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ABSTRACT

In the current work, the effect of three different Zinc (Zn) salts as reactants precursors in the growth solution on the characteristic
properties of the Zinc oxide (ZnO) nanorods (NRs) was investigated and reported. High quality hexagonal ZnO NRs have been grown
on the glass-slide substrates via the chemical-bath deposition (CBD) approach at 90 °C. The radio-frequency sputtering (RF) technique
has been used to coat the 150 nm of ZnO nano-seed layer over the whole glass-slide substrates. The Field-emission scanning electron
microscopy (FESEM), the Energy-dispersive characterization (EDX), and the X-ray diffraction (XRD) characterizations have been used
to characterize and examination of the morphological, chemical compositional, and structural characteristics with ZnO hexagonal-
wurtzite structure of the NRs. The used zinc salts were Zinc-nitrate Hexahydrate (ZNH), Zinc-acetate (ZA), and Zinc-chloride (ZC).
The FESEM and XRD results indicated that the change in types of Zinc salts with Methenamine as reactants precursors in the growth
(deposition) solution have a remarkable and significant impact on the surface topography (morphology) characteristics and structural
characteristics of synthesized ZnO NRs. The average size and average length of the grown ZnO NRs were in the range of (91-529) nm
and (1008-3189) nm, respectively. The high aspect ratio was obtained of ZnO NRs synthesized from Zinc-nitrate Hexahydrate salt and
was about 11. The highest growth rate was investigated ZnO NRs synthesized from Zinc-chloride salt and was about 17.716 nm/min.
The average crystalline size of synthesized ZnO nanorods was in the range (48.35-56.06) nm.
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1. Introduction nanodisks, nanoflowers, nanosheets, nanofibers, and others [!1-14],
. . . These different ZnO nanostructures have been synthesized on the
ZnO is the n-type semiconductor that has considerable Y

electronic and photonic materials with a wide direct optical
energy band-gap (3.37 eV), extensive exciton binding-energy (60
meV at room-temperature (RT)), greater thermal and chemical
constancy, biocompatibility translucence and a massive area of
electrical accessibility 3], These excellent properties make ZnO
a promising semiconductor material in excitonic emissions and
lasing applications over the room-temperature compared with
other materials. In addition, due to its excellent chemicals and
thermal properties, the ZnO also has piezoelectric and photo-
conducting characteristics. Thus, it has the opportunity in a broad
very of implementations, such as for biomedical uses, ultraviolet
(UV) optical nano-devices, gas sensing, light-emitting diode, and
photovoltaic cells, 19, ZnO can be fabricated in several types of
nanostructures form such as nanorods, nanowires, nanoparticles,
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wide domain of substrates by using various physical, and
chemical techniques [1°1.

The techniques comprise metallic-organic chemical-vapor
deposition method (MOCVD) "%, pulsed-laser deposition (PLD)
method ['71, chemical-vapor deposition method ['®], radio-
frequency magnetron (RF) sputtering technique [,
electrochemical-deposition (ECD) method 2, sol-gel method,
vapor-phase transport (VPT) method P!, spray pyrolysis
techniques, and chemical bath deposition (CBD) ??!. During these
techniques, the CBD is more flexible approach to synthesis ZnO
nanostructures with powerful control on their morphology due to
its benefits [?*]. These benefits are low temperature (<100 °C),
very simple method, non-costly, non-dangerous technique,
obtainability of beginning chemical substance, manufacturing of
high-density arrays, large growth ability, utilize of environment-
pleasant chemical materials, and doesn’t require using the
intricate growth system [*. The surface morphology (density
distribution, shape, length, and size), alignment, orientation, and
structure of ZnO NRs manufactured via the CBD method can be
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controlled effectively by adjusting the main different synthesis
parameters (conditions) like synthesis duration (time), pH value
of synthesis chemical solution, the molar ratio of precursor
concentration of the reactants, synthesis temperature, annealing
duration, and annealing temperature ?4. Further, the different
reactants (Zinc Salt) in the growth solution are another significant
growth and preparation parameter that have an important
influence on the orientation, surface-topography, structure, and
quality of ZnO NRs.

In literature, there are just a small number of researchers who are
interested in the current topic. The most researchers are focused
on one type of Zinc salt with Methenamine as the reactant in the
growth solution for growing ZnO nanorods. To the best of my
information and knowledge, it is the first time to investigate the
effect of three various zinc salt with Methenamine as a reactant
in the growth solution on the growth of ZnO NRs. In this work,
the study and the investigation for the effect of the three different
zinc salts (ZNH, ZA, ZC) as a reactant precursor in the growth
solution on the surface topography (top and side views), aspect
ratio, growth rate, alignment, orientation, shape, density
distribution, size, and structural properties of ZnO nanorods have
been achieved. Also, the optimum zinc salt as the effective
reactant’s precursor in the growth solution of ZnO NRs growth
has been obtained and reported.

2. Experimental Details

Each chemical material was bought from Sigma-Aldrich (SA)
Company. The ZNH (Zn (NOs3)2.6H,0), ZA
(Zn(0,CCHj3)2(H20),), ZC (ZnCl,), and Methenamine (C¢H2N4)
have been utilized as the beginning chemical materials without
moreover purification with a purity range of 99%.

2.1 ZnO Seed-Layer Preparation

The soda-lime microscopic-glass (MG) slide has been selected as
the substrates and has been immaculate by employing an
ultrasonic-bath (UB) device via ethanol (C;HsOH), acetone
(C3HeO), and deionized (DI) water for 20 min, respectively, then
dried by using nitrogen gas (N;) [°). The RF sputtering has been
employed by utilizing target of ZnO with a purity range of
99.999% to coat about 150 nm of zinc oxide seed-layer on the
cleaned soda-lime microscopic glass slide substrates. This
process achieved under a pressure of the Argon gas (Ar) of 5.8
*10° Pascal and the power of RF magnetron sputtering of 0.18
watt for 20 min. After completing the formation of the ZnO seed-
layer on glass slide substrates, the prepared samples have been
inserted carefully in the annealing-tube furnace at the temperature
of 573.15 K for 120 min to make better structural fineness and
optical characteristics of the zinc oxide seed-layer coated glass
substrates [227],

2.2 CBD Growth Process

The ZnO NRs were fabricated via a low-cost CBD approach for
different reactants in the growth solution. The ZNH, ZA, ZC, and
Methenamine have been applied as the precursors of reactants in
the growth (deposition) solution and the DI-water was used as the
solvent. The 0.1 Mol of each ZNH and Methenamine 1:1 was
separately dissolved in DI water and both were mixed with each
other by utilizing a magnetic stirrer and the corresponding sample
was labeled as (a). The equal molar concentration (0.1 Mol) of

each ZA and (CsHi2N4) was one by one thawed in DI-water, then
both blended under a magnetic stirrer machine and the created
sample was classified as (b). The 0.1 Mol of each ZC and
(CsH12N4) has been once one by one thawed in DI-water and both
blended via a magnetic stirrer device and the result classified as
sample (¢) %) To investigate the influence of the several Zinc
Salts with Methenamine as the various reactants in the growth
solution on the topography, density distribution, diameter, length,
alignment, orientation, form, and crystal structure of the Zinc
oxide NRs, the prepared annealed ZnO SL deposited glass-slide
substrates have been one by one carefully inserted vertically into
a three-beaker comprising of the admixture of the two synthesis
chemical solutions for three samples. The three beakers have
been converted carefully inside a laboratory oven at 90 °C for 180
min. After completion of the CBD process of ZnO NRs, the
fabricated zinc oxide NRs samples were first brought out of the
growth (deposition) solution with swilled and washed via DI-
water to drive out the residual salt, and subsequently it was
desiccated with nitrogen gas 21,

2. 3 Characterization Techniques

The surface morphology, orientation, form (shape), distribution,
diameter (size), homogeneously, alignment, length (height), and
elemental composition of synthesized ZnO NRs have been
characterized and examined by using the FESEM (Carl-Zeiss, 50-
VP (Leo-Supra), and FEI Nova (nanosem-450)) technique and
Energy-Dispersive X-Ray (EDX) analysis, respectively. The
crystal structure and size, the epitaxial growth goodness (quality),
the stress, and the strain, of Zinc oxide NRs on glass-slide
substrates have been characterized and examined by utilizing the
system of high-resolution XRD (HR-XRD) with model Pro
MRD, X-Pert. The wavelength (1) of CuK « radiation (1.54050
Angstrom) with (20) of the scanning range (20° — 80°).

3. Results and Discussion

3. 1 FESEM Analysis

The surface topography (top and side views), the orientation, the
size (diameter), the homogeneity the length, the alignment, and
the density distribution of ZnO NRs have been studies by
utilizing FESEM measurements. Figure 1 displays the top and
side (cross-section) views of very well-aligned ZnO NRs
synthesized from different zinc salt with Methenamine as a
reactant in the growth solutions. The investigated FESEM figures
showed the produced zinc oxide NRs was vertically fully aligned
with a hexagonal shape and had the high-density distribution
upon the whole surface of the glass-slide substrates. Figures 1 (a
and d) demonstrates that the synthesized ZnO NRs from ZNH
with Methenamine. It was noted that the most ZnO NRs were
grown vertically well-aligned and oriented structure and have
homogenous density upon the whole substrate with an average
diameter of 91 nm and the average length of 1008 nm. The
average diameter and length of grown ZnO NRs from ZA with
Methenamine were increments to 331 nm and 2102 nm,
respectively as demonstrated in Figure (1b). It noted that the
fabricated NRs were perpendicularly oriented with high
distribution density of NRs or microrods and have a hexagonal
shape with non-uniform size, non-uniform high and the most
produced ZnO NRs were grown like a group. Figure 1 (c) shows
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the high distribution density and perfect hexagonal shape of ZnO
NRs synthesized from ZC with Methenamine. It can be observed
that the ZnO NRs were uniform oriented and most obtained ZnO
nanorods or micro-rods growth group shape or set of rods with an
average size of 529 nm and the average length was 3189 nm. The

“q
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various reactants (zinc salts) in the growth solution was the
remarkable and significant parameter (condition) to control each
of the topography (morphology), the diameter, the alignment, the
form, the distribution density, the orientation, and the thickness
of the ZnO NRs.

Figure 1: Top and Side Views FESEM Images of ZnO NRs synthesized from Various Reactants in the Growth-Solution

More characterizations of the different zinc salts as a reactants precursor in the growth solution effect on the average size (diameter),
the average height (length), the aspect-ratio which is defined the length per unit diameter, and the growth rate of the NRs with Initial

pH, and final pH were listed in Table 1.

Table 1: Summarized Data Calculated from FESEM of ZnO NRs synthesized from Different Reactants in the Growth Solution

Growth

Growth Initial Final Average Size Average Aspect R
ate

Solution pH pH (nm) Length (nm) Ratio

(nm/min)
ZNH 6.7 5.8 91 1008 11.077 5.600
ZA 7.2 6.3 331 2102 6.3500 11.677
7C 6.6 5.5 529 3189 6.0254 17.716

It has appeared that the variation in the values of the aspect-ratio
of the NRs formed from three several zinc salts. Besides, the
estimated values of the aspect-ratio of ZnO NRs were about 11,
6.35, and 6 for ZNH, ZA, and ZC, respectively. This exitance

Published by Passer Journal at University of Garmian, 2020

variation in values of the aspect-ratio is possibly due to the
average size and it is smaller than the average length of the NRs
formed from ZNH compared to the other zinc salts and were
about 91 nm and 1008 nm, respectively. It can presume also that
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the optimum zinc salt as a reactant precursor in the growth
solution was ZNH with Methenamine because the synthesized
ZnO NRs have a high value of the aspect-ratio above to 11
confronted with the other zinc salts as a reactant in the growth
solution. The growth rate of the synthesized NRs from different
reactants in the growth solution (length per unit CBD growth
time) were listed in Table 1. It can observe that the growth rate
was reduced at 180 min, and the growth rate of the NRs grown
form ZNH, ZA, and ZC were 5.60 nm/min, 11.677 nm/min, and
17.716 nm/min, respectively. The maximum growth rate is
obtained of ZnO nanorods grown with ZC; This is due to the ZnO
nanorods grown at ZC, which they are longer than the ZnO
nanorods grown from other zinc salts. The initial and the final pH
values of the different zinc salts as reactants precursor in the
growth solution were very carefully reading prior and after the
CBD deposition process and were summarized in Table 1. It was
observed that the values of the final pH (after CBD growth finish)
of the growth solution was decreased compared to the initial pH.
This decrease means that there is a lower existence of (OH) ions
in the growth solution, which resort to merging readily with the
Zinc. Further, the high growth rates do not conserve the sufficient
Zn in the solution in the shape (form) of the Zn (OH), 281,

3.2 Energy-Dispersive X-Ray (EDX) Analysis

The elementals chemical structures of the formed zinc oxide NRs
from various reactants in the growth solutions were investigated
by using EDS (EDX) characterizations. Figure 2 exposes the
identifying EDX characterizations, which discloses the
subsistence of the zinc (Zn) and the Oxygen (O), which identity
to the structures properties of the ZnO, without the existence of
any defects or substrate signal according to limitations of the
EDS. The atomic ratio among the Zn and the O has been almost
the same ratio for all characterized ZnO NRs samples formed
from several reactants (zinc salts) in the growth solution on glass-
slide substrates. The molecular-ratio (MR) of the Zinc: Oxygen
of the fabricated NRs estimated from quantitative EDS (EDX)
characterizations data was nearly 1:1, which is proving the grown
NRs were pure zinc oxide.

: (a) Element | Atomic %
[®) 43.86
3 Zn 56.14
’- Aj) Total 100
T ' ] v T v T v ) v T v T v T v T '@ T f@ T
3 (b) Element | Atomic %
) 4421
i Zn 55.79
R jd Total 100
‘IA v | v T v T v T v |l ' T v T T T ' T T
1 i (C) Element | Atomic %
10 o) 45.16
3 Zn 54.84
] A jJ Total 100
:, T .L ¥ T T TIrrrrreeeT T T T T T T T T ' T T

Figure 2: Typical EDX Characterization of the ZnO NRs synthesized
from Various Reactants in the Growth Solution
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3. 3 X-Ray Diffraction (XRD) Characterization

The XRD patterns of ZnO NRs grown for different reactants (zinc
salts) in the growth solution at 90 °C have appeared in Figure 3.
All the peaks of diffraction in whole XRD patterns were listed as
the ZnO wurtzite hexagonal phase, which was corresponded to
the standard database spectrum (01-080-0074 Number of the
JCPDS cards). Besides, there are no peaks of diffraction have
been demonstrated from other impurities, proving the high purity
of the zinc oxide nanocrystal phase has been implemented. For
all investigated and characterized zinc oxide NRs, the diffraction
peak was investigated at 20 = 34.4, which is corresponding to the
zinc oxide (002) plane, finding the oriented preferentially growth
alongside the (002) c-axis. The nanorods resorted to formed in
the orientation alongside (002) plane. The free surface-energy
density of this orientation was lowest in the zinc oxide crystal 2,
The acute and strong of the ZnO alongside (002) peak diffraction
in all patterns of the XRD, also assured that the Zinc oxide NRs
were formed preferentially alongside the c-axis of the ZnO
wurtzite hexagonal structure with very weak diffractions peaks
from other surfaces, which is confirmed that the ZnO NRs were
vertically well-aligned grow on the whole surface of glass slide
substrates.

21000 —
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7000 |
| (004)
(o]

1 1 1 1 1 1 1 1 1 1 1 —
| 2100 F (002) ()]
& [
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Figure 3: The XRD of the ZnO NRs synthesized from Various Reactants
in the Growth Solution

Figure (3a) reveals the X-ray diffraction pattern of the ZnO NRs,
which created from ZNH with Methenamine. It was obtained that
the strong peak along (002) plane at the value of 26 (34.425) and
other surfaces showed the low intensity of the diffraction peaks.
This affirms the enhancement alignment of the most zinc oxide
NRs formed well-vertically over the whole glass-slide substrate.
The XRD pattern of fabricated ZnO NRs from ZA with
Methenamine was displayed in Figure (3b). It can seem that the
strong diffraction peak in the direction of the c-axis (002) ata 26
value of (34.375). Besides, the XRD pattern of synthesized ZnO
NRs from ZC with Methenamine was revealed in Figure (3c¢). It
can note the strong diffraction peak of the ZnO was in a direction
along the c-axis (002) at the 20 value of (34.325). This gives all
NRs grow vertically well-aligned over the entire glass substrate.
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Figure 3 and Table 2 shows that the peak diffraction intensity
alongside (002) plane was raised of the NRs produced from
different reactants in the growth solutions and were 465, 1958,
and 18114 for ZNH, ZA, and ZC, respectively. From XRD
results, it is observed that ZnO diffraction peaks alongside (002)
became narrower and higher as ZnO NRs fabricated from the
growth solution of ZC and Methenamine. It was also found that
ZnO crystalline quality became better ZnO NRs were grown from
the other two growth solutions. The lattice parameters (constants)
(a and ¢) of the ZnO wurtzite hexagonal structure alongside

diffraction peak (002) plane were estimated using Bragg's law 3%,
as shown in Table 2.

1 A

= l5os M

3 sin®

A

c= 2

sin®

Where A is the X-ray source wavelength and (0) is the diffraction
peak angle.

Table 2: Lattice constants (Parameters) and zinc oxide wurtzite-hexagonal Structure Characteristics of the Nanorods alongside Peak Diffraction

(002) plane synthesized from Different Reactants in the Growth Solution

Growth - FWHM I c x oy d

Solution (a. 1) A) " o A)
ZNH 34.425 0.172 465 3.0058 5.206 -7.65 20.069 2.603
ZA 34.375 0.161 1958 3.0100 5213 -7.48 20.029 2.607
ZC 34.325 0.148 18114 3.0143 5.220 2735 0.111 2610

The tensile and compressive strains (&) and (&.) of the NRs
produced on the whole glass slide substrate alongside (a and c)
axis, respectively and have been evaluated by using the following
equations 3132

a-a,

Ea = a_ X 100% (3)
g = ;— x 100% 4)

Where (a,=3.2535 & ¢,=5.2151) were illustrated the criterions
lattice parameters (constants) for unstrained (bulk) zinc oxide
NRs and nanostructures, which was existence in the mentioned
database (01-080-0074 JCPDS cards).

The strain alongside c-axis for ZnO samples a-c were -0.069%, -
0.029% and 0.111%, respectively. The strains also alongside a-
axis for ZnO samples a-c were -7.62%, -7.48%, and -7.35%
respectively. The appearance positive-value of strain was
concerned with the tensile-strain and explores an expansion in the
lattice parameter (constant), but the appearance negative-value of
strain was related to the compressive-strain and explores the
contraction of the lattice. The plane-spacing (distance) of the ZnO
wurtzite-hexagonal structure of the NRs alongside (002) plane
was evaluated from to the Bragg's law 33, and it is listed in Table
2. It was observed that the plane spacing increased from the
sample (a-c) along the c-axis (002). This is due to the diffraction
peak intensity was sharply increased and FWHM and 26 were
decreased.

1 4 (h?+hk+k? 12
S g

dz 3 a?

Where (a & c) were defined the lattice parameters (constants).
The average crystal size (particle size) of the zinc oxide NRs for
peak diffraction on (002) plane has been determined via formula
of the Debye-Scherer 3433 and it were listed in the Table 3.

kA
D= BcosO (6)

Where (k) has been defined the constant, which was elected to be
(0.9), the () is the X-ray source wavelength, the (B) is full-width
at half-maximum (FWHM) in radian, and the (0) is the angle
Bragg diffraction.

Table 3: Crystal size, Dislocation Density, Volume and Bond Length
of ZnO NRs alongside (002) Peak Diffraction Grown for Different
Reactants in the Growth Solution

Growth D 8%10°¢ \% L
Solution (nm) (A?) (A% A)
ZNH 48.35 4.277 40.74 1.880
ZA 51.72 3.738 40.91 1.883
7C 56.06 3.183 41.08 1.886

The obtained crystals sizes of ZnO NRs were increased by 48.35
nm, 51.72 nm, and 56.06 nm for ZNH, ZA, and ZC, respectively,
due to the decreases in FWHM values of ZnO diffraction peak
alongside (002). The number of defects (impurities) in the ZnO
crystal, which was called the dislocation density (6) has been
evaluated via the following equation [**) and is listed in Table 3.

8= (7
Where D is crystallite size.

As shown in Table 3, the number of impurities is decreased when
ZnO NRs were fabricated from the growth solution from ZNH to
ZC. This decrease in the values of dislocation density is due to
the variation in the crystal size, high crystal quality, and (sharp,
high, strong, and narrow of diffraction peak alongside (002)) of
ZnO NRs grown from ZC salt.

The zinc oxide NRs hexagonal cell volume and ZnO NRs bond
length have been calculated using the below equations (8 — 9) 7]
and were listed and summarized in Table 3.
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L= §+G—u)2c2 @®)

Where (u) is the positional parameter (condition) in the ZnO
wurtzite-hexagonal structure, which was regarded to the ratio of
(c/a). The (u) was estimated (measured) of the amount by, which
each atom was displaced relating the next alongside the (c-axis)
and which was state by following formula [37};

u=254025 9)

The ZnO NRs hexagonal cell volume (V) has been investigated
via the below equation B371;

V3
:—az
2

\% c (10)
From the Table 3, it is to be noted that both hexagonal cell volume
and bond length of synthesized NRs were increased in the range
of (40.74 - 41.08) A3 and (1.880 -1886) A, respectively. This
increase is caused by the decreases in the value of peak position
(20) of ZnO peak diffraction alongside (002). Both also were
directly dependent on the lattice constants (a & c¢) which are
dependent on the value of peak position (26).

4. Conclusion

The vertical well-aligned along c-axis (002) and high crystalline
of the ZnO NRs have been successfully fabricated via the very
simple CBD method for various zinc salts. It was found that the
various zinc salts as reactant precursor in the growth solution
have a significant impact on the morphological properties, aspect
ratio, growth rate, size, structural properties of the produced ZnO
NRs. The FESEM and the XRD results were explained that the
NRs with wurtzite hexagonal ZnO structure have been grown
vertically well-aligned and densely over the whole glass slide
substrates. From the results, it is noted that the optimum zinc salt
as reactant in the growth solution was Zinc nitrate Hexahydrate
(ZNH) with Methenamine. This is caused by the synthesized ZnO
NRs from the zinc salt, which has high aspect ratio, uniform
orientation, the same length, and high densely distribution,
uniform diameters and nanorods or nanowires. This technique has
a beneficial application for nano-optoelectronic devices
efficiency such as LED, UV detector, and solar cells, they
improved the quality and responsivity of devices.
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