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Synthesis of ZnO Nanorods on Silicon for
Methanol Gas Sensor

Abstract- Zinc Oxide nanorods (ZnO NRs) were successfully synthesized via
hydrothermal method. The growth process was conducted with a seed layer
concentration of 30 millimolar (mM). The as-synthesized nanostructures were
characterized by x-ray diffraction (XRD), scanning electron microscope (SEM),
atomic  force microscope (AFM), and ultraviolet-visible (UV-VIS)
spectrophotometer. The analysis of the present work results revealed pure Wuartzite
ZnO hexagonal nanostructures with preferred orientation (002) along c-direction. It
was found that the calculated band gap and the crystallite size are 3.2 eV and 53.18
nm respectively. A methanol gas sensor was fabricated based on the annealed ZnO
NRs on the silicon substrate. The optimized sensitivity at 250 ppm methanol vapor
with fast response and recovery time was achieved. So, ZnO NRs film can serve as
a good candidate for a methanol gas sensing device.
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1. Introduction

ZnO is one of the important materials in the
family of II-VI semiconductors [1], this is due to
the direct band gap of 3.37 eV at the ambient
conditions [2], also has free exciton binding
energy of 60 meV [3]. It is extensively used for
transparent films [4]. Due to the extreme superior
properties, it was employed for the production of
efficient solar cells [5], light emitting diodes [6],
chemical sensors [7], piezoelectric devices [8],
transparent leads [9], and gas sensor [10].
Recently, many techniques have been used for the
synthesis of 1D ZnO nanostructures, such as
thermal decomposition [11], microwave activated
chemical bath deposition [12], chemical bath
deposition [13], vapor-liquid-solid (VLS) growth
[14], metal-organic catalyst assisted vapour phase
growth [15], direct evaporation [16], chemical
vapour deposition (CVD) [17], and template-
based methods [18]. However, some of these
growth techniques are expensive, substrate
restricted. Complex process controlling and high
temperature is needed for an industrialized
process. Among these techniques, the
hydrothermal route is quite favourable [19],
which has the advantages of mild synthetic
conditions, simple manipulation and large scale-
up production. It opens a door for future
optoelectronic  devices based on  ZnO
nanostructure arrays [20-25]. Hydrothermal
synthesis of ZnO nanostructures has been found
in various morphologies, such as nanowires [26],
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nanoflowers [27], hexagonal nanotubes [28], and
nanorods[Y4] .

The present work was mainly focused on the
synthesis of ZnO nanorods via hydrothermal
method. It was characterized by x-ray diffraction
(XRD), scanning electron microscope (SEM),
atomic force microscopy (AFM), and ultraviolet-
visible (UV-Vis.) and confirmed the formation of
pure Wurtzite ZnO nanorods. The methanol gas
sensing performance based on ZnO NRs has
grown on a silicon substrate was investigated.

2. Experimental Part
1 Silicon cleaning

Silicon wafer was cut into small pieces with a
size of 1 cm x1 cm. These Si substrates were
sonicated subsequently with acetone, isopropanol
and deionized (DI) water in an ultrasonic bath for
30 minutes for each. Then, the substrates were
dried in a nitrogen gas flow.

11. Preparation of ZnO seed layer

ZnO seed layer for hydrothermal growth of the
ZnO nanostructures was prepared by drop cast
process. The solution for the ZnO seed layer was
prepared by adding zinc acetate di-hydrate (purity
of 99.99%) with concentration of 30 millimolar
(mM) to a 10 mL of ethyl alcohol (purity of
99.99%) in a suitable beaker and continuously
stirred using magnetic stirrer at a temperature of
60 oC for 1 hour in order to obtain a full
dissolution of the material. The resultant solution
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became homogeneous and transparent. This
solution was used to deposit the seed layer onto
the silicon substrate by drop cast process using a
micropipette with a volume of 20 ul/cm®. Then,
the substrate dried with a nitrogen jet and dried
with a hot plate at 100 °C for Sminutes. This
process was repeated 4-5 times to ensure a thick
layer. Subsequently, the substrates were annealed
at 500 °C for 1 h to obtain the ZnO nanocrystals.
These ZnO nanocrystals would act as nucleation
sites for the growth of ZnO nanostructures .

111, Hydrothermal growth of ZnO nanostructures

The growth solution for the hydrothermal route
was prepared by dissolving 25 millimolar (mM)
zinc nitrate  hexahydrate and 25 mM
hexamethylenetetramine (HMTA) in deionized
water. Seeded substrates were suspended upside
down in a 50 mL growth precursor in a glass vial
and left to stand for 2h at 85 °C in the oven. After
growth, the resultant samples were removed from
the vials, rinsed thoroughly with deionized water
to remove any residual reactants and dried in air
at normal atmosphere. The grown substrates were
subsequently annealed using a programmable
muffle furnace (UOT/Applied Science
Department/ Research Unit) ( model Nabertherm
more than heat 30-3000 °C ) at 500 °C for 1h in
order to remove any organic materials and to
decompose the residual zinc nitrate to form ZnO
nanocrystals. These ZnO nanocrystals would act
as nucleation sites for the growth of ZnO
nanostructures.

1V. Characterization

The morphology of the prepared ZnO seed layer
was characterized by atomic force microscopy
(AFM, Angstrom AA3000-SPM-USA). X-ray
diffraction (XRD) analysis of the synthesized
ZnO NRs was carried out on Shimadzu XRD-
6000. X-ray diffractometer equipped with Cu Ka
radiation (A = 0.15406 nm), employing a scanning
speed of 12° min-1 and 20 ranges from 30° to
60°. The structures of the ZnO nanorods were
characterized with a scanning electron
microscopy (SEM-VEGA II Tescan — Czech at
Nanotechnology Research Center / UOT). The
optical properties of the synthesized ZnO
nanorods were characterized using the UV-VIS
Spectrophotometer (T80 UV-VIS Spectrometer,
PG Instruments Ltd. at Applied Science
Department).
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3. Results and Discussion
1. AFM analysis

The seed layer of ZnO nanocrystals at the
concentration of 30 mM was analyzed via AFM
technique. The 2D, 3D images and the granularity
distribution of the ZnO film are shown in Figure
1. The average grain size, Sa (Average
Roughness) and the Sq (Root Mean Square) are
95.85 nm, 1.7 nm, 1.69 nm, respectively.

1. Crystal structure analysis

Figure 2 presents an XRD pattern for ZnO NRs
grown on silicon (111) at 30 mM using the
hydrothermal method at 85 °C for 2h. The main
strong peak can be recognized at 20°: 31.9430°,
34.6003°, and 36.4132° and indexed for (100),
(002) and (101) reflection planes respectively.
Other small peaks at (102) and (110) are also
indexed at higher theta. These data are confirmed
by standard data issued by JCPDS#36-1451. The
dominant orientations are along with the
directions represented by the planes (100), (002)
and (101). There are no other peaks observed for
another material. The Si peak is related to the
substrate. This indicates that the synthesized ZnO
NRs are highly pure. The resulted data of the
XRD of the ZnO nanorods are found to be
consistent with the reported data for single
crystalline hexagonal ZnO nanorods [30].

0

Figure 1: Typical AFM images of ZnO seed layer

nanocrystals on Si using 30 mM of zinc acetate

dihydrate, a) 2D image; b) 3D image and c) grain
size distribution
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Figure 2: XRD pattern of ZnO NRs grown
hydrothermally on Si (111) with a seed layer
concentration of 30 mM for 2h and at 85 °C

The average crystallite size D) was calculated
using Debye Scherrer's equation: [YV]

D(hkl)=k.?»/[3290059 (1)

Where k is the shape factor (0.9), A is the
wavelength of Cu Ka radiation, f20 is the full
width half maximum (FWHM) and © is the angle
of diffraction. The average crystallite Dp.s) value
calculated for ZnO NRs is 44.11 nm. The lattice
constants a and ¢ of the hexagonal ZnO Wurtzite
structure can be calculated using Bragg's law
[32]:

ago0y=( V1/3)*A/sin® ()
C(002)= A/sind (3)
The calculated lattice constants a and c are
3.23255 and 5.18062 A, respectively
(c/a=1.6026). These calculated values were
compared with the JCPDS card # (36-1451)
values: a=3.2498 A and ¢=5.2066 A (c/a=1.6021)
for the bulk ZnO.

11 William-Hall plot

The lattice strain and crystallite size were
calculated using the following equation [33]:

B cos© = 4&sint+ O (ki /D) 4

Where B, 0, € are the full width half maximum
(FWHM), Bragg’s angle and the lattice strain
respectively. Figure 3 shows a plot of Bcosf
versus 4sin0 for the peaks of ZnO. The data are
fitted so that, the strain and particle size are
calculated from the slope and y-intercept
respectively. The calculated values of the particle
size [D (W-H)] and the strain (€) are 42.23 nm
and -3.09x10-3 respectively. From these
calculations, it was observed that this strain value
is negative which it might be due to the lattice
elongation. The comparable calculated values of
the crystallite size due to Debye-Sherrer and
William- Hall relations are 44.11 nm and 42.23
nm respectively.
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Figure 3: The William-Hall analysis of ZnO NRs
grown on silicon

1V. SEM analysis

The morphology of ZnO NRs grown
hydrothermally on Si at 85 °C for 2h is shown in
Figure 4. This figure shows a different
magnification of low, medium and high
magnified SEM images. It can clearly observe a
high density, randomly oriented and well-
distributed ZnO nanorods at large area. The
estimated lengths of the rods are from 1-2pum, and
the measured rod diameters are in the range of
80-100 nm. The cross-section of the straight rods
is clearly hexagonal and grown nearly vertical on
top of the silicon substrate. The inset represents a
tilted image with 30 degrees and can see an
accumulation of ZnO nanorods. This morphology
of the ZnO Nanorods was confirmed by the
reported data [19, 34]. The average diameter of
single nanorods was measured within 100nm.
This value is compared with AFM measurements
of the grain size of the seed layer which is about
95 nm. These measurements confirm the
formation phenomenon of the nanorod diameter
which is influenced by the ZnO nanoparticle.
This finding was reported elsewhere [34].
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Figure 4: SEM images of ZnO NRs/Si02/Si (111),
hydrothermally synthesized at 85 °C for 2h, and
with 30 mM seed layer concentration (Inset image
is tilted 30°)
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V. Energy dispersive spectroscopy (EDS)

The EDS analysis was performed to investigate
the quality of the synthesized and annealed ZnO
NRs film at 500 °C in the air. The spectrum is
shown in Figure 5. There is a higher intensity
energy peak corresponds to the silicon which is
related to the silicon substrate. The observed Si
peak was confirmed by other reported result [35].
The other peaks are corresponding to the oxygen
(O) and zinc (Zn) elements. The chemical
composition of the analyzed EDS spectrum is
purely Zn and O with no other impurity was
found. The average atomic percentage of the ZnO
product is slightly rich in oxygen. Thus, the EDS
analysis reveals that a high purity of ZnO NRs
was grown. This purity of ZnO NRs was
confirmed by my previous work [10, 17]. The
present results were also found to be in good
agreement with our XRD results.

VI Optical properties of ZnO nanostructures

Figure 6 shows the optical absorbance spectrum
of the annealed ZnO NRs film. The optical band
gap was calculated using Tacu's plot [36] from
the absorbance spectrum. The band gap was
related to the absorption coefficient and incident
photon (hv) and is given as (c¢hv).

(ahv)=B(hv-Eg)1/2 (5)
e
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Figure 5: EDS spectrum of annealed ZnO NRs film
with the Zn and O elements composition

z

1.5

i

ABSORBAE

I
I
|
|
|
I
|
a5
|
|
|
I
a1

a "
1100 L3060

El L] El

(L1 SO0
A (nm)

Figure 6: Absorbance spectrum of the annealed
ZnO NRs film

Figure 7 shows plots of (ahv)2 versus (hv). The
value of the optical band gap (Eg) was
determined from the extrapolation of the best
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tangential to the curve. The optical band gap was
found to be 3.2eV for the ZnO NRs annealed film
which is quite close to the bulk ZnO band gap
and is in good agreement with other reported data
[37]. The slight decrease in band gap could be
due to the annealing process of the film.

VII. Gas sensor fabrication

1) I-V Characteristics

Figure 8 shows the schematic illustration for ZnO
NRs gas sensor device. The silicon substrate
(111) was oxidized to SiO, (to use as an
insulator) under oxygen flow through the tube
furnace at a temperature of 1000 °C for one hour.
The obtained thickness of the SiO, film was about
300 nm. The oxidation process is described in
thesis work [38]. Silver paste contact was painted
on top of the nanorods film like a pad. These are
connected to copper wires to measure the current,
voltage and resistance of the device using power
supply and a picometer Keithley (model 616) as
demonstrated in Fig 8.
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Figure 7: Tauc's plot of optical band gap
calculation for the annealed ZnO NRs film
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Figure 8: Schematic of a gas sensor device based on
ZnO NRs film

The I-V characteristics were measured and shown
in Figure 9. It shows a nonlinear relationship and
rectifying behavior is observed. This behavior
indicates that the Schottky barrier has formed at
the metal-semiconductor contact. It is reported
that the work function of ZnO (¢=5.2 eV) is
larger than that of silver (¢=4.26 ¢V) [39]. Thus,
the observed Schottky contact can be attributed to
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the differences between ZnO and Ag work
functions [40].
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Figure 9: I-V characteristics for ZnO NRs /SiO2/Si
(111), hydrothermally synthesized at seed layer
concentration of 30 mM.

2) Methanol gas sensor properties

The gas sensing measurement was carried out
using our homemade gas sensor system shown in
Fig 10.

Temperature
reader

Keithley Fluka
electrumet_ers

*
e B

Hot p-lafé -

2 point probe

"
Measurment stage’

Figure 10: Photograph of the homemade gas
sensor system; (a) complete setup; (b)
measurement stage; and (c) glass reaction
chamber/ (UOT).

Figure 11 shows a typical sensor response of ZnO
NRs film towards methanol gas concentrations of
150, 200, 250 ppm and at a substrate temperature
of 200 °C in a static process of sensing. A certain
amount of ethanol liquid was injected through a
rubber stopper by a syringe onto a pre-heating
bottom of the known chamber volume. This can
be done by placing a small heater with a low
supply power under the chamber to maintain the
methanol evaporation and reach the equilibrium
condition and full the whole chamber. The
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concentration of the injected volume of methanol
was calculated in ppm. The resistance of the film
in the air was recorded firstly when the film is
exposed to the air. This would be Ra (denoted as
resistance at air). After resistance stability, the
methanol liquid is injected and any change is
registered in resistance due to the exposed gas.
This resistance would be denoted as Rg (Due
methanol gas). The sensitivity can be calculated
by using the formula [41]:

S =Ra/Rg (6)
Where Ra is greater than Rg for n-type ZnO film
that interacting with reductive gas. This property
makes the initial resistance to decrease when the
ZnO film exposed to the ethanol gas as shown in
Figure 11. So, the calculated sensitivity (S =
Ra/Rg) versus time was drawn in Figurel2 at
various ethanol concentrations. From this figure,
the sensitivity factor was calculated for the three
response peaks using: S (Sensitivity) /1ppm (part
per million) =1.5/150ppm= 0.01, 2/200pm=0.01,
and 5/250ppm=0.02 .

It was found that the sensitivity of ZnO NRs film
was gradually increased when the methanol
concentration increased from 150-250 ppm as
shown in Figure 13 .

The response and recovery time curves are shown
in Figure 14 for the ZnO NRs film sensor towards
methanol vapor at various concentrations. The
value of the response and recovery time are
estimated within the ranges of 40-60s and 60-80s
respectively at methanol concentration of 150-
250 ppm and at a substrate temperature of 200
°C.

From Figure 13, the sensitivity of the sensor at
250ppm is about 5. This value was found to be
equivalent to the reported result [42]. It can also
be seen from Figure 14 that the response and
recovery time at methanol gas concentration of
200 ppm and temperature of 200 °C, are the 60s
and 80 s, respectively. These values were found
to be quite consistent with the reported data at
200 ppm and even at a higher temperature (300
°C) [43].
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Figure 11: Sensor resistance versus time at various
methanol concentrations.
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Figure 12: Sensor sensitivity versus time at various
methanol concentrations.
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Figure 13: Sensor sensitivity versus methanol
concentration.
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Figure 14: Response and recovery time curves
versus various methanol concentrations.

4. Conclusion

ZnO nanostructures can be synthesized using a
variety of techniques. Hydrothermal synthesis is
amongst these techniques to easily produce ZnO
nanostructures at low temperature and with a
large scale. In the present study, structural,
morphological, optical studies were carried out on
the synthesized and annealed ZnO NRs. The
XRD exhibited a pure polycrystalline ZnO NRs
which was confirmed by the EDS analysis. The
calculated energy gap was 3.2 eV also confirmed
the ZnO structure. The ZnO NRs film reviled a
good sensitivity to the methanol vapors with fast
response and recovery time. It was also found that
the sensitivity was about 5 for methanol vapor
concentration of 250 ppm at an operating
temperature of 200 °C. ZnO NRs seems to be a
promising semiconducting material for methanol
vapor detection. The application of methanol gas
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sensor can be used for gas leakage in the industry
and chemical laboratories.
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