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Abstract In this work, zinc oxide (ZnO) nanorods structure in the form of thin film have been
grown on soda-lime glass (SLG) substrate incorporating two simple steps. Firstly, ZnO seed layer
was pre-deposited onto the SLG substrate by the thermal evaporation method. During this
process, the oxidation temperatures were varied in the range of 450 °C to 650 °C annealed for 3
hours. Then, the nanorods structure were grown on the surface of the seed layer by sol-gel
immersion method with the use of zinc nitrate hexahydrate (Zn(NO3),-6H20) and
hexamethylenetetramine (HMT) in deionized (DI) water. The optical, structural and morphological
properties at different oxidation temperatures were studied using UV-Vis-NIR spectroscopy, X-ray
diffraction (XRD) and Field-enhanced Scanning Electron Microscopy (FeSEM). The surface
morphology results revealed the formation of hexagonal shaped ZnO on top of the seed layer as a
result of heterogeneous nucleation. X-ray diffraction results show that the c-axis orientation
became more prominent while the optical band gap of ZnO thin films decreases from 3.31 eV to
3.14 eV as the annealing temperature increased respectively. It is shown that the size and
alignment of ZnO NRs are greatly affected by the pre-deposition annealed temperature of the ZnO
seed layer on the surface of SLG substrate.

Keywords: Zinc Oxide, Nanorods, Oxidation temperature, sol-gel.

Introduction

Zinc oxide (ZnO) is considered one of the unique materials that have been under intense study in the
field of science and technology. This metal oxide offers several remarkable properties such as facile
synthesis, high surface to volume ratio, relatively low toxicity as well as excellent chemical and
mechanical stability despite being abundant in nature [1]. ZnO is classified as a semiconductor in group
II-VI having a wide and direct bandgap of 3.37 eV with a large exciton binding energy of 60 meV which
make it find its way in a broad range of applications such as in optoelectronics [2-4], sensors [5, 6] and
biomedical applications [7-9]. Recently, ZnO in its one-dimensional (1D) form such as nanorod structure
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has attracted considerable attention among researchers. Compared to its bulk or two-dimensional (2D)
counterparts, 1D semiconducting ZnO nanostructures exhibit significant improvement especially in
photoelectric properties including strong optical absorption, multiple light confinement as well as low
energy loss of the light-generated carrier [10]. To date, numerous attempts have been made to
synthesize highly crystalline ZnO nanorods structure with good absorption in the UV region through
chemical vapor deposition [11], thermal evaporation [12], hydrothermal [13], atomic layer deposition [14],
and microwave-assisted technique [15]. Despite versatile synthesis techniques, the most unique
property of ZnQ itself lies in the possibility of tailoring ZnO nanostructure with different morphologies and
sizes by merely changing the critical parameters during the process.

For instance, it has been reported that the deposition parameter of the ZnO seed layer heavily affects
the growth mechanism of ZnO nanorods on a glass substrate [16]. ZnO seed layer plays an essential
role in reducing the lattice mismatch between ZnO NRs and Si substrate as well as assisting the
heterogeneous nucleation of ZnO on the surface of the thin film. Therefore, careful examination on ZnO
seed layer inherent properties towards the growth mechanism of ZnO in nanostructure form is relatively
important to gain a better understanding of the process. In this work, the influence of pre-annealing
temperature of ZnO seed layer towards the final optical, structural, and morphological properties of ZnO
NR by sol-gel immersion technique is reported.

Materials and Methods

Zn thin film deposition by thermal evaporation method

Thermal evaporation process for depositing Zn thin films was carried out by using ZHD300 High Vacuum
Thermal Evaporator, while zinc target (0.8 g, 99.9% purity) was used as vapor source for depositing the
Zn thin films. Prior of this processes, soda-lime glass substrates (2 cm x 2 cm) were ultrasonically
cleaned at 50 °C with soap, methanol and deionized water, each for 10 minutes and finally dried in the
ambient air. The target was placed on a molybdenum boat, while glass substrates were held by stainless
steel substrate holder, 25 cm above the Zn target. The deposition chamber then evacuated using a
combination of mechanical and molecular pumps to a base pressure 9.0 x 10 Pa. Zn target was heated
for about 10 minutes by applying current to the molybdenum boat, and the current slowly increased to
85 A. Afterwards, the deposition process took about 25 minutes at working pressure 1.4 x 10 Pa. In
order to complete the formation of the seed layer, oxidation process with certain annealing temperatures
were performed and transformed Zn to ZnO seed layer.

ZnO thin film prepared by tube furnace

Subsequently, successful deposited Zn thin film were annealed in GSL-1100X Tube Furnace for
oxidation process. Three different temperatures were chosen for this step, which are 450 °C, 550 °C and
650 °C. In this process, Zn thin film was fixed in the middle of an alumina combustion boat, later inserted
into the heating region of the tube furnace. Ar? gas was purged and flushed out for three times to ensure
that no other gases reside in the tube. Later, O? gas was flowed and maintained at 5 x 10* Pa. Zn thin
films were then annealed at three different temperatures, which are 450 °C, 550 °C and 650 °C. For
simplification, samples are specified as S1 (450 °C), S2 (550 °C) and S3 (650 °C). For all annealing
temperatures, three-step temperature approach were applied, as shown in Figure 1. First, Zn thin films
were annealed at 10 °C per minute from room temperature to 300 °C in the first-step of the annealing
process. The heating rate then was slowed down to 5 °C per minute until it reached second-step, which
are 400 °C (S1), 500 °C (S2) and 600 °C (S3). Later, these temperatures were increased 50 °C higher
to the third-step of the annealing process at ramping rate 0.8 °C per minute and maintained for 30
minutes. Afterwards, Zn thin films were cooled down back to second-step temperature in 30 minutes,
which later cooled down naturally to the room temperature. Fabricated ZnO thin films were used as
seeded catalysts, for synthesizing the ZnO nanorods.

ZnO nanorods growth by sol-gel immersion method

The growth of ZnO nanorods was carried out by sol-gel immersion method. In a typical process, 0.9468
g of zinc nitrate hexahydrate (Zn(NO3)..6H>-0O) and 0.70093 g of hexamethylenetetramine (HMT,
H2NCH2CH>OH) was diluted in 100 mL of deionized water in a 250 mL Pyrex beaker. Later, the solution
was sonicated at 50°C for 30 minutes in ultrasonic water bath. Subsequently, sonicated solution was
aged and stirred for 3 hours at room temperature. Fabricated ZnO thin films then placed horizontally,
face up, at the bottom of Schott bottle, which later poured with the sonicated and aged solution.
Afterwards, the capped Schott bottle was immersed for 4 hours in a 95°C water bath. Finally, these ZnO
nanorods were cleaned with deionized water and allowed to dry in ambient air.
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Characterization methods

Formation of Zn thin film to nanorods was studied. For optical properties, the absorption spectrum of
ZnO thin films and nanorods were recorded on UV-Vis-NIR UV-3600 Plus Series Spectrometer. The
structural properties of all samples were characterized by Rigaku Smartlab X-Ray Diffractometer with
Cu Ka radiation (40kV, 20mA, A = 0.15406 nm). Morphologies of samples were analyzed using Hitachi
SUB8020 Field Emission Scanning Electron Microscope (FESEM) with accelerating voltage of 20 kV
respectively.
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Figure 1. Three-step temperature approach for oxidation process of Zn thin film
Results and Discussion

Characterization of Zn Thin film as Seed Layer

XRD pattern of Zn thin film is determined by X-Ray Diffractrometer and shown in Figure 2, corresponding
to JCPDS# 04-0831. Graph intensity versus 206 shows major peaks of Zn thin film at 36.30° (002), 38.99°
(100), 43.23° (101), 54.34° (102), 70.06° (103) and 70.66° (110). Peak with (101) plane at 43.23° has
the highest intensity with full width half maximum (FWHM) value 0.3512°, which shows that Zn thin film
deposited has high crystallinity. Furthermore, no other peak was found, showing that deposited thin film
is high purity Zn. For surface morphology of Zn thin film, their micrographs were captured by FESEM
with different magnification, and shown in Figure 3. In Figure 3 (a), it is illustrated that deposited layer
surface is smooth and uniform. It is also clear that the film has elongated, graded and corner-shape
grains, length between 407 nm to 1.53 um, as shown in Figure 3 (b). From both characterization
methods, it can be considered that high purity with good crystallinity of Zn thin film is successfully
deposited and ready for the annealing process in order to transform it to ZnO thin film.
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Figure 2. XRD pattern of Zn thin film deposited by thermal evaporation method 25 minutes at working
pressure 1.4 x 10 Pa.
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Figure 3. Zn thin film micrographs in (a) 5k and (b) 20k magnification

Optical, Structural and Morphological Analysis of ZnO Thin film
Absorbance spectrum of ZnO seed layer were characterized by UV-Vis-NIR Spectrometer as shown in
Figure 4 (a) in the range of 200 to 800 nm of wavelength. Result shows that all thin film samples have
high ultraviolet absorbance properties at wavelengths below 400 nm. Furthermore, the absorbance
edges of these ZnO thin films are in range 400 to 450 nm of wavelength.The direct energy bandgap, Eg,
of ZnO thin film samples can be determined by analysing the optical data with the expression for the
optical absorbance, a, and photon energy, hu, as expressed in Tauc relation formula (1):

ahv = C(hv — Eg)" )

Where C is constant, n constant is ¥ for direct transition, h is the Planck constant and v is the frequency,
as:

1240
hv = T (2)

A graph between (ahu)? versus hu was plotted, and a straight line is plotted from the graph which
intersects the x-axis. Energy bandgap of each samples is the x coordinate when the y coordinate is zero.
Figure 4 (b) shows the energy bandgap for S1_TF, S2_TF and S3_TF. As shown in the figure, the energy
bandgaps of these thin films are inversely proportional with the oxidation temperatures. This
phenomenon might be caused by improved crystalline structure of these thin films when the oxidation
temperature is increased. At low temperatures, lowest states in conduction bands are localized caused
by disorder arrangements of thin film growth. As the amorphous nature of ZnO phase is increases,
extended localization in valence and conduction band also increases. Nevertheless, the amorphous
phase is decreases as the annealing temperature increases, which later caused the decrement of energy
bandgap [17].

XRD pattern of ZnO seed layers is shown in Figure 5. The results revealed peaks located at 31.77°
(100), 34.42° (002), 36.25° (101), 47.53° (102), 56.59° (110), 62.85° (103), 66.37° (200), 67.94° (112),
69.08° (201), 72.56° (004) and 76.95° (202), corresponded to characteristic peaks of ZnO (JCPDS# 79-
2205). However, for S1_TF, Zn peaks were found at 38.99° (100) and 43.23° (101), associated to
JCPDS# 04-0831, showing there are unreacted Zn that are not oxidized.
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Figure 4. (a) Absorbance spectra and (b) Bandgap (Eg) of ZnO thin films annealed at different oxidation temperatures
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Figure 5. XRD patterns of the ZnO thin films annealed at different oxidation temperatures

In order to measure average crystallite size (D) of these ZnO thin films, well-known formula of Debye-
Scherrer is used (2):

0.944
- Lcos6 (3)

Where g is the observed angular FWHM of the peak, A is the X-ray wavelength (1.5406A° for Cu Kay)
and O is the Bragg's angle. Average crystallite size of all samples is shown in Table 1. From Table 1,
FWHM value of all samples indicated that they have a good crystal quality of hexagonal structure,
especially S3_TF that has smallest value of 8 compared to other samples [18]. Furthermore, average
crystallite sizes of these films are proportional with the oxidation temperatures. This phenomena might
originate from the presence of the immobilized free radicals on the surface of ZnO thin films, which later
produce lattice contraction (1).
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Table 1: Details information from XRD analysis for ZnO thin films annealed at different oxidation temperatures

No. Sample Oxidation Temp.(°C)  £(°) p(rad) 26(°) a(°) A (rad) D(nm)
1 S1_TF 450 0.4688  0.0082 36.29 18.145 0.3167 17.6608
2 S2_TF 550 0.3910  0.0068 36.30 18.150 0.3168 21.2969
3 S3_TF 650 0.3834  0.0067 36.27 18.135 0.3165 21.6147

The surface textures of the ZnO seed layer with different oxidation temperatures were studied by FESEM
and shown in Figure 6. S1_TF, which is shown in Figure 6 (a) and (b), has thickness around 2.26 to 2.52
pum. However, it seems like some nanowires has grown up to 2.02 ym at the top of the thin film. From
the top-view, these nanowires are grown as needle-like shape grains. In Figure 6 (c) and (d), these
nanowires (S2_TF) were become lesser as the sample was oxidized at 550°C. The needle-like shape
grains also start to merge with each other and become spherical-like shape grains. For S3_TF, no
nanowires were found at the top of the thin film and its top-view is more agglomerate compare to S2_TF,
as shown in Figure 6 (e) and (f). Moreover, these micrographs show that higher oxidation temperature
will produce larger grains of ZnO thin film, which is supported by the XRD analysis. All ZnO seed layers
are successfully fabricated by annealing process in the tube furnace and prepared for ZnO NRs growth
process.

Figure 6. FESEM micrographs of S1_TF (a) and (b); S2_TF (c) and (d); S3_TF (e) and (f)

Optical, Structural and Morphological Analysis of ZnO NRs

UV-Vis-NIR Spectrometer was used for measuring the absorbance and energy bandgap of ZnO NRs
samples. As shown in Figure 7 (a), ZnO NRs have strong optical absorption at the edge of ultraviolet
range (~400 nm). This phenomenon may be attributed to O:2p — Zn:4s charge-transfer band [19].
Furthermore, sample S1_NR suddenly has lowest absorbance edge, unalike S1_TF. Subsequently, the
absorbance edges for NRs samples are proportional with the oxidation temperature. Changes in
absorbance edge of S1_TF and S1_NR might due to the ‘lost’ of unreacted Zn in S1_TF, which later
affect the absorbance edge of S1_NR. Nevertheless, previous research found that pure ZnO NRs have
an absorption edge in the range of 347 to 365 nm [20]. In our case, the absorption-edge of these ZnO
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thin film samples have larger range of wavelength. Excess oxygen vacancies within the lattice may be
the cause of this event to happen, besides, there are also more light scattering at the grain boundaries.
Equation (1) was used to measure the energy bandgap of ZnO thin film samples, similar to ZnO thin
films. X-axis intersections of a straight line plotted from the graph between (ahu)? versus hu are the value
of energy bandgaps, similar to bandgap analysis of ZnO thin film.

From Figure 7 (b), energy bandgap of S1 is reduced from 3.31eV (S1_TF) to 3.12 (S1_NR); S2 reduced
from 3.18 eV (S2_TF) to 3.15 eV (S2_NR); and S3 reduced from 3.14 eV (S3_TF) to 3.08eV S3_NR).
These reduction in bandgap values is caused by crystallinity improvement as the phase of thin film
changes to NRs (1). Nevertheless, S1_NR energy bandgap became smallest value among these three
samples. This event is related with its absorbance-edge analysis as explained before, and caused by
disappearing unreacted Zn in the sample after the nanorods growth process by sol-gel immersion
method.

(b)
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Figure 7. (a) Absorbance spectra and (b) Bandgap (Eg) of ZnO NRs annealed at different oxidation temperatures
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Figure 8. XRD patterns of S1_NR, S2_NR and S3_NR
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For all ZnO nanorods (NR), peaks are found at 31.77° (100), 34.42° (002), 36.25° (101), 47.54° (102),
56.60° (110), 62.86° (103), 66.38° (200), 67.96° (112), 69.10° (201), 72.56° (004), 76.95° (202),
correspond to JCPDS# 36-1451, as shown in Figure 8. Peak at 36.25° is the highest peak with planes
(101), showing that the ZnO nanorods growth were highly crystalline although they are not vertically
aligned. This is proven by FESEM micrographs, that will be showed later. Also shown in the XRD
patterns, sample S1_NR has no Zn peaks found. It shows that Zn atoms that did not oxidized in S1_TF
had already reacted with zinc nitrate hexahydrate and hexamethylenetetramine solution during nanorods
growth process, and ‘disappeared’ from the sample, which is proportional with its optical analysis that
explained before. Furthermore, from the XRD analysis, FWHM value for S1_NR, S2_NR and S3_NR are
0.4062°, 0.3850° and 0.3824°. These values are still inversely proportional to oxidation temperature,
similar with XRD analysis for ZnO thin films. NRs samples have smaller FWHM value compared to their
results at phase of thin films, caused by higher crystallinity of NRs (1).

Micrographs of ZnO NRs, captured by FESEM are shown in Figure 9. In Figure 9 (a) and (b), rods of
S1_NR were formed on the SLG substrate. However, the sizes are quite large and reached size of
micron. S2_NR has smaller size of microrods, yet are quite big to called nanorods, which can be seen in
Figure 9 (c) and (d). Nevertheless, for S3_NR sample, as shown in Figure 9 (e) and (f), nanorods were
successfully formed although they are not vertically aligned. In short, all NRs samples grew at (101)
plane, as reported in XRD analysis. These FESEM investigations also determined that higher oxidation
temperature will produce better ZnO NRs.

Figure 9. FESEM micrographs of S1_NR (a) and (b); S2_NR (c) and (d); S3_NR(e) and (f)

Conclusions

ZnO0 thin film layer was successfully deposited on SLG substrate by thermal evaporation method followed
by post-annealing at different oxidation temperatures. Subsequently, ZnO NRs structures were grown
on the surface of the seed layer by sol-gel immersion method utilizing 0.1 M zinc nitrate hexahydrate
and 0.1 M HMT in DI water. XRD analysis shows that the ZnO NRs exhibit increasing peak intensity and
decreasing FWHM values at (101) plane as temperature increases, indicating subsequent improvement
in alignment and crystallinity of the sample. The optical band gap energy of ZnO NRs decreases in the
range of 0.03 eV to 0.19 eV as compared to its 2D bulk ZnO film. This phenomenon could be assigned
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to the optical confinement effect during the formation of ZnO NRs. Morphological analysis shows that
the diameter of as-grown ZnO NRs decreased with increasing oxidation temperature, in which the
average diameter was successfully recorded at 100 nm for the NRs grown at 650 °C for 3 hours. It is
shown that the characteristic of the ZnO nanostructure could be improved by the pre-deposited ZnO
seed layer as prepared at the different annealing temperatures. The findings will contribute towards
increment in understanding and anticipation on further progress in 1D ZnO nanomaterial-based
optoelectronic devices.
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