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A nanostructured zinc oxide (ZnO) with different percentages of argon and oxygen gas 
flow rate was deposited on a silicon wafer by a simple hot tube thermal evaporation 
technique. The effect of different percentages of gas flow rate on the crystal structure, 
surface morphology and optical properties were characterized using X-ray diffraction 
(XRD), field emission scanning electron microscopy (FESEM), energy dispersive X-ray 
(EDX) and RAMAN spectroscopy, respectively. The changes of morphologies from FESEM 
were significant where the grown ZnO nanostructures show three different shapes which 
are nanotripods, nanoclusters and nanorods at 5%, 10% and 25% of oxygen gas, 
respectively. EDX results revealed that Zn and O elements have a major percentage in the 
sample indicating a composition has high purity of ZnO. XRD patterns displayed the most 
intense diffraction peak of ZnO at (101), which exhibited a single crystalline hexagonal 
structure with preferred growth orientation in the c-axis. RAMAN scattering study found 
that synthesized ZnO shows the high intensity of E2 mode and low intensity of E1 mode 
attributed to all the samples having good crystal quality containing fewer structural 
defects. In conclusion, the E15 sample with a 25% oxygen gas flow rate was selected as 
an optimum result for synthesizing a homogenous surface and high crystallinity of ZnO by 
using a hot tube thermal evaporation process. This work can enhance the development 
of ZnO production in various applications. 
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1. Introduction 
 

Zinc Oxide (ZnO) is an important II-IV type semiconductor that has a direct band gap of 3.37 eV 
and a high exciton binding energy of 60 meV at room temperature [1-3]. ZnO has emerged as the 
preferred material for use in situations of great heat, high power, and short wavelength, making it 
excellent for electronic and optoelectronic devices [4]. Other favourable characteristics of ZnO is non-
toxic, cheap and relatively abundant source of materials besides titanium dioxide and arsenide [5]. 
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ZnO also can be synthesized as a large single crystal by many types of techniques and is possible to 
be grown in various dimensions. 

Many techniques have been used to synthesize ZnO nanostructures such as sol-gel, pulsed laser 
deposition, RF sputtering, hydrothermal process and spray pyrolysis [6-15]. However, the vacuum 
thermal evaporation technique was used in this work due to several advantages. Thermal 
evaporation technique with a low vacuum provides the mean free path of vapour atoms in laminar 
flow as the vacuum chamber dimension, so these evaporated particles can travel in a straight line 
from the source towards the substrate resulting in a large area deposition of ZnO nanostructures 
[16]. 

Besides, in this work, a simple hot tube thermal evaporation system was developed at low-cost 
and self-catalyzed growth that does not require the high vacuum apparatus favourable to be used in 
industry. Specifically, zinc metal as a source was loaded and placed at the centre of the quartz tube 
while Si wafer as substrate was inserted at the end of the quartz tube at the outlet side. Si wafer with 
(100) orientation was used as a substrate for growing ZnO in order to reduce lattice mismatching 
compared to bare Si wafer [17]. 

The effect of varying percentages of argon and oxygen gas flow rate towards the structural and 
optical properties was investigated in detail. Nanoscale morphologies, encompassing zero-
dimensional (0D), one-dimensional (1D), and two-dimensional (2D) nanostructures, have been 
extensively researched for their fundamental scientific significance and practical applications in 
nanoelectronics, nanomechanics, and flat panel displays, with 1D ZnO nanostructures demonstrating 
unique properties due to quantum confinement effects and their exceptionally high surface-to-
volume ratio [18,19]. In advancements of engineering, the remarkable ability of nanoparticles to pass 
through filters and penetrate surfaces makes them a promising lubricant additive, effectively 
reducing friction and ensuring long-term engine protection [20]. Hence, ZnO nanostructures have the 
potential to revolutionize electronic and optoelectronic devices. These structures have been shown 
to enhance the efficiency and performance of various optoelectronic devices, including LEDs, solar 
cells, and photodetectors. When integrated into electronic devices, ZnO nanostructures notably 
improve conductivity, durability, and environmental sustainability. This underscores the importance 
of ongoing research in this area, highlighting the promising future prospects of ZnO nanostructures 
in advancing electronic and optoelectronic technologies [18,21]. 

Huang et al., [22] have reported the effect of Ar:O2 gases flow ratio on the cathodic vacuum arc 
properties of ZnO deposition. Meanwhile, Rasheed et al., [23] have worked on the effect of gas 
sputtering flow rate towards structural and electrical properties of ZnO/Cu/ZnO membrane. By using 
reactive DC pulsed magnetron sputtering, Camacho-Berrios et al., [24] investigate the impact of 
elevating the partial pressure of oxygen in the sputtering gas, varying it from 20% to 70% O2/Ar, on 
the properties of Zinc Oxide thin films. Abdulgafour et al., [19] reported the customized structure, 
morphology, optical properties, and growth progression of ZnO nanostructures fabricated on quartz 
substrates utilizing the wet thermal evaporation technique by varying rates of Ar and wet O2 gas flow. 
Even though a large number of studies were reported regarding synthesizing ZnO nanostructures by 
thermal evaporation yet still only a few have reported synthesis of ZnO nanostructures without any 
catalyst using Si substrate (100) varying percentages of gas flow rate. 
 
2. Methodology  
2.1 Synthesis of Zinc Oxide 
 

ZnO nanostructures were synthesized by thermal evaporation method at 800℃ for 90 minutes at 
a vacuum pressure of 2.0 x 10-2 torr as shown in Figure 1. Firstly, Si wafer <100> with (1 x 1) cm 
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dimension as deposited substrate was cleaned with methanol and followed with a distilled water 
rinse several times. High purity of Zinc (99.99%) was chosen as source material and weighed at 1g 
before putting into an alumina boat. The source and substrate were loaded into the centre of a quartz 
tube that was (50 x 1000) mm in size, with a 15 cm gap between them. Next, the rotary pump was 
switched on for 5 minutes to remove undesirable gases or particles from the system to avoid any 
contamination. It was also possible to achieve temperature quickly as the pressure was reduced. 
Then, the furnace was set to the desired temperature at 800℃ and 95% of carrier gas (Ar) was 
introduced. At 800℃, the reactant gas which is O2 gas with 5% was introduced in the vacuum 
chamber controlled by a flow meter. The reaction was completed at 90 minutes and both gases were 
stopped to let the furnace cool down at room temperature before the synthesized ZnO was taken 
out. The experiment was repeated with 10% and 25% of the O2 gas flow rate. 
 

 
Fig. 1. Schematic diagram of Hot Tube Thermal Evaporation (HTTE) system 

 
2.2 Characterization of Zinc Oxide 
 

Grown ZnO nanostructures were characterized for structural and optical properties. The surface 
morphology of all samples was characterized using a field emission scanning electron microscope 
(FESEM, JOEL JSM-IT800) with X-ray energy dispersive spectroscopy (EDS). Meanwhile, Miniplex X-

ray diffraction (XRD) with Cu K𝜆 radiation (𝜆 = 1.5406 Å) was used to study the crystalline structure 
of synthesized ZnO. The XRD pattern was recorded in the 2𝜃 range of 20°-80° at the scanning speed 
of 2° per minute and the crystallite site (D) of the samples was calculated by using Scherrer’s 
equation: 
 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
  

 
Horiba HR-800 confocal RAMAN microscope equipped with He-Cd laser at 532 nm line was used 

to investigate the optical properties of ZnO nanostructures. 
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3. Results and Discussion 
3.1 FESEM Characterization 
 

FESEM was used to obtain the morphology of the ZnO nanostructures. It can be seen that 
different morphologies were grown on the Si wafer with different O2 gas flow rates. Varying O2 gas 
flow rates could affect much on the structural properties of ZnO nanostructures, especially in their 
size and shape. Table 1 below shows the percentage ratio of O2 and Ar gas flow. 
 

Table 1 
Percentage of gas flow rate 
Name of sample Oxygen gas (%) Argon gas (%) 

E13 5 95 
E14 10 90 
E15 25 75 

 
Figure 2 clearly shows that the whole substrate surface was covered with high-density and 

randomly oriented ZnO nanostructures when the sample was grown at 25% O2 gas and 75% Ar gas 
flow rate. The flow rate of gases has such impacts on the formation of the ZnO nanostructures in 
different shapes including a tetrapod as shown in Figure 2. The high density of the randomly oriented 
ZnO nanostructures is indicated by the fraction of nanostructures grown on the substrate to the 
empty spaces between them. The growth of high-density ZnO nanostructures on Si (100) bulk 
substrates was achieved at 25% of the O2 flow rate [25]. Figure 2(a) revealed dense ZnO consists of 
nanoparticles and tripod-like structures with lengths ranging between 200-300 nm. Meanwhile, 
Figure 2(b) shows the synthesized ZnO nanostructures at 50 kX image with diameter was varied and 
their length was extended to several microns. 
 

  
Fig. 2. ZnO nanostructures with 25% of O2 gas flow rate (a) magnification at 100kX and (b) 
magnification at 50kX 

 
As the flow rate was increased, the nanostructures changed to tetrapod nanowires with 

hexagonal cylinder legs. The legs have a length of around 200 nm to 300 nm and the tetrapods fully 
covered the substrate underneath it. It is worth noting that having a higher flow meter of the gases 
has helped in providing appropriate surfaces or planes for ZnO seed nucleation at the initial stage so 
the subsequent growth of ZnO nanowires can be promoted. 

The FESEM image in Figure 3(a) shows the synthesized ZnO has morphology in the form of 
granular structure as the O2 is decreased to 10%. The phenomena lead to the existence of particle 
agglomeration in the sample. Figure 3(b) reveals the FESEM image of ZnO has a uniform distribution 
of nanoclusters over the entire surface. The changes in shape can be explained based on the 
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introduction of O2 gas as the amount is increased [12,26,27]. The flow meter of the gases plays an 
important parameter in controlling the morphology of the nanostructures.  
 

  
Fig. 3. ZnO nanostructures with 10% of O2 gas flow rate (a) magnification at 100kX and (b) 
magnification at 50kX 

 
As the O2 gas flow rate was further reduced to 5% and the percentage value of the Ar gas flow 

rate was increased to 95%, the nanoparticles grew bigger and formed new nanoclusters with several 
nanorods as shown in Figure 4. Since ZnO heavier than Zn and O2 causes the development of the base 
for new nanostructures to grow. Moreover, there is no catalyst was added to the experiment. Thus, 
it is very typical that a nanorod is formed at the tips of nanoclusters during the growth process and 
possesses a sharp tip [28-31]. This growth process follows the vapor solid (VS) mechanism. It could 
be observed that the surface morphology of synthesized ZnO was appreciably influenced by the 
percentage of O2 and Ar gas flow rate that was introduced in the vacuum chamber. Thus, it was 
affirmed that varying gas flow rate plays a crucial part in controlling the nucleation and growth of 
ZnO nanostructures. 
 

  
Fig. 4. ZnO nanostructures with 5% of O2 gas flow rate (a) magnification at 110kX and (b) 
magnification at 75kX 

 
As the flow rate of the gases increases, the nucleation of Zn particles increases thus resulting in 

increasing the formation of ZnO nanoclusters. Typically, the products consist of a majority of wire-
like ZnO and nanoclusters that exhibit an agglomeration morphology that gradually transforms into 
wire-like and tetrapod nanostructures. From the FESEM images, it can be interpreted that at a flow 
meter of 25% O2, very differently shaped structures were synthesized due to the increase of speed of 
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the gas molecules in the chamber that facilitate the diffusion mechanism of source atoms through 
the substrate [26]. 
 
3.2 EDX Spectra 
 

Energy dispersive X-ray (EDX) is used to determine the purity and composition of the synthesized 
sample. Figure 5 depicts the EDX analysis recorded at three different percentages of O2 gas flow rates 
which are 5%, 10% and 25%. As observed in the spectrums above, the C element probably is the 
result of a heating process while the Na and Al elements are likely from the material of the substrate 
holder. Nevertheless, the obtained ZnO sample is considered high quality because it was found that 
the Zn and O elements dominated the percentage of the materials when compared to other existing 
elements in the samples. 
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Fig. 5. EDX spectra with different O2 gas flow rate (a) 25%, (b) 10%, and (c) 5% 

 
3.3 XRD Characterization 
 

Figure 6 displays the gas flow rate-dependent XRD spectra of pure synthesized ZnO which 
comprises a few sharp peaks attributed to the high purity phases of ZnO nanocrystalline. Samples 
E13, E14 and E15 were synthesized by varying percentages of O2 gas flow rates which are 5%, 10% 
and 25%, respectively. All observed peaks have been indexed to hexagonal wurtzite structures with 
(101) orientation on the plane at angle 2𝜃 ≈ 35.84°, corresponding to COD ID card #1011259 in the 
absence of any impurity phases. It is observed that E13 (5% O2) and E15 (25% O2) have an intense 
diffraction peak at (101) indicating the synthesized ZnO were highly oriented, implying a c-axis growth 
perpendicular to the substrate surface. The results agreed with studies by Das et al., [32] and 
Mugwang’a et al., [33] which synthesized ZnO has a high crystalline structure and is well-established. 
Whereas, E14 (10% O2) has a low peak of (100) indicating low crystallinity. Thus, the gas flow rate has 
a significant effect on the crystallinity of ZnO which involves the nucleation and growth mechanism. 

The growth of catalyst-free ZnO nanostructures was governed by the Vapor-Solid (VS) 
mechanism. The surface energy of a plane is related to the effectiveness of capturing the adsorbed 
atoms and decides the growth rate and the proportion of crystallographic planes such as (001), (100) 
and (101) in the final structure under certain supersaturation levels of Zn and O vapors. In the case 
of ZnO grown with a different flow rate of gases ratio, the (101) planes have the lowest surface 
energy, followed by (102) planes. 

The XRD data were further analyzed to evaluate the average crystallite size of synthesized ZnO. 
The crystallite size was calculated using the Scherrer equation 𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃 where k = 0.9 is the 
geometrical constant, 𝜆 = 0.1542 nm is the wavelength of the X-ray used, 𝛽 is the FWHM in radian 
and 𝜃 is the reflection angle.  
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Fig. 6. XRD spectra for ZnO with different oxygen gas flow rate 

 
Table 2 shows the average value of crystallite size was 30.95 nm, 61.16 nm and 27.90 nm 

corresponding to 5%, 10% and 25% of O2 gas flow rate during ZnO growth. It could be seen that the 
value of D shows an increment as the O2 gas flow rate increased from 5% to 10% but inclined when 
the O2 gas flow rate was further rise to 25%. This is due to an increase in particle agglomeration on 
the surface of synthesized ZnO for sample E14. The agglomeration of nanoparticles can be observed 
in FESEM morphology as seen in Figure 3.  
 

Table 2 
Measurement and structural calculation of ZnO 
Sample Oxygen gas 

(%) 
hkl plane Lattice 

spacing, d 
2𝜃(°) a (Å) c (Å) Crystallite 

size, D (nm) 

E13 5 (101) 2.5030 35.8156 3.2862 5.2598 30.9543 
E14 10 (101) 2.5239 35.5403 3.3270 5.2322 61.1580 
E15 25 (101) 2.5368 35.3543 3.3468 5.2443 27.9008 

 
Furthermore, it can be observed the position of the diffraction peak was shifted toward the lower 

angle as the O2 gas flow rate increased from 5% to 25%. Based on the report from Koutu et al., [34], 
the E14 sample has a lower diffraction peak intensity than the E15 and E13 samples, which represent 
crystal plane rearrangement during the growth process. The changes were suggested to be caused 
by the generation of residual stress as the O2 flow rate was increased. Tsao et al., [35] also reported 
that tensile stress was produced along the growth direction as ZnO nanostructures grown at much 
lower temperatures (400℃) on Si substrates. Consequently, the presence of residual stress indicates 
the existence of strain in the crystal lattice. The occurrence might be due to a mismatch between the 
ZnO crystal lattice and the substrate interface during the growth process. 
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3.4 RAMAN Spectra 
 

Raman data was used to determine the structural defects, crystal perfection and presence of 
multiple bonding vibrations [16,36]. Figure 7 shows a Raman spectrum for ZnO nanostructures at 
room temperature measured using 532 nm He-Cd as a laser source. It was reported that synthesized 
ZnO with wurtzite type belongs to the 𝐶4𝑃63𝑚𝑐 space group and eight sets of optical phonon modes 
near the centre in the Brillouin zone which can be categorized as: 
 
Γ𝑜𝑝𝑡 = 𝐴1 + 2𝐵1 + 𝐸1 + 2𝐸2  

 

 
Fig. 7. Raman spectra for synthesized ZnO 

 
All the eight sets of phonons are E2 modes (Raman active), B1 (Raman silent), and A1 + E1 (infrared 

active). Raman spectra are highly sensitive to structural defects and crystal quality where the disorder 
of grown ZnO nanostructures has been evaluated by the nature of detected phonon modes. 

From Figure 7, it can be observed a strong and sharp E2 mode at 439 cm-1 and 437 cm-1 
corresponding to E14 (10% O2) and E15 (25% O2) samples confirms that the synthesized ZnO in 
wurtzite hexagonal phase with high crystallinity. 

Meanwhile, the E13 (5% O2) sample has a low peak of E2 mode at 433 cm-1. This could be caused 
by compressive and tensile stress from the vibrations of O2 atoms in the crystal lattice of ZnO 
nanostructures [36]. It was supported by a research study from Yoshikawa et al., [37] who found that 
the decrease in intensity peak of E2 mode leads to a decrease in crystallite size and causes the peak 
to broaden. Furthermore, a slightly blue shift towards lower frequency is observed in the E13 sample 
which is attributed to the effect of internal strain that changes the directions of ZnO growth, and this 
result corresponds with XRD data. The chemical bonds increased as the atoms of the crystal were 
pulled out relative to their normal position, resulting in the generation of tensile strain within the 
ZnO crystal structure [38]. 

In addition, three observed weak peaks at 336 cm-1, 385 cm-1 and 411 cm-1 correspond to E2H-
E2L, A1(TO) and E1(TO) modes, respectively. These peaks are attributed to the multiphoton scattering 
process during the ZnO growth [34,39]. While, E1L mode was detected at 582 cm-1, 549 cm-1 and 585 
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cm-1 for E15, E13 and E14 samples, correspondingly. It shows that the existence of E1(LO) mode has 
been related to the generation of some defects from oxygen vacancies, Zn interstitials or free carriers 
[36,40]. The presence of the high-intensity E2 mode and weak-intensity E1L mode in Raman scattering 
shows that the synthesized ZnO has good crystal quality and possesses a wurtzite hexagonal shape. 
 
3.5 Growth Mechanism 
 

The growth mechanism involved in this study is a combination of self–catalyzed vapor-liquid-solid 
(VLS) and vapor-solid (VS) mechanisms. It was believed that self-catalyzed VLS was responsible for 
the nucleation and VS mechanism contributed to further longitudinal growth of nanostructures 
[41,42]. At first, the Zn powder begins to evaporate at a low melting temperature of 419 ℃ and turns 
to vapor form. These vapors were subsequently condensed on the surface of the Si wafer as Zn 
suboxides (ZnOx where x < 1) molten liquid which is an ideal catalyst for ZnO growth and this called 
as self-catalyzed vapor-liquid-solid (VLS) mechanism. Carrying gases and metal catalysts such as gold 
or platinum is not necessary for the initial growth of ZnO nanostructures. Oxygen already exists at 
this rate with extremely low quantities that could result from the outside. 

When the temperature was further increased to 800℃ and O2 gas was introduced into the 
system, initial ZnO nanoclusters served as catalyzing particles and were the preferred sites for the 
adsorption of Zn and O2 atoms. The selection of temperature is crucial for ensuring the complete 
evaporation of zinc, which serves as the source material. This temperature must be high enough to 
enable the reaction, yet not so high as to induce the decomposition of ZnO or cause an excessively 
rapid evaporation of Zn, as noted by Rusli et al., [42] and Rajkumar [43]. Further observed in this 
study has shown temperatures exceeding 1000°C led to a disordered structure in ZnO nanorods and 
the optimum temperature is around 800°C. Given that hot tube thermal evaporation (HTTE) is a 
method of physical vapor deposition, several factors must be taken into account when determining 
the appropriate temperature [18]. These factors include the type of substrate used, the distance 
between the source and the substrate, the vacuum pressure and the deposition time. 

Zn reacts with oxygen under ambient conditions on the Si wafer leading to the growth of ZnO 
nanorods. The heating process of Zn powder was continued for 1 hour causing the condensation of 
Zn and O vapors to add more droplets on the tips of co-existing ZnO nanoclusters. Due to further 
oxidation of Zn and Zn suboxides, the concentration of oxygen in the droplets increases, resulting in 
the growth of ZnO nanorods [4,44]. The growth of ZnO nanorods will continue to form as long as the 
ZnO clusters remain in the liquid state and the reactants (Zn and O) are available. This concluded that 
ZnO nanostructures were grown in the catalyst-free growth and both self-catalyzed VLS and VS 
growth were interesting to explore with respect to the cost-effectiveness [26,45]. 
 
4. Conclusions 
 

In conclusion, high-quality ZnO nanostructures were successfully grown by hot tube thermal 
evaporation method under vacuum conditions. The percentage of O2 and Ar gas flow rate was varied 
at 5%:95%, 10%:90% and 25%:75% with a growth temperature of 800℃. Altering the percentage 
ratio of gas flow rate affects the structural and optical properties of synthesized ZnO nanostructures. 
The growth mechanism has been described by a combination of self-catalyzed VLS and VS 
mechanisms. FESEM shows a variety of grown nanostructures produced with self-catalyzed growth 
mechanisms containing nanoparticles, nanoclusters and nanorods. XRD analysis reveals that the ZnO 
nanostructures exhibited a single crystalline in the wurtzite hexagonal phase and preferentially grew 
along the c-axis direction. EDS supports the XRD result by showing the pure composition of the 
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synthesized ZnO as a major percentage occupied by Zinc and O2 elements. Raman scattering of the 
obtained ZnO nanostructures show a good crystal quality with a wurtzite hexagonal phase and very 
less structural defects exist. Among the synthesized ZnO, sample E15 was selected to have an ideal 
characteristic as it shows high crystallinity with fewer defects resulting from structural and optical 
properties characterization. Thus, this high quality of ZnO nanostructures may provide opportunities 
for various practical applications. For future research, it would be beneficial for scientists to 
investigate the integration of these nanostructures into actual devices. Additionally, experimenting 
with doping these structures with various materials could further improve their performance, 
durability, and efficiency under real-world conditions. 
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