= . . Original article
VZ | ZANCO Journal of Pure and Applied Sciences http:/dx.doi.org/10.21271/ZIPAS.37.6.3
OPEN ACCESS

*Corresponding author

Yasir Hussein Mohammed
yasir.h.m@uomosul.edu.iq

07 /05 /2025
28/06/ 2025
31/ 12/ 2025

KEYWORDS:
CVD; ZnO-TFs; ZnO
NRs; optical
characteristics;
morphological analysis.

Controlling ZnO Nanorods Morphology by
Seeded Layer Assisted Chemical Vapor
Deposition

Mithaqg Ali Salih and Yasir Hussein Mohammed*

Department of Physics, College of Education for Pure Science, University of Mosul,
41002 Mosul, Iraq.

ABSTRACT

Vertically aligned zinc oxide (ZnO) nanorods (NRs) were grown using a seeded layer-
assisted chemical vapor deposition technique. This study examined the impact of
altered evaporation crucible-substrate spacing (3, 4, 5, and 6 cm) on the optical
behavior, morphological characteristics, and elemental composition of ZnO thin films
prepared as a seed layer (buffer layer). Besides, the surface morphology and
structural characteristics of the synthesized ZnO NRs was evaluated in the presence
and absence of the seed layer. Seed layer samples were evaluated by an ultraviolet-
visible spectrophotometer, a field emission scanning electron microscope (FESEM),
and energy-dispersive X-ray (EDX) spectroscopy. In contrast, the NRs samples were
characterized using FESEM and X-ray diffraction (XRD) technique. The optical energy
gap results showed a blue shift from 3.23 eV to 3.28 eV as the separation spacing
increased from 3 cm to 6 cm, respectively. FESEM images revealed that the
separation spacing strongly influences the morphology of the ZnO films. EDX analysis
of the seed layer disclosed the presence of prominent peaks for zinc and oxygen,
which confirmed the elemental composition of the grown samples. Furthermore, ZnO
NRs synthesized in the absence of a seed layer were observed to be shorter,
misaligned, exhibit random growth rates, and possess inferior quality compared to
those synthesized with a seed layer. XRD analysis confirmed the high crystalline
quality of the grown nanorod samples. Our systematic technique for the synthesis and
characterization of the seed layer could play a significant role in the production of
superior nanorod arrays.
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1.Introduction

Thin films (TFs), which are layer of
material with  thicknesses ranging from
nanometers (nm) to micrometers (um), have
become essential in modern technology,
enabling a wide range of applications in sectors
like energy conversion, energy storage, and
electronics. The unique characteristics of TFs,
like their ability to be controlled and easily
tailored, have motivated the quick development
of various fabrication systems, both chemical and
physical, each with its own advantages and
applications [1-4]. TFs deposition techniques
have progressed significantly, allowing the
production of a diverse array of devices and
structures, including solar cells, smart coatings,
and integrated circuits. In addition to the thin
films morphologies, ZnO has also been found to
have a broad range of growth morphologies,

including  nanoparticles, nanotubes, NRs,
nanoneedles, nanowires, nanocages,
nanotetrapods, nanohelix, nanorings, and

nanocombs [5]. The deposition methods and
variations in growth conditions (temperature,
pressure, growth time, gas flow rate, position,
etc.) are considered the main causes of these
different types of morphologies [6-8]. ZnO
nanostructures (NSs) have gained wide attention
for numerous useful applications, such as solar
cells [9], biosensor [10], piezoelectric
nanogenerators [11], light-emitting diodes [12],
UV photodetection [13], marine antifouling
systems [14], photodetector device [15], and so
on. These applications can only be activated by
controlling the physical and chemical properties
of the grown material. ZnO can be considered an
exceptional material for use in the
aforementioned applications owing to its wide
optical energy gap (Eq=3.37 €V), high excitation
binding energy (60 meV), have a hexagonal
wurtzite structure, and high mechanical and
thermal stability [16]. ZnO as a seed layer, acting
as a nucleation center for the growth of one
dimensional (1D) ZnO NSs, has a strong impact
on their physical characteristics [17]. Additionally,
previous studies have highlighted the
significance of a seed layer in the fabrication of
the ZnO NRs [18]. The results indicate that ZnO
NRs produced from a seed layer via sol-gel
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methods exhibit superior quality compared to
those grown without a seed layer [18]. A different
investigation by Fang's group shows that ZnO
NRs cannot be directly synthesized from silicon-
based materials [16]. Findings from another
research effort suggest that the thickness of the
seed layer can influence the alignment of ZnO
NRs [19]. An increased thickness of the seed
layer leads to misaligned ZnO NRs, while a
reduced thickness promotes vertical alignment
and high density of the ZnO NRs [19]. Therefore,
it is determined that the thickness of the seed
layer plays a significant role in the growth of the
ZnO NRs. There is a general consensus that this
layer functions as a framework for the growth of
NRs. However, the condition of the ZnO seed
layer can be tuned through growth techniques
and their related growth parameters (temperature
[16], precursor concentration [20], annealing
temperatures [21]). The well-aligned and
controlled growth of 1D ZnO NSs is a key issue
in many optoelectronic applications. The main
issues for the well-aligned vertical growth of 1D
ZnO NSs are an ultrathin film and uniform
distribution of the ZnO seed in the ZnO film. A
range of fabrication methods has been utilized to
create the ZnO seed layer [17, 18]; however, the
complex nature of the necessary machinery

results in elevated expenses, making these
approaches unfeasible for the large-scale
manufacturing of ZnO seed layer [21]. In

addition, there has been less focus on the
chemical route technique known as chemical
vapor deposition (CVD) at atmospheric pressure
(AP).

Taking into consideration these essential
factors, the current research aspires to explain
the impact of the changed evaporation crucible-
substrate spacing (3, 4, 5, and 6 cm) on the
optical behavior, morphological characteristics,
and elemental composition of ZnO TFs prepared
as a seed layer. Besides, the surface
morphology and structural characteristics of the
grown ZnO NRs was evaluated in the presence
and absence of the seed layer. The deposition
films were characterized by ultraviolet-visible
(UV-Vis) spectrophotometer, FESEM, and EDX
spectroscopy. In contrast, the NRs samples were
characterized using FESEM and XRD.
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2. Experimental details

The process was conducted in two steps:
(i) the formation of a ZnO seed layer, and (ii) the
growth of the ZnO NRs.
2.1 ZnO seed layer deposition
In this investigation, a thin layer of ZnO was
synthesized to act as a seed layer using the CVD
method at atmospheric pressure on standard
glass substrates sized 1 cm x 1 cm, with different
gaps of 3, 4, 5 and 6 cm between the
evaporation crucible and the glass substrates.
Fig. 1 illustrates the diagram of the APCVD
setup, which is fundamentally composed of a gas
delivery scheme, deposition reactor, and exhaust
gas treatment unit. Initially, the glass substrates
underwent ultrasonic cleaning with acetone,
ethanol, and deionized (DI) water for
approximately 10 minutes in each liquid to
eliminate any impurities (fats, dust, etc.) and then
dried with a hot air stream [22]. Following a
cleaning process, the glass substrates and an
alumina crucible (4 cmx 1 cm) containing 1 g of
zinc (Zn) acetate dihydrate ((CH3COO)2 Zn.2H20
(ZAD), 99.97%) powder as base material were
positioned on a smooth stainless steel platform
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and then transferred into the miniature quartz
tube. Then, a miniature quartz tube (20 cm in
length and 5 cm in diameter) was inserted into
the center of the larger tube (deposition reactor)
with a diameter of 6.5 cm, where the temperature
was adjusted to 425 °C. This unique
arrangement allows the smaller reaction tube to
trap vapor, creating an environment with a high
concentration of Zn within the quartz tube. After
securely fastening the quartz tube with a sealing
flange assembly, the heating procedure was
carried out. At the temperature of evaporation,
oxygen (Oz2) gas was fed into the reactor at a flow
rate of 200 sccm, carefully measured by mass
flow controllers. The growth duration continued
for 15 minutes under a pressure of 760 Torr.
Throughout the growth process, all other growth
factors were maintained at a constant and
carefully regulated state. Finally, once the
furnace had naturally cooled to ambient
temperature, the samples are extracted from the
reactor for analysis.

Reversible valve

H\older

Samples Miniature tube

MEC

: ﬁ..l...‘ ./.)‘(Quaﬁztube

Exhaust

O; delivery
system

Deposition reactor \

Alumina crucible Temperature controller—>

Thermocouple

Fig. 1. Schematic representation of the CVD approach.

2.2 ZnO nanorods growth

To understand the impact of the seed
layer, ZnO NRs were grown on two different
glass substrates (one with a seed layer and the
other without) using a two-zone CVD method at
atmospheric pressure. An optimum thickness of a
seed layer (178 nm thick) was used to grow the
ZnO NRs. The two substrates were positioned on
a stainless-steel holder inclined at 14° and then
placed into the deposition reactor within heating
zone |Il, where the growth temperature was
maintained at 600 + 5 °C. Subsequently, an
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alumina crucible filled with 1.6 g of ZAD powder
was placed into reactor heating zone | and
heated until it reached an evaporation
temperature of 250 £ 10 °C. A spacing of 5 cm
was maintained between the substrates and the
crucible. O2 gas was introduced into the reactor
at the evaporation temperature, flowing at a rate
of 25 sccm, which was carefully controlled using
mass flow regulators. The growth procedure
continued for 1 h. A trial-and-error technique was
employed to determine the optimum conditions
for growing high-quality ZnO NRs, such as the
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growth temperature, type of precursor, gas flow
rate, quartz tube dimensions, boat-to-substrates
spacing, substrate alignment, room temperature,
etc [6, 7, 23].

By a UV-Vis spectrophotometer
(Shimadzu UV-1800, Japan), the optical
transmittance and absorbance spectra of the
samples were analyzed within the wavelength
interval of 360 to 1100 nm, employing a plain
glass as a reference standard. The estimated
thickness of grown structures was measured by
the microbalance method [24] through the
formula: t (cm) = (Am (gm)/A (cm?) p(gm/cm?)),
where Am = (m, —m,) represents the mass
difference before (m1) and after deposition (mz2),
A is the area of the sample, and p is the density
of the ZnO material (5.61 gm/cm?3). The samples'
surface morphology was investigated with the aid
of a FESEM (inspect f 50-FEI). Using the same
microscope, we conducted an elemental analysis
of the samples via EDX spectroscopy. XRD
analysis of the grown ZnO NRs was conducted in
the range of 10°-80° using a XRD Panalytical
X'pert Pr with Cu Ka radiation (A = 1.5406 A) at a
voltage of 40 kV and a current of 30 mA.

3. Results and discussion

Fig. 2 shows the optical transmittance
spectra of ZnO-seeded (glass substrates
deposited with different evaporation crucible-
substrate spacing. From Fig. 2 we can see that
tuning the APCVD technique parameters
conditions can influence the uniformity and
thickness of the resulting seed layers. It is
important to note that the grown samples show
varying thicknesses. This behavior may be
attributed to differences in the distance between
the evaporation crucible and the glass
substrates. The thicknesses of the samples
prepared at 3, 4, 5, and 6 cm were measured to
be 891, 623, 535, and 178 nm, respectively.
Clearly, films created at a distance > 5 cm exhibit
high transparency in both the visible and infrared
regions due to their inherent absorption
characteristics [25]. For < 4 cm, the average
transmittance of the samples decreased (see Fig.
2). Various elements, including the presence of
impurities, lack of oxygen, the thickness of the
film, quality of the crystal structure, and
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roughness of the surface, influence metal oxides'
ability to transmittance light [6, 7, 23]. This
decrease in optical transmittance in our case
may be due to increase in the film thickness.
Furthermore, the reduction in the optical
transmittance may be due to light scattering
caused by the rough surface of the samples.
Generally, films with high metal content (see Fig.
2, 3 cm and 4 cm) tend to be more opaque [26].
In summary, ZnO-seeded substrates of small
thicknesses have the optimal thickness for the
growth of the ZnO NRs [19].

Fig. 3 depicts the optical absorbance
spectra of ZnO-seeded glass substrates
prepared with different evaporation crucible-
substrate spacing. The prepared samples
revealed that spacing significantly affects their
absorbance spectra. A clear absorption edge
was detected in the 360-400 nm interval,
corresponding to the optical Eq. The reduced
transmittance in the UV spectrum (less than 380
nm) is due to the intense absorption in this area
(see Fig. 3), which arises from the large Eg of
ZnO films. The strong absorption of ultraviolet
light, which features Ilow reflection, was
confirmed for the transition of electrons from the
valence band to the conduction band [27]. The
recorded transmittance information can be used
to derive the absorption coefficient (a) of the
samples, following the guidelines of the Beer-
Lambert law [28].

o (em™) = —(In(T) /0), (1)
Here, the term transmittance (T) is expressed as
T% divided by 100, and (t) refers to the thickness
of the fabricated ZnO TFs.

Fig. 4 presents the absorption coefficient
spectra of ZnO-seeded glass substrates
prepared with different evaporation crucible-
substrate spacing. From Fig. 4, the value of the
absorption coefficient of the grown samples in
the UV area (<400 nm) increased from
~1.65%10° cm™ to ~3.34x10% cm™" with spacing
increasing from 3 cm to 6 cm. Samples created
with a spacing of 6 cm show a strong absorption
coefficient in  the ultraviolet  spectrum.
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Conversely, samples prepared with a spacing of
5 cm or less demonstrated a notable decrease in
their absorption coefficient within the same UV
range. This behavior may be ascribed to the
variation in the crystallites size [7]. In order to
determine the direct optical Eg4 of the synthesized
samples, we utilized Tauc's equation in the
region of high absorbance as outlined below [29]:
ahv = AChv — E)", (2)
In this equation, hv represents the energy of the

photon, A denotes Tauc's constant, and n equals
1/2 for a direct allowed transition.

Fig. 5 displays (ahv)? VS. (hv) graphs of
ZnO-seeded glass substrates prepared with
different evaporation crucible-substrate spacing.
Provided that Eq is equal to hv at the point where
(ahv)? is zero, projecting the linear portion of the
graph (see Fig. 5) onto the x-axis reveals the
value of Eg. For the samples prepared at 3, 4, 5,
and 6 cm, the optical Eg were determined to be
3.23, 3.24, 3.27, and 3.28 eV, respectively. The
value of Eg increased from 3.23 eV to 3.28 eV
with the spacing increasing from 3 cm to 6 cm,
and the optical absorption edge exposed a blue
shift (shift towards higher energy). Fig. 5
indicates that decreasing film thickness increases
the Eg from 3.23 eV to 3.28 eV due to decreased
lattice defects [30]. Typically, the Eg exhibits a
high sensitivity to variations in film stress, the
concentration of free carriers, film thickness, and
the arrangement of grain boundaries [31, 32].
Thus, the optical Eg of the ZnO film is influenced
by the films thickness. Besides, the values of the
optical transmittance and Eg confirm the
applicability of the ZnO films as efficient films in
different optoelectronic applications [23, 25].

Growth of the ZnO NRs by various
techniques requires a seed layer from ZnO films,
which should have a continuous and smooth
surface with low thickness, to achieve high-
quality ZnO NRs. Fig. 6 illustrates FESEM
images of ZnO-seeded glass substrates
prepared with different evaporation crucible-
substrate spacing. The morphological
characteristics of ZnO films were observed to be
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significantly  influenced by the distance
separating the evaporation crucible from the
glass substrates. At short spacing of 3 cm (see
Fig. 6a), atoms arrive quickly with high flow,
resulting in rapid and irregular aggregation
(nucleation) at specific locations on the substrate
surface. This leads to increased roughness of the
surface layer of deposited films. These outcomes
align well with optical transmittance data (see
Fig. 2). At a medium spacing of 4 to 5 cm (see
Fig. 6b and c), the vapor flow is moderate,
allowing atoms sufficient time to diffuse across
the substrate surface before bonding. In this
case, the atoms may be distributed evenly,
producing small grains with low roughness. With
an increase in the spacing to 6 cm (see Fig. 6d),
the growth of ZnO films became more regular,
making the surface of the films smoother.
However, a thinner ZnO seed layer results in a
larger surface area of the deposited films
because of the smaller crystallite size of these
films, which positively affects the growth of 1D
nanomaterials [33]. Moreover, FESEM analyses
have verified the presence of nanocrystalline
structures within the synthesized films. Finally,
the adhesion of the ZnO TFs deposited on the
glass substrates at 425 °C was excellent, as
demonstrated by the scratch test.

The EDX technique was exploited to
determine the purity and atomic ratios of Zn and
O within the prepared films. Fig. 7 exhibits EDX
spectra of ZnO-seeded glass substrates
prepared with different evaporation crucible-
substrate spacing. It is observed from the spectra
(see Fig. 7) that the grown films mainly consist of
Zn and O element. The minor peaks present in
the spectrum such as Mg, Al, Si, Ca, K, Fe, and
Ni can be attributed to the commercial glass
substrates used [34]. The C signal arises from
the carbon tape that has been secured to the
holder of the sample [35, 36]. This displays that
the elements dominated by the ZnO films were
pure ZnO. However, the atomic ratio of Zn
decreased from 16.2 to 7.8 as the spacing
increased from 3 cm to 6 cm (i.e., the thickness
of the films decreased). The outcomes were
consistent with the findings from the optical
assessment. Further, one can clearly observe
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that the thickness of the film plays a crucial role
in determining its stoichiometry (see inset tables
in Fig. 7). For all samples, the Zn/O ratio was
smaller than unity (see inset tables in Fig. 7),
revealing that the total O content was higher than
that of Zn in the grown samples. The adsorbed
excess O forms and hydroxides can contribute to
the increase in the oxygen content detected by
EDX [34]. In addition, prior investigations
revealed that obtaining precise measurements of
O via EDX is problematic due to the presence of
O in the SiO2 substrate (glass substarte) [37].

To enhance the understanding of the
chemical structure of the ZnO films across
different samples, a chemical mapping technique
was utilized to investigate the distribution and
composition of the atomic elements. Fig. 8
portrays EDX mapping of ZnO-seeded glass
substrates prepared with different evaporation
crucible-substrate spacing. In Fig. 8, each square
elucidates the distribution of a particular element
in the grown sample, and the colors indicate the
concentration of the element, where light or
bright colors (such as yellow or light green)
indicate higher concentrations. In contrast,
darker colors indicate an absence or lower
concentration of the element. The columns in
Fig. 8 show a chemical mapping for O (yellow-
green), C (green), Ca (purple), Zn (greenish-
cyan), Si (orange), Fe (dark blue), K (magenta),
Mg (dark red), Ni (red), Al (violet), atoms. The
chemical mapping for C, Fe, K, Mg, Ni, and Al
atoms is not shown here in Fig. 8 for brevity. In
general, the distribution of main atomic elements
(Zn and O) on the substrates was excellent,
indicating the high efficiency of the technique
used for fabricating the samples.

Fig. 9 displays FESEM images of the ZnO
NRs grown without and with the ZnO seed layer.
As shown in Fig. 9, the surface morphology of
the ZnO NRs strongly depended on the seed
layer. ZnO NRs grown without a seed layer (see
Fig. 9a) showed somewhat poor vertical
alignment with short lengths and a non-uniform
growth rate. In contrast, vertically well-aligned
ZnO NRs were grown on ZnO-seeded glass
substrates with longer lengths and a uniform
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growth rate, as shown in Fig. 9b. Finally, by
controlling the properties of the seed layer, the
ZnO nanorods morphologies and growth rate can
be changed. However, the enhanced control of
the morphology of the ZnO NRs may lead to an
improved collection of carriers in ZnO-based
hybrid polymer solar cells [19]. Based on FESEM
images, the growth approach is founded on the
vapor-solid (VS) mechanism, which involves the
condensation and oxidation of metal vapor on a
hot substrate surface, allowing the metal to
function as a self-catalyst for nanostructure
growth [7]. Using ImagedJ software (version
1.47v), the dimensions of the ZnO NRs were
methodically assessed by analyzing FESEM
images. The results revealed that the
synthesized nanorods had sizes ranging from
159 to 755 nm, indicating a uniform distribution of
diameters [6, 7]. As demonstrated by this
analysis, the regularity in the dimensions of
nanorods is important for achieving reliable
outcomes in their intended uses, particularly in
sensing equipment and solar panels, where the
regularity of dimensions directly affects charge
transport properties.

Fig. 10 reveals the XRD patterns of the
ZnO NRs grown without and with the ZnO seed
layer. XRD analysis reveals prominent peaks at
26 angles of (31.92°), (34.76°), (36.6°), (63.12°),
and (72.84°), which align with the (100), (002),
(101), (103), and (004) crystal planes of
hexagonal wurtzite ZnO, as indicated by JCPDS
card number 36-1451. The sharp and intense
diffraction peak related to the (002) plane, with a
narrow full-width at half-maximum (FWHM) of
0.16410°, confirms that the grown nanorods
exhibit a high level of crystallinity. However, the
absence of peaks associated with impurities
offers further assurance regarding the purity of
the phases in synthesized samples. Finally,
these findings complement current electron
microscopy observations and provide conclusive
evidence of the wurtzite crystal arrangement in
the synthesized nanorods.
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Fig. 2. Optical transmittance spectra of ZnO-seeded glass substrates deposited with different spacing
from the evaporation crucible.
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Fig. 3. Optical absorbance spectra of ZnO-seeded glass substrates prepared with different spacing
from the evaporation crucible.
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Fig.5. The relationship between (ahu)? and (hu) of ZnO-seeded glass substrates prepared with
different spacing from the evaporation crucible (a) 3 cm, (b) 4 cm, (c) 5 cm, and (d) 6 cm.
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Fig. 6. FESEM images of ZnO-seeded glass substrates prepared W|th dlfferent spacing from the
evaporation crucible (a) 3 cm, (b) 4 cm, (c) 5 cm, and (d) 6 cm.
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Fig. 8. EDX mapping of ZnO-seeded glass substrates prepared with different spacing from the
evaporation crucible (a) 3 cm, (b) 4 cm, (c) 5 cm, and (d) 6 cm.
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Fig. 9. FESEM images of the ZnO NRs grown (a) without, and (b) with seed layer with thickness of
178 nm.
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Fig. 10. XRD patterns of the ZnO NRs grown (a) without, and (b) with seed layer with thickness of

178 nm.

4. Conclusion

Utilizing a seeded layer-assisted chemical
vapor deposition method, we synthesized
vertically oriented ZnO NRs. This investigation
explored the effects of changing the spacing
between the evaporation crucible and the
substrate (3, 4, 5, and 6 cm) on the optical
performance, morphological attributes, and
elemental structure of ZnO TFs formed as a seed
layer. Moreover, the surface features of the
fabricated ZnO NRs were examined in the
presence and absence of the seed layer. It was
shown that by adjusting the spacing, the blue
shift in the UV absorption edge, Eg, and
transmittance (~5-~80%) of the TFs could be
organized. ZnO TFs have a direct optical Eg as
decided by the Tauc formula. Analysis of the
FESEM images reveals that the films prepared
with a spacing of 6 cm exhibit uniformity,
smoothness, transparency, and an absence of
macroscopic defects, in contrast to those
produced at other spacing. EDX spectroscopy
analysis confirmed that all the films consisted
mainly of Zn and O with high purity. FESEM
images indicate that the presence of a seed layer
can influence the growth behavior of the ZnO
NRs. High crystallinity was verified in the
samples through their XRD patterns, which
showed a preferred growth direction along the
(002) lattice plane. In conclusion, this study
successfully achieved the growth of ZnO TFs
with  controlled thickness and favorable
morphologies. These films are suitable for use as
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a seed layer (buffer layer) in the growth of 1D
ZnO NSs in related research endeavors.
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