forced the ZnO to develop polar surfaces. The
higher the supersaturation of droplets, the higher will be the
possibility of availability of polar surfaces which were responsible
for random growth. The growth rate of the crystal of ZnO was
directly reliable on accessibility of ZnO atoms in the catalyst
droplet and rate of diffusion at that thickness of the catalyst.

4.2.6 Nanowire Structure

Nanowires were observed on annealed Au-coated Si substrates at
the thickness of 8 nm and 10 nm samples, respectively. The
decrease in length and width was observed with the increase in
Au layer thickness in unannealed samples, whereas the
annealed Au layer showed an increase in length and
decrease in width with respect to Au thickness. Nanosheets
were clearly observed at 10 nm in the annealed Au-coated Si
sample. With the increase in dwell time, nanowires may form
uniform nanosheets. The aspect ratio decreases in unannealed Au
layers, but it shows a dramatic increase in annealed Au layer samples.
The annealing of catalyst layers exhibited a considerable change in
morphology. At 2-nm thickness of the Au layer sample, a variety of
nanostructures were observed, whereas on further increase in
thicknesses of the Au layer sample, the multipod nanostructure
showed uniformity with the decrease in the structural size up to the
nanometer range. After 6-nm thick Au layer sample, the nanostructure
showed a structural shift and increase in the length to form nanowires
of micron length up to 10-nm thickness of the catalyst layer sample.

SENSOR

TABLE 2 | Average dimensions and aspect ratio of nanorods with respect to Au
thickness.

Sample Thickness of Width (um) Length (um Aspect ratio (L/D)
the Au layer (nm)

2 1.9+3 2773 + 4 14.6

4 02 + 0.5 50.02 + 3 25.01

6 50 + 2 47 +5 09.40

8 32+05 30=+5 09.37
4.2.7 CNTs

. In Figure 9, yellow arrows are placed to stop the CNTs. In
Figure 9A, ZnO/CNT nanocomposites can clearly be seen
inset. ZnO nanowires show the non-uniformity of thickness along
the length whereas the CNTs are having a uniform thickness all along
the length; the images show coherence with the literature (Ko et al,
2012). In Figures 9B-G, presence of CNTs can be seen in the
background as they were deposited by the drop casting method
prior to the growth of ZnO nanostructures by the VLS method. In
Figures 9H-J, the CNTS5’ presence were difficult to spot due the thick
growth of ZnO multipods and nanowires.

4.3 Raman Spectroscopy and Photo

Luminance
Raman spectroscopy helps to investigate vibrational properties of
the samples. In Figures 10,11, Raman graphs for both annealed
and unannealed Au layer on Si substrates are shown. Al + E1 +
2E2, active modes in Raman spectra are allowed by Group theory
(Carotta et al., 2009). In the smaller Raman shift region, ZnO
peaks at 380-1 and 433.5-1-1 were observed. The ZnO peak at
380 cm-1 was credited as the A1 mode which was due to the
transverse optical mode (TO), whereas that of 433.5 cm-1 was
attributed to the E2 mode with non-optical phonons of ZnO.
1142-1, 1352-1, and 1584-1-1 peaks were noticed in the higher
Raman shift region. 560.2 cm-1 and 1,142 cm-1 peaks were in
accordance with the E1 mode which is due to longitudinal optical
(LO) and 2LO modes of ZnO (Amin et al., 2014). 1,352-1 and
1584-1-1 peaks are signature peaks of carbon. The peaks at
1,352cm™" and 1,584 cm™' represent D and G modes,
respectively; these peaks revealed the presence of CNTs in
each sample (HullavaradHullavarad et al, 2009). The 2D
mode was also seen in a wider spectrum, whereas the peak at
2,350 cm™ confirms graphene presence (Amin et al., 2014). The
peak at 964 cm™" is noticed in unannealed Au layer catalyst (Choi
et al., 2002). This peak was present in the annealed Au layer
sample, but it was not prominent in annealed Au-coated Si due to
the increased intensity of ZnO and CNT peaks.

The reason behind broader peaks in both treatments, with respect
to pure ZnO nanostructures, was the residual stress of CNTs on n
ZnO nanostructures and introduction of oxygen defects (Zhang
et al,, 2010). The structural deformation in MWCNTs increased in
FWHM of peaks and generated D and G bands.

Peaks at 1,352cm™’ and 1,584cm™' of carbon showed
evidence of ZnO/CNT nanocomposites. This nanocomposite
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TABLE 3 | UV-sensing responsivity, response time, and decay time of unannealed and annealed Au layers at various thicknesses.

SNo Thickness (nm) Unannealed Annealed
Responsivity Response time Decay Time Responsivity Response time Decay Time
(Sec) (Sec) (Sec) (Sec)

1 2 1.06 9 22.5 1.05 32.9 43
2 4 1.09 2.9 21.2 1.30 13 19.2
3 6 1.18 1.4 1.2 1.1 153 43.7
4 8 1.02 7 56.7 1.13 1 1.6
5 10 1.05 4 59.5 1.15 1.2 1.5
has higher oxygen vacancies in the ZnO nanostructure, which 1000 =53 Sample 10
provide electron to the conduction band in sensing applications.
A prominent increase in conductivity was expected during 500 -
inspection of electrical properties with respect to pure ZnO 02 M s 550
nanostructure. 0

Optical band properties of ZnO/CNT nanocomposites were 1000 | ' ' ' ' Sample § nm
investigated by photo luminance (PL) spectroscopy at room
temperature (RT) with He-Cd (325 nm). In Figure 12, the PL 500 -
spectra of unannealed Au layers on Si substrates are shown in the \/ A A
range of 375-390 nm with intense emission peaks at 379, 380, 0 ) ) ' )
381, 383, and 385 nm with energies 3.27, 3.26, 3.25, 3.23, and S 1500 Sample 6 nm
3.22 eV, respectively. The peaks showed a red shift with increase = 1000 [
in Au thickness. Variation in ZnO nanostructures caused a shift z o0l
in the near-band edge (NBE) region. In this study, 3.27, 3.26, 3.25, g 380
3.23, and 3.22 eV energy emissions correspond to nanowires, E o i . . .
nanorods, microrods, nanobelts, and nanosheets, 1500 T Sample 4 nm
respectively. The band gap of the ZnO nanostructure is 1000
well-known at 382 nm with 3.24 eV. These peaks show an 500
introduction of variety of intrinsic defects during synthesis of
nanostructures. The peak at 379 nm was much intense than 0 VY
other peaks in the NBE region. The intensity was due to the 2000 | Sample2m
presence of nanowires which have a high surface to volume
ratio, so relatively more defects were introduced such as 1000 -
oxygen vacancies (Vo), Zn vacancies (VZn), anticite ol
defects (OZn), and interstitial zinc (Zni). 560 1000 1500 2000 2500

The ZnO PL spectra showed peaks at 520 nm in the literature R . .

R L. . aman Shift (cm )
(Djurisi¢ and Leung, 2006), which is observed at 524 nm in the
visible region with an cnergy of 2.36¢eV in Figure 12A. This FIGURE 10 | Raman spectra of unannealed Au layer with various
wide and intense peak has a shift of 4 nm due to mechanical thicknesses on the Si substrate.

interaction of ZnO with CNTs. The lower intensity of the peak
at the 6-nm thick Au layer sample indicates a considerable
increase in oxygen vacancies and surface recombination effects
in ZnO/CNT nanocomposites. Figure 12C showed a new peak
with considerable intensity at 649 nm with 1.91 eV which is
an attribute of the Si substrate. The intensity of the PL
spectrum showed a constant decrease with increase in Au
thickness, but at the thickness of 8 nm, it showed a sharp
increase. This increase in peak is due to the increase in the
band gap with the increase in recombination of the electron
hole pair with a rise in energy transfer within neighboring
ions. The geometry of samples get in order, so there is a
prominent decrease in crystal defects and oxygen vacancies.
Low intensity showed good UV sensing as they have higher
separation between photo-induced ions with more oxygen
vacancies and surface defects.

The PL spectrum of annealed Au layer samples is shown in
Figure 13. NBE showed peaks at 379, 380, 381, and 383 nm with
their corresponding energies 3.27, 3.26, 3.25, and 3.23eV. In
Figure 13B, unlike in unannealed Au layer samples, peaks
exhibited a blue shift with respect to the Au thickness because
the ZnO nanostructure comes from nanobelts to nanowires. The
commonly reported band gap of the ZnO nanostructure was at
382nm with 3.24eV. The smaller the width of ZnO
nanostructures, the higher will be the presence of intrinsic
defects such as oxygen vacancies (Vo), Zn vacancies (VZn),
anticite defects (OZn), and interstitial zinc (Zni). Nanowires
showed vividly intense peaks because of high defect
concentrations, high surface-to-volume ratio, and high
intensity ratio. In Figure 13A, highly intense peaks appeared
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FIGURE 11 | Raman spectra of the annealed Au layer with various
thicknesses on the Si substrate.

at 529 nm with energy 2.34 eV for 2, 4, 6, and 8 nm samples,
whereas at the 524 nm peak with energy 2.36 eV appeared at
10 nm. Commonly, the ZnO peak appeared at 520 nm (Djurisi¢
and Leung, 2006). There was a shift of 4 nm for 10 nm thickness
and 9nm for other Au thickness samples. CNTs interact
mechanically with the ZnO nanostructure which was
responsible for the peak shift. Another prominent peak
appears at 666 nm with 1.86 eV energy. The intensity variation
was different than in unannealed Au layer samples. The spectrum
showed a slight decrease in the early increase of Au thickness (2
and 4 nm). Later on, the intensity showed a significant increase at
6 nm thickness; then, it decreased in pattern up to 10 nm
thickness. The increase in peak intensity was due to the
ordered geometry at 6 nm thickness which increased the
band gap and charge recombination. This exhibited lack of
structural defects and oxygen vacancies. Annealed Au layer
Si samples showed far lower intensities than unannealed
Au layer samples. The higher surface defects increased
oxygen vacancies, high rate of separation in photo-
induced ions, reduced band gap, high separation rate of
ions which was supportive for photocatalytic applications,
and UV-sensing applications observed in annealed Au
layer samples. The peak shift 524-529nm was an
indication of the formation of strong ZnO and CNT
interaction and high level of defects due to the Au-Si

SENSOR

sample. This resulted in two seeds for condensation of
source vapors (alloy and pure Au) for nucleation, which
generated a disorder in the crystal structure. Moreover, the
Si peak showed a red shift in annealed Au layer samples at
649-666 nm which is due to the presence of the SiO layer
deposited during annealing of the substrate with the catalyst
layer. This shift exhibited an oxygen-deficient center on the
substrate.

4.4 Sensing Applications

Electrons moved from the valence band to conduction band
as ZnO/CNT nanocomposites were exposed to UV light of
wavelength 315-365 nm (UV Philips Lamp 18 W). The UV
light absorbed in samples corresponded to the difference in
the band gap of the material, resulting in the flow of current
in a circuit and decrease in resistance. As soon as the UV light
was switched off, the electrons move back to their energy
band, and the material exhibited an instant increase in
resistance. In UV-sensing applications, photo conductivity
was exploited. The ZnO bandgap energy was in the UV range,
which makes it promising for UV-sensing while CNTs are
good conductors, which increase conductivity and signal
response of sensors. Nanostructures have a high surface-
to-volume ratio which makes them highly effective for UV
sensing at room temperature.

The response of UV sensing in 1-min cycle of unannealed
Au layers on the Si substrate and ZnO/CNTs nanocomposite
resistance vs. time are shown in Figure 14. UV sensors at
6 nm of the thickness sample showed an instant response and
recovery on exposure to UV light along high signal response
(S = Rd/RI where S is signal response, Rd is the resistance in
dark and Rlis the resistance in UV light) i.e., 1.18 with respect
to other Au thickness samples. FE-SEM images clearly
showed the presence of branched nanorods with the
increase  of  surface-to-volume ratio and  defect
concentration which was responsible for effective sensing.
PL results also predicted the 6-nm thickness sample as good
sensing nanocomposites. Samples with thickness of 4 and
10 nm respond far as compared to recovery time with the
signal response 1.09 and 1.05, respectively. The value of
resistance was not reached to the initial value in the 1-min
cycle for 10 nm thickness. It was due to the presence of
conduction electrons in the conduction band after
switching off UV light, whereas for the 4-nm Au thickness
sample, behavior was inverse because of multipods, nanorods
(S =1.96), and nanobelts (S = 1.45), which offered roughness
in sensor surface response and thickness variation over the
sensor and allowed resistance to increase in each cycle. The
sample with 2-nm Au thickness showed no uniformity in
graph but have a higher signal response, and the response
with the 8-nm thickness sample was (S = 1.06).

In Figure 15, UV-sensing showed good results at 8 and 10 nm
thickness with quick response and recovery time and signal
response being 1.13 and 1.15, respectively. The uniformity of
nanostructures assured the same resistance level in all other
samples. Nanowires had good crystallinity and high surface
defect ratios which made them perfect for sensing. Interaction
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800

of CNTs and ZnO nanowires was also strong. Multipod structure
was generated at 4- and 6-nm Au thickness samples. These
structures showed poor response and recovery in UV-sensing
with the signal response 1.30 and 1.11, respectively. In 4 nm of Au
thickness, the sample has nanobelts, nanorods, and nanosheets
generating from the same nucleation point. This lack of
uniformity of the ZnO nanostructure affects the sensing
results. However, the sample at 6 nm Au thickness generated

multipods with nanorods only; UV-sensing showed relatively
better results than the sample with 2 nm thickness. Annealed Au
layer samples showed good sensing results at higher thicknesses
of 8 and 10 nm Au layers, whereas un-annealed Au layer samples
exhibited better results at 6 nm thickness with higher signal
response (1.18) than 8 nm (1.13) and 10 nm (1.15) of annealed
Au-coated Si samples. Good sensing is an attribute of high
crystallinity, crystallite  size, higher  defect

smaller
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FIGURE 14 | UV-sensing of unannealed Au layer at various thicknesses
with a cycle of 1 min. FIGURE 15 | UV-sensing of annealed Au layers at various thicknesses

concentrations, higher oxygen vacancies, and ZnO/CNT
nanocomposites.

As the smaller crystallite sizes have a high surface ratio, higher
oxygen vacancies allowed ZnO to attract higher oxygen molecules
in the absence of UV light and developed a strong negative charge
space which was the basic cause to photoconductivity of ZnO
nanostructures. UV-sensing responsivety, response time and
decay time of Un-annealed and annealed Au layer at various
thicknesses are given in Table 3.

CONCLUSION

Different morphologies were synthesized at different Au-coated
thicknesses on Si substrates by the VLS method successfully. The
waurtzite structure of ZnO and high crystallinity was confirmed by
XRD results with sharp ZnO peaks. The carbon peaks showed a
constant shift in the XRD pattern in annealed and unannealed
Au-coated layer samples which confirm the presence of ZnO/
CNT nanocomposites. ZnO nanostructures exhibited an
increase in lateral growth of the nanostructure with the
increase in Au thickness up to 8 nm. The direct relation
between the length and Au thickness was showing a dramatic
change after 8 nm of Au thickness. The inversion in relation
between the width of the ZnO nanostructure and Au thickness
nanostructures was seen in FE-SEM in the annealed Au-coated

with a cycle of 1 min.

substrate, whereas annealed Au coating retained the direct
relation between the length and Au thickness at 10 nm. ZnO
nanostructures with a higher aspect ratio showed good results in
UV-sensing. Similar peaks were observed in both set of samples
in Raman spectroscopy. Broader peaks in unannealed Au layer
samples indicate the inhomogeneous crystalline size with the
same crystal orientation. Raman peaks at 1,353cm™' and
1,584 cm™ were an evidence of ZnO/CNT nanocomposites.
The peak shift of 4 nm was observed in major peaks which
confirm ZnO/CNT nanocomposites. The Si peak showed shift
in annealed Au layers due to the oxidation of Si substrates
during annealing with the Au layer. Significant results were
observed on 6-nm Au thickness due to the branched structures
in unannealed samples. Annealed Au-coated samples showed
quick response and efficient UV-sensing with ZnO nanowires at
8 and 10-nm Au thickness samples.
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