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Vertically well-aligned ZnO nanorods arrays have been synthesized on ZnO seed layer
coated glass substrates at low temperature using modified low-cost chemical bath
deposition (CBD) method. The investigation of the influence of no air bubbles, air bubbles
and oxygen bubbles inside the CBD reactor on the structural characteristics,
morphological (diameter, length, aligned, distribution and homogeneously), elements
chemical composition and optical properties of ZnO nanorods have been studied. This new
modification of chemical bath deposition method shows the improved results over
traditional chemical bath deposition method. The important results of this novel process
are the good morphological, structural characteristic and optical properties of ZnO
nanorods. These results obtained in just of 3.5 h growing time in the CBD reactor. On this
modified CBD the growth time rate decreases about 1.5 h compared with the previous
works.
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1. Introduction

Zinc oxide (ZnO) is an essential metal oxide member of group II-VI semiconductor
materials. It has attracted great interest because of its direct wide band gap (3.37 eV) and high
exciton binding energy (60 meV, 2.4 times the thermal energy at room temperature (25 meV)) [1].
These properties make ZnO a more promising material in excitonic emissions and lasing
applications above room temperature compared with other materials. In addition to its chemicals
and thermal properties, ZnO also has photo conducting and piezoelectric properties. Therefore, it
has possibility for a large domain of implementations, such as for light emitting diode (LED),
biomedical uses, UV optical devices, solar cells and gas sensing applications [2-6].

ZnO can also be synthesized in various nanostructure forms, such as nanowires, nanorods,
nanoflowers, nanoparticles, and other [7-10]. These nanostructures exhibit two excellent
properties, namely, high surface area to volume ratio and quantum effects which are not observed
in its bulk nature. These unique nanostructure properties renewed the wide range of applications of
ZnO nanomaterials. One dimensional (1D) ZnO nanorods have been synthesized using various
preparation procedures that can be classified as low (<100°C) and high (>100°C) temperature [11,
12]. High temperature synthesis includes metal organic chemical vapor deposition (MOCVD) [13],
electrochemical deposition [14], pulsed laser deposition [15], spray pyrolysis [16], epitaxial
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electrodeposition [17], and radio frequency magnetron sputtering [18] chemical vapor deposition
and molecular beam epitaxial (MBE) [19]. Low temperature synthesis is derived from chemical
solution methods, which can be divided into solvothermal, hydrothermal [20] and low cost
chemical bath deposition (CBD) method [21]. Recent studies have synthesized nanomaterials by
chemical solution techniques because of their low synthesis temperature requirement, low cost,
and high production scale [11, 12].

However, CBD syntheses have problematic for three reasons [22, 23]. First, it is difficult
to maintain the homogeneity of the concentration of the solution in the bath during growth process.
The homogeneity of the solution (chemicals) depends on the densities of precursors. Second, it is
difficult to direct supply thermal energy to the substrate because the entire bath is heated, which
can cause unwanted homogeneous reactions to occur in the solution, hindering growth on the
substrate. Third, even the heating of the CBD reactor in oven and there is a time for temperature
equilibrium for the solution, but still we believe there is a temperature gradient in CBD reactor
because there is no stirring way inside the oven.

In this paper, to address these problems, a modified CBD (M-CBD) process by
introducing the stirring way to the solution of the CBD reactor inside the oven. Continuously
delivers a constant concentration of solution to the substrate, reduces the likelihood of
homogeneous reaction and provide the oxygen during the CBD reaction by bubbles the air and
oxygen inside the solution of the CBD reactor. A modified CBD process and the investigation of
the effects of the synthesis with and without air and oxygen bubbles on the growth of ZnO
nanorods on seeded glass substrates have been studied. This new modified CBD process produced
vertically aligned grown ZnO nanorods with a high growth rate and good structural XRD
properties with good agreement of optical energy band gap and optical properties. The results
indicates that the this modified CBD process can be apply for all different parameters that can be
change to get the vertically aligned of ZnO nanorods such concentration, growth time, bath
temperature, annealing and pH effect.

2. Methodology

2.1 Sample Preparation

All used chemical substances in this paper are of analytical grade from Sigma-Aldrich
Company, and utilized as beginning materials without further refinement. In this work, ZnO seed
layer coated glass has been used as a substrate for growing ZnO nanorods. This method has been
completed in two steps. In the first step, the glass substrates have been cleaned in an ultrasonic
bath by using ethanol, acetone and deionized water for 15 min respectively and dried with nitrogen
gas. In the second step, a radio frequency (RF) magnetron sputtering was utilized using target
(99.999% purity of ZnO) was deposited ZnO seed layer on the cleaned glass substrates. The 100
nm thick ZnO seed layer was deposited on the glass substrates with 5.5 *10° mbar argon gas
pressure inside RF chamber and 150 Watt RF power sputtering for 15 min. After that the prepared
ZnO seed layer annealed inside tubular furnace at 400°C for 2 h under atmosphere to stress relief
the coated layer.

2.2 Growth Process

For vertical well-aligned ZnO nanorods (ZNR), a low-cost modified CBD method at low
temperature has been used. The zinc nitrate hexahydrate (Zn (NO3),.6H,0) and
hexamethylenetetramine (HMTA) (CsH12N4) were used as precursors, and deionized water was
employed as a solvent. The appropriate amount of HMTA (C¢H1,N,) equal molar concentration of
zinc nitrate hexahydrate (Zn (NO;),.6H,0) were separately dissolved in deionized water at 80 °C
and mixed together under magnetic stirrer. The prepared ZnO seed layer was inserted vertically
inside a beaker including a mixture of the two solutions. To obtain the effect of the no air bubbles,
air bubbles and oxygen gas bubbles inside the CBD process, three CBD reactors (for each case)
were placed inside an oven at 95°C for 3.5 h as shown in figure 1. At the end of growth process the
three samples were rinsed by deionized water to remove the remaining salt, and then it was dried
by nitrogen gas.
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Fig. 1. Schematic diagram (novel process) of modified CBD System

2.3 Characterization Techniques

The surface morphology (Length, diameter, homogeneity, density and distribution of ZnO
nanorods), energy dispersive X-ray spectroscopy (EDX) analysis to provide (quantitative and
qualitative) analyses of elemental composition of all samples, crystal structure (stress, strain and
quality of the epitaxial growth of ZnO nanorods on glass substrates) and energy band gap of the
ZnO thin films were obtained from the absorption spectrum are characterized by Field Emission
Scanning Electron Microscope (FESEM) ( FESEM model is: FEI Nova a nano SEM 450
Netherlands and Leo-Supra 50 VP, Carl Zeiss, Germany), high resolution XRD (HR-XRD) system
(X-Pert Pro MRD model with CuKa (A = 0.154050 nm) radiation and scanning range of 20 set
between 20° and 80°) and a double beam UV visible (UV-4100) spectrometer with a wave length
range 300 nm to 1000 nm, respectively.

3. Result and Discussion

3.1 Structure Characteristics:

The X-Ray diffraction patterns of ZnO nanorods grown on glass substrate when there is no
air bubbles, air bubbles and oxygen bubbles are displayed in figure 2. Figure 2 (a) shows the
diffraction pattern of ZnO nanorods grown on glass substrate with no air bubbles, from the figure
one can notice that ZnO nanorods grown in different preferred orientations which they are (100),
(002) and (101) and this is proved that the two phases of ZnO grown in this way which they are
hexagonal quartzite phase and wurtzite phase [24]. These two phases are characteristics of the pure
ZnO. No foreigner diffraction peaks are arising from any impurity in the pattern and this is
confirmed that the grown process is pure ZnO. The lattice constants a and ¢ of the ZnO wurtzite
structure can be obtained using Bragg's law, as it’s shown in table 1, [25, 26]:

a= |:— @

()

Where 0 is the angle of the diffraction peak and A = 0.15405 nm is the wavelength of the
X-ray source. The strain (g¢) of the ZnO nanorod grown on the glass substrate along c-axis can be
found by using the following equation [27-29]:
c—Co

g = =2 x100% ©)
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Where is ¢, demonstrating the standard lattice constant for unstrained ZnO which is equal
to 5.2098 A. A negative value is concerned to the compressive strain and indicates a lattice
contraction, while a positive value of strain is concerned to the tensile strain and indicates an
expansion in lattice constant. The lattice parameters were summarized and listed in Table 1.The
results indicate that the CBD method is a fast and cheap route for the fabrication of single phase
ZnO nanorods at relatively low temperature.
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Fig. 2. .X-Ray diffraction patterns of ZnO nanorods
(a) No Air Bubbles, (b) Air Bubbles, (c) Oxygen Bubbles

The one most often utilized approaches in calculating the average crystal size of the X-ray
data is the usage of the Debye Scherer formula [30]:

_ KA
- Bcosb

(4)

Where, ) is the wavelength of the X-ray used (1.54056 A), k is a constant which is taken
to be 0.9, 0 is the Braggs diffraction angle and the f is the full width at half maximum of the peak.

The dislocation density (8), which represents the amount of defects in the crystal, is calculated by
[31]:

()

Where D is the average crystal size. The plane spacing of wurtzite hexagonal structure of
zinc oxide (ZnO) can be calculated according to Bragg’s law Equation 1 and 2 which is related to
miller indices by following equation [25]:

2dsinf = nA (6)

Where A is X-ray wavelength, n is the order of diffraction that usually is 1 and d in the
plane spacing. The structural properties of the ZnO nanorods where is no air bubbles are shown in
Table 1.
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Table 1 lattice parameters and structure properties of the ZnO nanorods where is no air bubbles

Sample | plan | a(A) c(A) d(A) | FWHM(B)° 20° D (nm) E% Intensity | & (nm)”
100 | 3.251759 | 5.63221 2.81611 0.5904 31.7493 | 13.9893 +8.10805 398 0.0051098

No Air

Bubbles | 002 | 3.005800 | 5.206199 | 2.603099 0.1481 34.4250 | 56.15641 | -0.06911 283 0.000317

101 | 2.857497 | 4.94933 | 2.47467 0.7872 36.2721 | 10.6194 | -4.99961 387 0.008874

The crystal structure of the as-grown ZnO nanorods prepared in CBD process with an air
bubbles are investigated by XRD pattern as shown in figure 2 (b). It is observed that the as-grown
ZnO nanorods are hexagonal structure, the remarkably sharp peak at 34.3928 is assigned to be the
[002] peak of hexagonal maximum (FWHM) is 0.7872, the strong and narrow indicates that the as-
grown sample have good crystallinity and preferentially oriented along the c-axis as well as
perpendicular to the substrate surface which is well in agreement with the FESEM image. From
the analysis of the growth mechanism of vertically well-aligned ZnO nanorods, one can notice that
the air bubbles play a very important role. The lattice parameters of hexagonal and structure
properties of the ZnO nanorods are shown in table 2.

Table 2 lattice parameters and structure properties of the ZnO nanorods where is air bubbles

Sample | plan a(A) c(A) d(A) | FWHM@P)® | 26° D (nm) g% Intensity | & (nm)™
Air 002 | 3.00852928 | 5.210926 | 2.605463 0.7872 34.3928 | 10.56406 | + 0.021613 3206 0.008961
Bubbles

Fig. 2 (c) shows the X-ray diffraction pattern of the ZnO nanorods prepared using oxygen
bubbles inside the beaker during the CBD growth. All the diffraction beaks in the pattern have
been indexed as the hexagonal phase of ZnO with space group P63mc. The lattice parameters have
been calculated and are found to be a= 3.00852928 A and c= 5.210926 A and are in good
agreement with the reported standard values (JCPDS cards No. 01-080-0075). Besides, no
diffraction peaks from other impurities have been observed. The lattice parameters of hexagonal
and structure properties of the ZnO nanorods are shown in table 3.

Table 3 lattice parameters and structure properties of the ZnO nanorods where is Oxygen bubbles

Sample | plan a(A) c(A) d(A) | FWHM(p)® | 26° D (nm) g% Intensity | & (nm)~?
Oxygen | 002 | 3.00852928 | 5.210926 | 2.605463 0.7872 34.3928 | 10.56406 | +0.021613 1273 0.008961
Bubbles

The crystallinity of ZnO nanorods and aligned nanorods may be important parameters
because the electron transfer is also determined by grain size [32]. One effective method to modify
the surface condition and crystallinity of ZnO nanorods is air and oxygen bubbles during the CBD
growths, which change the diameter and aligned the nanorods. Air and oxygen bubbles also
improve the crystallinity of ZnO by decreasing the oxygen vacancy concentration and deep level
defects or surface defect recombination.

3.2 Morphology Characteristics

The surface morphology, diameter, distribution and homogeneity of ZnO nanorods
fabricated by new low-cost modified CBD method for the three cases are displayed in figure 3.
Figure 3 (a) shows the ZnO nanorods grown with no air bubbles inside the CBD growth process. It
was observed that the nucleation of ZnO nanorods occurred on the surface of the seed layer and
the distribution of the nanorods was randomly oriented and ZnO nanorods has no vertically well
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aligned on the substrate with a diameter of (78.805 nm). One believed that is may be coming from
the fact there is no homogeneity in chemicals of the solution.

Also figure 3 (b) reveal the ZnO nanorods grown under an air bubbles inside the CBD
growth process with flow rate of 5 lit. /min and air pressure 0.7 bar, it can be seen that the ZnO
nanorods have good distribution with good uniform orientation and have hexagonal ZnO nanorods
with a diameter of (140.725nm) and has vertically well-aligned of ZnO nanorods grown on the
seeded coated glass substrate. This is may be due to the air bubbles agitate the solution inside the
CBD reactor increasing the homogeneity of the solution in the CBD process. The heavy precursors
are precipitated at the bottom of the beaker and this is the problem when the air bubbles process
not used, in the first case of no air bubbles there is no uniform distribution of the ZnO nanorods
over the sample, and the second case when providing the bubbles rate of air for the CBD which is
help the ZnO nanorods in grown more aligned and getting the exact hexagonal orientation and
uniform over the sample.
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Fig. 3. The FESEM images of ZnO nanorods prepared by modified CBD
(a). No Air Bubbles, (b). Air Bubbles, (c) Oxygen Bubbles

In Addition figure 3 (c) shows the vertically aligned ZnO nanorods along the c-axis with a
high distribution density of rods over the entire substrate for oxygen flow rate 5 lit./min and 0.7
bar oxygen pressure. It can be seen that the orientation of ZnO nanorods is uniform and have a
hexagonal shape with a diameter of (98.99 nm). This is due to the same previous reasons of air
bubbles.

From figures 3(b) and 3(c) one can notice that the ZnO nanorods prepared by introducing
oxygen bubbles are denser and less diameter than ZnO nanorods produced by introducing air
bubbles.

The Cross-Section, length and aligned of ZnO nanorods synthesized by novel modified
low-cost chemical bath deposition (CBD) method for the three cases shown in figure 4. Figure 4
() shows the cross-section, length and aligned of ZnO nanorods when there is no air bubbles
inside the chemical bath deposition process. It was observed that the ZnO nanorods are not well
vertically aligned it means it have different height, direction and the bottom of the nanorods wider
than the top of its. The length of ZnO nanorods is about (725 nm). The reason of non-aligned
nanorods is as explained in previous section for the same case.

The cross-section, length and aligned of ZnO nanorods grown under an air bubbles inside
the CBD growth process with flow rate 5 lit. /min with air pressure is 0.7 bar is shown in figure 4
(b). It can be seen that the ZnO nanorods have vertically well-aligned with good uniform
orientation, uniform height and have hexagonal ZnO nanorods with a length of (1.093 um). This is
may be due to the same previous reasons (above reasons). In addition figure 4 (c) shows the
vertically well-aligned with dens distribution, cross-section and length of ZnO nanorods where
oxygen bubbles inside beaker during chemical bath process. It can clearly see that the ZnO
nanorods have a good distribution compare to the no air bubbles and has hexagonal shape and its
length is about (680 nm) this is due also to the same reasons described in the above section.
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Fig. 4. The Cross-Section of ZnO nanorods prepared by modified CBD
(a). No Air Bubbles, (b). Air Bubbles, (c) Oxygen Bubbles

3.3 Energy Dispersive X-Ray Analysis (EDX):

The elemental chemical composition (quantitative and qualitative) of the as-grown ZnO
nanorods fabricated by modified chemical bath deposition process on glass substrates at 95°C for
3.5 h are examined by EDX as shown in figure 5. Figure 5 (a) reveal the typical quantitative EDX
analysis for as grown ZnO nanorods (prepared with no air bubbles), from the figure one can notice
that the elementary chemical compositions for the grown nanorods are zinc and oxygen only. The
molecular ratio of Zn:O of the grown nanorods, calculated from EDX and quantitative analysis
data, is close to that of 1:1. The EDX spectrum confirmed that the grown nanorods are pure ZnO.
Also figures 5 (b & ¢) shows the quantitative EDX analysis for the nanorods prepared with an air
bubbles and oxygen gas bubbles in CBD reactor. The EDX spectrum confirmed also that the
grown nanorods are pure ZnO.
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Fig. 5. Typical EDX analysis with it quantity that the grown nanorods prepared by modified CBD
(a). No Air Bubbles, (b) Air Bubbles, (c) Oxygen Bubbles

3.4 Optical Properties of the ZnO nanorods:

The energy band gap of ZnO thin films was measured from the absorption spectra by
using a double beam UV, visible (UV-4100) spectrometer with a wavelength range from 300 nm
to 1000 nm. Figure 6 shows the optical absorption spectrum of ZnO nanorods prepared at the 95
°C for 3.5 h for the three preparation ways (no air bubbles, air bubbles and Oxygen bubbles). This
spectrum reveals that low concentration ZnO film has a low absorbance in the visible region,
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which is a characteristic of ZnO [33]. The absorbance has increased when the air and oxygen
bubbles involved in the preparation process and this means that the optical properties have been
changed. The maximum of absorption also shifted to longer wavelengths, that about 405 nm, 397
nm and 388 nm for no air bubbles, air bubbles and oxygen bubbles respectively. The optical band
gap of ZnO nanorods was determined by the extrapolation of the linear portion of (ohv)? versus hv
plots using Tauc formula [34]:

(ahv)? = A(hv — Ey)" (7

Where a is the absorption coefficient, hv is the photon energy, A is constant, E, is the optical band
gap energy and n depends on the transmission type (equals to 1 for allowed direct transmission).
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Fig. 6 Optical absorption spectrum of ZnO nanorods at 95 °C for 3.5h for the three different ways
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Fig. 7 Band gap energy spectra of ZnO nanorods prepared by modified CBD
(a) No Air Bubbles, (b) Air Bubbles, (c) Oxygen Bubbles

Fig. 7 shows the Tauc plot for the three different ZnO nanorods preparation ways film
which they are no air bubbles, air bubbles and oxygen bubbles. The plots are clearly shows that the
transition region around 3.2 eV and it correspond to the direct transition band between the edges of
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valance and conduction bands which represent the optical energy gap of ZnO semiconductor.
Regarding to the plot, it exactly found the band gap energy of ZnO nanorods increase with
injection air and oxygen bubbles inside the CBD reactor, i.e. 3.21 eV, 3.24 eV and 3.26 eV for no
air bubbles, air bubbles and oxygen bubbles respectively. And obtained results are agreed with
literatures for single crystal ZnO [35].

4. Conclusion

In this study, one can concludes that this modification of chemical bath deposition method shows
the improved results over conventional chemical bath deposition method. This modified CBD
method decreases the growth time rate of ZnO nanorods to about 1.5 h compared with previous
studied. It is observed from XRD patterns that the introducing of the air and oxygen bubbles
causes a reorientation of a nanostructure of ZnO towards [002] direction. The crystal size of ZnO
nanorods are decreased by injection air and oxygen bubbles inside the CBD reactor. From FESEM
results one can notice that the ZnO nanorods fabricated by introducing oxygen bubbles are denser,
less diameter and less length than ZnO nanorods synthesized by introducing air bubbles. It is
found from UV spectrum that the energy band gap is increased when the air and oxygen bubbles
are involved in the preparation process and this means that the modified CBD process is also make
modification to the optical properties of ZnO nanorods.
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