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Abstract  

High quality Zinc Oxide nanostructures (ZONSs) with customized traits became demanding for diverse applications. 
Based on this fact, some ZONSs with varied layer thicknesses (100 to 400 nm) were deposited on three types of Si 
(plain, polished and etched) and borosilicate glass substrates using the radio frequency (RF) sputtering method. As-
deposited samples were characterized systematically using various techniques to determine the effects of the 
substrates on their structures and morphologies. The XRD analyses of the sample showed the formation of high 
quality nanocrystallites with varying sizes where the crystallinity was improved with the increase of layer thickness 
and change of substrates. The FESEM and AFM images exhibited the nucleation of dense nanocrystallites with some 
pores/voids with enhanced surface roughness. In addition, the EDX spectra displayed the presence of appropriate 
chemical elements in the ZONSs layers. Sample grown on the etched Si substrate at layer thickness of 300 nm was 
found to be optimum. The results for the etched Si were presented. It was demonstrated that by optimizing the RF 
sputtering parameters (power of 100 W, Argon flow of 10 sccm and pressure of 10-5 mb) the structural and 
morphological traits of the layered ZONSs can be tailored. The proposed ZONSs may be useful for various 
optoelectronic applications including the metal-semiconductor-metal (MSM) ultraviolet (UV) photodetectors 
fabrication.  
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Introduction

The n-type Zinc Oxide (ZnO) material with wide 
band gap energy (3.3 eV), outstanding electrical 
and optical properties is a gifted semiconductor for 
diverse applications. The ZnO thin layers (ZTLs) 
with lattice direction along the crystallographic c-
axis have intensively been used for acoustic wave 
detection (Cheong et al, 2002). The metallic 
nanoparticles (NPs)-doped ZTLs have widely been 
inspected to make efficient transparent conducting 

electrodes (Ohyama et al, 1998). Recently, the room 
temperature UV and visible photoluminescence 
(PL) emission from ZTLs became promising for the 
fabrication of efficient diode lasers (Salim et al, 
2018; Van Veen et al, 2003) and phosphors for the 
flat panel display (Alkahlout, 2015). It is known 
that the electronic properties of ZTLs are 
significantly influenced by their composition, 
crystal structures, and phases. 
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The high electrical conductivity shown by the pure 
and doped ZTLs was attributed to the presence of O 
vacancy and Zn interstitial as well as the high 
quality polycrystalline character with strong lattice 
orientation (Yao, 2009). The green and orange PL 
obtained from the ZTLs was ascribed to the 
generation of respective oxygen-poor and oxygen-
rich structures (Minami, 2005). 
Over the years, various methods have been 
developed to get optimum chemical compositions, 
crystalline structures and desired morphology of 
ZTLs in a customized way (Minami, 2005; Salim et 
al, 2020; Kahlout et al, 2014; Alkaim, A.F. 2017). In 
addition, the nanostructured ZTLs also called ZnO 
nanofilms became prospective substitute to the 
GaN-based UV photodetectors as an absorption 
layer (AlKahlout, 2013). Generally, the ZTLs are 
synthesized by solution-based processing, sol–gel 
and various vacuum deposition techniques. The 
radio frequency (RF) sputtering and pulsed-laser 
deposition (PLD) methods are favored to grow 
good quality layer by layer nanocrystallites of 
various semiconductors. The RF sputtering can also 
be used to get direct pattern of the conducting- and 
semiconducting- oxide electrodes for high 
performance optoelectronic applications 
(Fortunato et al, 2008). Moreover, compared to the 
sputtering method the deposition of ZTLs by 
solution-based methods is limited due to poor 
structural quality and finer grain sizes with broad 
size distributions (Agura et al, 2003). Thus, the 
ZTLs deposited by the RF sputtering method can 
achieve excellent structural, morphological, 
electrical, and optical properties which are 
advantageous for many practical device 
applications. On top, RF sputterd ZTLs is very 
useful due to area selective rapid crystallization 
without the need of high temperature heating, thus 
leading to minimal disorder in the adjacent 
structural regions (Ohta et al, 2000; Kuroyanagi et 
al, 1989; Marie et al, 2008; salim et al, 2021; 
Groenen et al, 2001). 
Considering the basic and applied significance of 
the ZTLs, we deposited some layered ZnO 
nanostructures of different thicknesses (100 to 400 
nm) on various substrates such as plain Si, polished 
Si, etched Si and borosilicate glass via the RF 
sputtering approach. As-prepared ZONSs were 
analyzed using X-ray diffraction, filed emission 
scanning electron microscopy (FESEM), atomic 
force microscopy and energy dispersive X-ray 
(EDX) spectroscopy measurements. The impact of 
different substrates and layer thickness on the 

structures and morphologies of the studied ZONSs 
were evaluated. Results were analyzed, discussed, 
interpreted and compared with other existing 
state-of-the-art reports. 
 

Materials and Methods 

A series nanostructured ZTLs were deposited (at a 
rate of 0.3 Ao/sec) on three types (plain, polished 
and etched) of n-type Si (100) substrates (each 
dimension 2.5 cm × 2.5 cm) using the standard RF 
magnetron sputtering technique (at 300 oC, RF 
power of 100 W and Argon flow of 10 sccm and 
pressure of 10-5 mb). All the substrates were first 
cleaned for 15 min in Decon 90 surfactant solutions 
to eliminate the surface contaminants and then 
washed in de-ionized water to remove the surface 
impostures and ions (Nishino et al, 1997). The 
presence of surface contaminants is known to cause 
poor adhesion of the deposited thin film layers, 
producing pinholes on the surface of the thin films 
(Shim et al, 2002). Next, the cleaned substrates 
were dried in the oven (at 150 °C) for 25 min to 
diffuse the residual water or solvent exist on the 
surface. The polycrystalline ZONSs were grown 
using a ZnO target (99.999% purity). Prior to the 
deposition, the target was sputtered cleaned for 10 
min to remove any contaminants and differential 
sputtering effect. The thickness of the ZONSs layers 
were controlled by the thin film analyzer 
(Filmetrics F20, USA) and deposition time. The 
morphological and structural properties of as-
deposited samples were characterized using the X-
ray diffractometer (Bruker D8 Advance 
Diffractometer operated with Cu-K1 radiation 
wavelength of 1.540 A° at 40 kV and 100 mA). The 
angular scanning range (2θ) was varied from 20-
75ᵒ. A slow speed of scanning (~ 1.2ᵒ/min) at a 
resolution of 0.011ᵒ was use to record the XRD 
patterns. The elemental composition of sample was 
analyzed through energy dispersive X-ray (EDX) 
spectroscopy attached to FESEM (JEOL, JSM-
6701F). The surface topography of the samples was 
imaged using the atomic force microscopy (AFM, 
Seiko Instruments, SPA-300HV). 
 

Results and Discussion 

Figure 1 shows the XRD patterns of ZONSs of 
various thickness (100, 200, 300 and 400 nm) 
deposited on etched Si substrate (left) and the 
corresponding Gaussian fit of the major peak with 
FWHM (right). Irrespective of the ZONSs layer 
thickness, all the XRD profile displayed two 
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prominent diffraction peaks of ZnO due to the 
lattice planer orientation of (002) and (101), 
indicating the good crystallinity of the film. In 
addition, the sharp peak corresponding to the Si 
substrate was also observed. Interestingly, the 
intensities of the XRD peaks became sharper for the 
ZONSs deposited on etched Si substrate than those 
grown on other substrates, indicating the strong 
influence of substrate together with the layer 
thickness. Samples with the thickness of 100, 200, 
300 and 400 nm revealed the most intense (002) 
Bragg’s diffraction peaks at the 2θ values of 
34.42503, 34.43198, 34.43519 and 34.40559o with 
the corresponding FWHM of 0.25601, 0.39304, 
0.30921 and 0.29788o, respectively (Table 4.3). The 
increase in the FWHM values with the increase of 
layer thickness clearly indicated a decrease in the 
nanocrystallite size in the film (from 32.48736632 
nm for 100 nm layer thickness to 27.91838604 nm 
for 400 nm layer thickness). This observation was 
attributed to the effect of quantum confinement of 
the ZONSs. Sample prepared with layer thickness of 
400 nm exhibited the most intense diffraction peak, 
indicating the high crystalline quality of the film. 
The differences in the intensities of the peaks were 
mainly due to the irregularities in the lattice planer 
orientations together with the values of miller 
indices (hkl). The weaker diffraction at (101) 
indicated the weaker growth orientation along this 
lattice plane. However, the intensity of the (101) 
peak for the ZONSs deposited on polished Si 
substrate became stronger compared to the one 
deposited on other substrates. The growth 
orientation variation along the preferred direction 
might have some effects on the XRD intensities thus 
leading to the X-ray scattering changes from the 
crystal components and/or their lattice 
arrangements. The morphologies (shapes, 
nanocrystallite density, size distribution, and sizes) 
of the ZONSs were varied significantly with the 
layer thickness variations as clearly reflected in the 
XRD patterns. The impact of different layer 
thickness on the ZONSs morphologies was 
determined by estimating the mean grain size as 
shown in Table (Shim et al, 2002). The most intense 
XRD peak (002) was fitted with the Gaussian to 
calculate the crystallite size (D) in the film using the 
Debye-Scherrer formula and presented in Table. 
The ZONSs deposited with layer thickness of 100 
nm showed the largest average crystallite size of 
32.48736632 nm and the one deposited with layer 
thickness of 200 nm showed the smallest average 
crystallite size of 21.16049781nm. The ZONSs 

deposited with layer thickness of 300 nm and 400 
nm displayed the average crystallite size of 
26.89755911 nm and 27.91838604 nm, 
respectively. This sudden decrease in the crystallite 
size at 200 nm layer thickness and then increase at 
300 nm thickness may be due to the generation of 
some extra microstrain and defects in the film. 
Overall, the crystallinity of the film was improved 
as the mean grain size was decreased which was 
indicated by the increase in the XRD intensity. 
Briefly, the improvement in the XRD intensity with 
the increase in layer thickness and reduction in the 
mean crystallite size verified an enhancement in 
the nanocrystallinity of the ZONSs film. This 
observation of the reduction in crystalline size with 
the increase in layer thickness clearly signified the 
sample crystallinity enhancement and more 
packing or high density ZONSs. The enhancement in 
the FWHM, crystallinity and density of NSs 
(shrinkage in the nanocrystallite sizes) was indeed 
caused by quantum size effect (confinement due to 
crystalline size reduction). These observations 
were consistent with the similar findings reported 
in the literature (Kuroyanagi et al, 1989; Al-Hussain 
et. al. 2017). Considering the higher crystallinity 
and small crystallite size in the ZONSs deposited 
with the layer thickness of 300 nm (high quality 
film) this film was selected as the optimum one. 
 

 

Figure 1. XRD Patterns of ZONSs of various thickness deposited on 
etched Si substrate (left) and the corresponding Gaussian fit of the 
major peak with FWHM (right) 

 



NeuroQuantology | June 2021 | Volume 19 | Issue 6 | Page 90-97 | doi: 10.14704/nq.2021.19.6.NQ21073 

Omar Hamad Alzobaedy et al / Effects of Substrates on Structural and Morphological Characteristics of Radio Frequency Sputtered ZnO Layers 

eISSN 1303-5150 
 

www.neuroquantology.com 
 

93 

Table 1. Thickness-dependent XRD peak positions, FWHM, and 
nanocrystallite sizes of ZONSs deposited on etched Si substrate. 

Thickne
ss (nm) 

Peak 
Position 
(Deg.) 

FWHM 
(Deg.) 

Crystallite 
Size, D (nm) 

100 34.42503 0.25601 32.48736632 
200 34.43198 0.39304 21.16049781 
300 34.43519 0.30921 26.89755911 
400 34.40559 0.29788 27.91838604 
 
Figure 2 illustrates the EDX spectra of ZONSs of 
various thickness (100, 200, 300 and 400 nm) 
deposited on etched Si substrate. All the EDX 
spectra correctly detected the weight percentages 
of oxygen (O), Zn and Si. In addition, the intensity 
corresponding to the Zn and O peaks became 
stronger and Si peak became weaker with the 

increase of ZONSs layer thickness, indicating the 
achievement of enhanced crystallinity and high 
density structures. This observation is supported 
by the XRD results that showed the increase in 
crystallinity in the samples with the increase in 
ZONSs layer thickness. The ZONSs deposited with 
the layer thickness of 400 nm showed the 
maximum elemental contents of both Zn and O. The 
compositions of the nanofilms deposited with 
different was evaluated in terms of the Zn and O 
stoichiometric ratio where right amount of Zn, O, 
and Si were detected in the sample. Some reported 
literature stated that the optimum ZnO layers show 
an ideal stoichiometric ratio between Zn and O 
approximately 60% (Shim et al, 2002; Nunes et al, 
1999). 

 

 

 
Figure 2. EDX spectra of ZONSs of various thicknesses deposited on etched Si substrate 

 
Figure 3 displays the FESEM cross-sectional images 
of ZONSs of various thickness (100, 200, 300 and 
400 nm) deposited on the etched Si substrate. All 
the as-prepared samples (especially with 100 and 
200 nm of layer thicknesses) showed very weakly 
cracked ZnO layers formation with almost smooth 
surface, tiny crystallites, very narrow and 
asymmetric voids/pores/defects among them. In 
addition, the size of the crystallites was very tiny at 
lower layer thicknesses. The morphology of the 
films deposited at layer thicknesses of 100 and 200 
nm on the etched Si substrate was very different 
from the one deposited on other substrates. Higher 
degree of partially cracked and nonparallel ZnO 
walls of length of below 5 µm was displayed by the 

sample with 100 and 200 nm layer thicknesses (Fu 
et al, 2002; Abbas et al, 2016; Permana et al, 2017). 
The samples with 300 and 400 nm layer 
thicknesses revealed enhanced crystalline quality, 
where the flakes and leaves like nanocrystals with 
very higher density and much bigger sizes were 
nucleated. Sample synthesized with the layer 
thickness of 400 showed larger crystallites size 
with higher density, regularity and close packing 
(less defects and cracks) than the one obtained 
with 300 nm of layer thicknesses. Clearly, these 
results are consistent with the XRD data. 
It is argued that the strain on the whole film surface 
was developed with the increase in thickness of the 
film, improving the crystal quality and enhanced 
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morphology and surface roughness (revealed AFM 
analyses). The sample with thickness of 300 nm 
exhibited considerably wider voids/pores across 
the entire surface which became irregular with 
thicknesses up to 10 μm (smaller than those 
nucleated on the normal Si substrate). At the layer 
thickness of 400 nm much bigger irregular 
voids/defects were formed than the film deposited 
at 300 nm. On top, these walls and 
defects/pores/voids became more regular with 
larger dimension at 400 nm of layer thickness, 
indicating an enhanced crystalline density and 
smaller grain sizes with narrow particles size 
distribution suitable for UV photodetectors 
applications. In short, an increase in the layer 
thicknesses of the ZONSs strongly affected the 
morphology, structure and crystalline quality of the 
deposited films. 
It is important to mention that the ZONSs films 
surface showed some voids/pores/defects and 
these voids were distributed randomly and 
appeared elongated and flakes-like with the 
increase in the layer thickness. With the increase in 

the layer thickness, these voids/pores became 
more apparent and oriented in certain direction. 
This observation well agreed with the XRD peak 
intensification at higher layer thickness. Besides, 
the ZnO grain size, particle size distribution, 
crystalline density, and morphologies of the films 
were evolved depending on the layer thickness. 
This confirmed the impact of the layer thickness on 
the pores/voids shapes and sizes. The evolution of 
the ZnO nanocrystals with regular flakes/leaves 
(somewhat like nanoislands) in the presence of 
pores/defects indicated the free energy 
minimization process in the structure. At lower 
layer thickness (100 and 200 nm), fewer 
voids/pores were observed. Sample grown at 
higher layer thickness (300 and 400 nm), the 
flakes/leaves-like structure, and uniformity across 
the whole surface of the substrate was enhanced. 
The growth mechanism was ascribed to the 
combined influence of Stranski–Krastanov (S-K) 
and Volmer-Weber (V–W) modes (Permana et al, 
2017; Tang et al, 1994; Abbas et al, 2021). 

 

 

 

Figure 3. FESEM images of ZONSs of various thickness deposited on etched Si substrate 

 
Figure 4 presents the AFM images (3D view) of 
ZONSs of various thickness (100, 200, 300 and 400 
nm) deposited on the etched Si substrate (inset 
shows the surface roughness over scan length on 
the film). Irrespective of the layer thickness 
variation, all the film showed the nucleation of ZnO 

nanocrystallites with different morphology and 
surface roughness. All the as-prepared samples 
(especially with 100 and 200 nm of layer 
thicknesses) showed tinier particles size 
distribution with rough surface, irregular ridges, 
tiny crystallites, very narrow and asymmetric 
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voids. In addition, the size of the crystallites was 
very tiny at lower layer thicknesses. The 
morphology of the films deposited at layer 
thicknesses of 100 and 200 nm on the etched Si 
substrate was very different from the one 
deposited on other substrates, indicating the role of 
substrate on the growth evolution of the ZONSs. 
Furthermore, the surface became more regular 
with the increase in layer thickness. The highest 
surface roughness (rms) was estimated to be 
approximately 220 nm. In addition, ZONSs 
deposited with 300 nm of layer thickness disclosed 
lower surface roughness of the ZnO (root mean 
square value of about 360 nm over the scan area of 
5  5 µm2) compared to the sample prepared at 
layer thickness of 400 nm (root mean square value 
of 325 nm). This indicated the preferred use of 
etched Si substrate to deposit ZONSs at different 
layer thickness (Salim et al, 2017; Horng et al, 
2016; Wei et al, 2011).  Due to the attainment of the 
larger crystallite size and enhanced roughness, 
mobility of the electron can increase, thus leading 
to higher photodetector sensitivity and 
responsivity. These results are consistent with the 
FESEM and XRD data analyses. 
The achievement of relatively lower 

porosity/defects/voids and larger crystallite size 
with more irregular and dense morphology of the 
deposited ZONSs at higher layer thicknesses 
compared to those deposited at lower layer 
thickness accounted for the increase in rms 
roughness. The rms surface roughness of the 
deposited nanofilm is very important for the high 
performance MSM UV photodetector applications 
because it is a measure of the surface textures and 
characterized by the vertical departure of a real 
surface from its ideal form. Briefly, the roughness 
value of the RF sputtered ZONSs were greatly 
affected by the layer thickness, indicating their 
enhanced photo conversion efficiency and blue 
shift of the PL peaks.  The S-K and Volmer-Weber 
(V–W) growth processes were responsible for the 
nucleation of the ZnO islands on the film surface 
[Islam et al, 2018; Luo et al, 2012; Salim et al, 2021; 
Hasanpoor et al, 2012; Salim et al, 2020). In 
addition, the samples prepared with the layer 
thickness of 300 and 400 nm (regular roughness 
distribution) was found to be suitable for the UV 
photodetector fabrication because of the presence 
of ZnO islands/flakes/gouges/tunnels/ crevasse 
with high rms surface roughness. 

 

 

 
Figure 4. AFM images of ZONSs of various thicknesses deposited on etched Si substrate (inset shows the surface roughness over scan length on 
the film). 
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Conclusion 

This paper reported the structural and 
morphological characteristics of ZONSs with layer 
thicknesses of 100, 200, 300 and 400 nm deposited 
on different substrates via the conventional RF 
sputtering technique operated at optimum growth 
parameters. The nature of the substrates and layer 
thicknesses variation was found to play a 
significant role on the structures and morphologies 
of the achieved ZONSs. The properties of the ZONSs 
deposited on the etched Si were presented here. 
The XRD patterns, FESEM and AFM micrographs of 
the as-deposited samples verified the formation of 
high quality ZnO nanocrystallites with varying 
grain sizes, grain distributions and surface 
roughness. Amongst all the studied layer 
thicknesses and substrates, ZONSs layer of 
thickness 300 nm deposited on the etched Si 
substrate was the best. It was concluded that by 
selecting the appropriate substrate, controlling the 
ZONSs layer thickness and optimizing the growth 
parameters the overall properties of the proposed 
ZONSs can be customized. The obtained optimum 
ZONSs deposited on the etched Si substrate with 
desirable properties may be beneficial for the 
development of diverse devices. 
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