
Single Crystalline Zinc Oxide Nanorods Grown by R-F 
Sputtering Technique Onto P-Si Substrate for Sensing 

Applications

A.I. ALJAMEEL*

Department of Physics, College of Science, Imam Mohammad Ibn Saud Islamic University (Imsiu), 
Riyadh, Saudi Arabia.

Abstract
A high-quality, single-crystal ZnO nanorod thin film was successfully deposited 
onto p-type monocrystalline silicon (P-Si) substrates using an RF sputtering 
technique. An XRD analysis of ZnO nanorods was carried out to investigate 
crystallinity and aspect ratio of the deposited thin film. Adjusting deposition 
conditions makes it possible to grow single-crystalline ZnO nanorods with 
preferred orientations (002) on the substrate. More than the substrate type, 
crystal size is determined by single-crystal growth conditions. These sample 
had the exact. With the exception of a small variance at Raman shifts 414 
cm-1, which correspond to E2. Raman spectra measurements with a slight 
variation at Raman shifts 414 cm-1, corresponding to E2 (high). In response 
to the compressive stress, the peak shifts upwards (blue dress). Data from 
FE-SEM shows vertical growth of hexagonal prism. Finally, the hall effect 
measurement and UV-vis spectroscopy were carried out the electrical and 
optical properties of the sample respectively.
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Introduction
ZnO is very low cost and a nontoxic material that 
can be found naturally as rock salt, zinc blend and 
hexagonal structure wurtzite phase.1-3 From these 
three different phases the wurtzite crystal system 
is the most common and famous demonstrated in 
several activity and stable in a wide range of variation 
of surrounding environmental conditions. The lattices 
constant of this form at room temperature without 

strain a=3.25 and c=5.21 in Å unites, with a good 
ratio of c/a~1.6, which is perfect matching with 
the value of the standard hexagonal structure cell  
(c/a=1.633).4-5

ZnO has attracted much attention due to its 
optical structural and electrical properties, that 
make it suitable for many scientific and industrial 
applications. ZnO has an exciting binding energy  
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of 60 mV, which can be consider as partially high 
value with a wide direct band gap around 3.37 
eV.6-8 The unique properties of ZnO including a 
photochemical stability, high absorption UV-VIS 
region (280-400 nm), strong room temperature 
luminescence and high electron mobi l i ty  
are widely applicable in variety potential applications 
such as UV photo detectors, sensors and light 
emitting diodes also it can be used as antireflection 
coating, transparent conducting electrode and 
window layer to create the np-injunction in solar 
cell devices. several preparation techniques have 
been employed and going on in development  
as promising methods to synthesis and fabricate 
many types and form of ZnO nano structures such 
as thin films, nanoparticles, roads, weirs fiber and 
etc. manly these techniques involve chemical  
or physical vapor depositions (CVD or PVD)9-12 and 
synthesis in solutions.

The most common techniques are direct current 
(DC) and radiofrequency (RF) magnetron-sputtering, 
thermal evaporation pulsed laser deposition. 
Chemical bath deposition, spray pyrolysis, sol-gel-
dip-coating electro-deposition.13-15

Single crystal ZnO nanorods were fabricated in this 
work by RF sputtering technique on Si substrates. 
Optical, structure and electric properties were 
discussed. 

Materials and Methods
In this work ZnO nanorod arrays have been 
deposited onto p-type monocrystalline silicon 
substrate with orientation of P-Si (111), and  
a resistivity value between (1-10 Ω.cm). In the next 
step we prepared square 1×1 cm2 P-Si sample.  
After chemically cleaning via a standard process 
the silicon substrates, they were washed in a mixed 
water-HF (90:10) solution to reduce the native oxides 
atsurface of Si, which is necessary step before 
loaded the sample into a RF magnetron-sputtering 
system. P-type silicon substrates were fixed into 
rotational substrate holder in radio frequency (RF) 
magnetron sputtering system. The distance between 
ZnO target (99.99% purity) and the substrate was 15 
cm and high controllable shutter properly covered 
the target. The chamber in the sputtering system 
was evacuated to a pressure of 1×10−7 Pa and RF 
power of 15.80 MHz applied to produce plasma 

beam to ejaculate the ZnO target. The ratio of Ar 
to O2 controlled via mass flow and gas flowmeter. 
To avoid impurities in the deposited thin films,  
the target was heated and sputtered for 10 minutes. 
This furthermore fixed the power of produced 
plasma. RF power increased to be 280W, and the 
substrate heated to reach 350oC. ZnO thin films 
were sputter and deposited onto heated and rotted 
Si substrate for 3 min, then the shutter closed to 
stop the thin film growth and annealed at 350oC for  
30 min. It requires four times of runs for systems with 
same process. The total deposition time for four runs 
was 12 min, while the annealing time was 2 hours 
in evacuated chamber.

The sputtered ZnO nanorods were examined 
by employing several procedures through 
various systems. The thickness of the film has 
been measured via an optical reflectometer  
(Filmetric F20). The film structure and crystal 
quality were studied by a good resolution XRD 
(PANalytical X’pert PRO MRD PW3040-Netherlands, 
using a Cu-Kα1 source radiation with wav-length  
λ = 1.5406 Å) system, under system resolution of 
12 arc/sec. Raman and micro-photoluminescence 
combined spectrometer model (Jobin Yvon 
HR800UV) having an argon ion laser (514.5 nm) 
as a source were used to record the spectrum. 
FESEM and integrated instrument model: (EDX) 
(FESEM; Nova Nano SEM 450 – FEI- Japan) is used 
to analysis the surface morphology and element 
compositions of sputtered ZnO sample. Finally,  
the hall effect measurement and UV-vis were carried 
out the electrical and optical properties of sample 
respectively.

Results and Discussion
XRD Analysis
Figure. 1 represents the XRD spectrum of the ZnO 
thin film deposited employing the RF sputtering 
deposition method. The result indicate that the 
ZnO thin-film has a single crystal nature with 
hexagonal unit cell according to JCPDS card  
no: 01-076-0704, that has a diffraction peak at  
2θ = 34.798° corresponds to the (002) plane, 
the obtained diffraction peak at 2θ =73.78° 
corresponding to the monocrystalline Si substrate 
corresponds to the (100) plane.16-17 This refer that 
the ZnO monocrystalline film was perpendicular 
or vertically grown onto the silicon substrate along 
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the c-axis. The sharp and high peak from the ZnO 
film diffraction with small FWHM of 0.34 is strongly 
confirm that the deposited is high quality ZnO film.

  ...(5)

ε=β/4 tanθ ...(6)

the length of chemical bond between Zn and O 
atoms evaluated via equation 7 and all calculated 
XRD parameters are listed in table 1.

  ...(7)

where  u=a2/3c2 +0.25

Fig. 1: The XRD spectrum of the ZnO nanorod 
deposited on p-type Si substrates using RF 

sputtering techniques.

The ordinary crystallite size of ZnO units resembling 
single peak at (101) is estimated appropriating the 
Scherer-equation:

D=0.9λ/βcosθ ...(1)

the crystallite size is denoted by D measured in 
(nm) and 0.9 is called a Scherer constant, while 
λ is expressed the wavelength of the X-ray using 
Cu-Kα source radiation (λ = 0.15406 nm) and theta 
measured in degree which is expressed the Bragg 
angle. β is mean the Full-Width Half-Maximum 
(FWHM). The obtained crystallite size was 78 nm. 

The d-spacing value has been computed from 
Bragg's formula (equation (2)), while the lattice 
constants (a) and (c) were calculated from equations 
(3).

d=λ/(2 sin θ ) ...(2)

  ...(3)

the unit cell volume of ZnO crystal was measured 
by relation5

V=0.866×a2 ×C ...(4)

The stress σ in GPa unit and the strain along the 
c-axis plane were measuredusing equations (5) and 
(6) respectively.12

Table 1: The XRD parameters of RF 
sputtered ZnO thin film

Parameters    ZnO

2θ (002) 34.798
β 0.1987
D (nm) 79.56
Lattice (a) 3.2333
Lattice (c) 5.2648
a/c 1.6283
d- spacing 2.4656
v 47.41
u 0.4214
L 1.9882

The Surface Morphology of Zno/P-Si
The surface of the ZnO/P-Si was analyzed using 
FESEM and component elements are analyzed 
using EDX and their atomic composition is shown 
in figure 2a. The figure clearly illustrates the smooth, 
homogeneous, and compact surface of the ZnO 
nanoparticles without any pores. Shaped ZnO 
nanorods and the aspect ratio, nanorod lengths, 
diameters, and nanorod number density correlate 
with the type of substrate. Based on SEM images, it 
was found that the diameters of ZnO Nanorods were 
between 103-109 nm (figure 2c). The percentage 
gives a description of the atomic composition of 
the elements in the layers, as shown in the inset 
table. The peaks show the concentration of these 
elements, and it is evident that the elements 
corresponding to the peaks are part of the layer. 
There were no impurities detected in the samples. 
This indicts that our sample are with good purity and 
concentration of ZnO molecules with atoms bonded 
to Si substrate.18-19
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The Optical Characteristics of Zno/Nanorods 
Grown on P-Si
Figure 3(a) displays the transmittance spectrum 
of gradually annealed and sputtered ZnO films.  
The film revealed a transmittance of above 85 % 
in the visible range (300-800 nm),20 which is an 
excellent optical transmittance. The absorption 
coefficient (α) calculated from the equation (8) using 
the optical transmittance spectra.

  ...(8)

where ν is the frequency of the photon, (α) is 
expressed the absorption-coefficient, (Eg) is the 
energy gap of thin film in eV, h is the Planck’s 
constant, A is a constant, and n associates with the 
type of energy band gap due to the electron transition 
(for directly band gap n = 1/2).

This method was applied to find the energy ban 
gap. Consequently, a design of (αE)2 versus 
photons wave length provided a straight line that 
cut the wavelength axis at the maximum absorption 
wavelength at the band gap value as shown in the 
figure 3(b). The plot of (αE)2 versus wavelength for 
the investigated samples give of energy band gap of 

3.29 eV.21-22 This fabricated film showed a lessening 
bandgap that can be attributed to the single  
and heightened crystallinity.

Fig. 2: (a nd c) are FESEM images and (b) is EDX spectrum of the ZnO/nanorods  
grown on P-Si substrates.

Fig. 3 (a): The optical transmittance  
of ZnO/P-Si.

Fig. 3 (B): The energy band gab of ZnO/P-Si.
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The Photoluminescence (PL)
Figure 4 depicts the PL spectrum of ZnO/nanorods 
on P-Si. A total of 200-1200 nm in wavelength 
was covered by the spectral data collected. Three 
peaks may be seen in the results. The highest peak 
was observed at 377 nm, which corresponded to  
a monocrystalline ZnO thin film. The greatest values 
second peak in the green spectrum region are found 
at wavelengths 548 nm.23 The silicon substrate is 
responsible for the third peak, which is placed at  
a wave length of 966 nm. We have maintained that 
emissions with high green values result from the 
defect level transition of antisite-oxide atoms (OZn). 
The oxygen vacancies (VO) and zinc interstitials 
(Zni) are the primary contributors (donors) to the 
oxidative stress (Zni). Because of the low production 
energy of the antisite-oxide, antisite oxide (OZn) 
in tissues at high oxygen saturation states can  
be easily formed from interstitial oxides (Oi) and 
zinc vacancies (VZn) in the presence of oxygen.  
Several studies have demonstrated that the 
ionization of individual oxygen-vacancy atoms  
is effective for the production of green emission, which 
results from the recombination of photogenerated 
holes with an individually ionized charge.  
Equation (8) have been applied to determine the 
optical energyband-gap (Eg) from the maximum 
emission wavelength of the ZnO thin film at  
λmax=377nm. The obtained result is 3.289 eV,  
which in good agreement with UV result.

Eg=hc/λmax ...(8)

shifts at 414 cm-1 and 597 cm-1 were seen for ZnO thin 
film. The peaks located at 414 cm-1 can be attributed 
to ZnO E2 (high)while the second on at 597 cm-1 is 
associated with A1 longitudinal optical (LO) mode. 
The shift of the E2 (high) from the standard value 
of the phono mode for the ZnO bulk material 437 
cm-1 to was came from the tensile strain in the films, 
which is highly confirmed the XRD determination. 
O-vacancy and Zn interstitial are both generate the 
A1 (LO) phono mode, and the height of the intensity 
of this mode is direct proportional to these defects 
in the crystal ZnO thin film. The results also showed 
that tow Raman shifts at 735 cm-1 and 1077 cm-1 
correlated to the P-Si substrate.24

The Electrical Properties of Zno/Nanorod on P-Si 
Hetero-Junction Solar Cell Performance
Measurements of the electrical properties and 
performance of a hetero-junction ZnO/nanorods on    
P-Si was made utilizing Hall effect measurement 
system and by using simulator of solar cell with 
source light power of 1000 watts per square 
meter. The majority of the study is focused on the 
development of ZnO/nanorods with high value 
of transmittance while simultaneously reducing 
the values ofsheet resistance and resistivity to  
a minimum. When measured at 20 degrees Celsius, 
the resistivity of a hexagonal wurtzite structures 
of ZnO is widely known to be in the region of 102 
to 104cm-1. Because of the electrical properties of 
ZnO/nanorods, the interstitial atoms of Zn and the 
oxygen vacancies dominate the electrons produced 
by the thin films.25-26 In a laboratory setting, the Van 
der Pauw method was employed to investigate the 
Hall effect.27-28 A magnetic field of one tesla (T) was 
used. Using aluminum dot electrodes with sizes 
of a few microns, square shapes were vaporized  
(1 x 1 cm2). The impacts of various production 
processes on the electric properties of ZnO/
nanorods on P-Si are listed in table 2, starting 
from sheet resistance and resistivity of sample.  
The mobility of the sample and carrier concentration 
also listed in table 2. On film, the highest value  
of 9.85 x 1013 N (cm-3) was obtained, showing  
a significant drop in carrier concentrations compared 
to the bulk. The density of the ZnO thin films appears 
to be low in SEM images. Because of the tensile 
strain, dislocations in the crystal structure and  
DC-current stress of mobility deterioration 
predominate in the sample, resulting in a relatively 
minor difference in carrier mobility throughout 

Fig. 4: PL spectrum of the ZnO nanorods 
deposited onto P-Si substrates by RF 

sputtering technique.

Raman Spectrum of the Sputtered Zno/Nanorods 
On P-Si
Figure. 5 displays the spectrum of the sputtered  
ZnO/nanorod layer onto P-Si substrate. Tow Raman 
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the range of samples. The current-voltage 
measurements for an illuminated ZnO/nanorods 
on P-Si hetero-junction are shown in figure 6. The 
PV output parameters are also listed in table 2. 
This device had an 11.1 percent efficiency at 1.1 
V, a Jsc of 17.1 mA per cm2 and an FF of 73%.29  
The voltage was just 1.1 V, the current was 17.1 mA 
per cm2, and the efficiency was 11.1 percent. These 
acceptable values are the result of high-quality thin 
films being used in their production.

Because of the enormous specific surface area of 
ZnO nanostructures, the efficiency of the solar cell 
was improved when they were used. Re-crystallizing 
the films at a higher temperature in order to lower 
Ohmic contact losses while concurrently increasing 
recombination losses enhances PV properties while 
also significantly increasing the performance of the 
solar cell, according to the researchers.

Conclusions
A study has been carried out to determine the 
effect of progressively annealing and sputtering on 
the structural, optical, electrical, and mechanical 
properties of ZnO/nanorods on a P-Si substrate.  
The XRD measurements revealed that the ZnO 
film was a wurtzite single-crystal structure that 
grew mostly in the direction of the c-axis, which 
was consistent with previous findings. The UV 
emission peak that was marked showed a blue shift 
when compared to the standard baulks ZnO value.  
The tensile strain in the films that developed 
caused a shift in the Raman phonon modes, which 
was found to be in excellent agreement with the 
results of the XRD investigations. The crown 
associated with the most well-known crystal defect  
(oxygen vacancy) Raman spectra is comparable 
with the crown associated with the PL spectrum 
obtained from the same crystal. The optical band gap 
Eg simulated using PL is quite close to the optical 
band gap Eg computed from a high transmittance 
spectrum (above 85 percent) in the UV-visible region 
determined using the transmission method.
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Fig. 6: J-V curve for a heterojunction solar cell 
made of ZnO and P-Si.

Table 2: The electrical properties and 
performance of ZnO/P-Si heterojunction  

solar cell

Electrical properties numbers

Sheet resistant (Rs) (Ω / □) 8.2 x 104

Resistivity ρ (Ω.cm) 4.2
Carrier concentration N (cm-3) 8.85x1013

Hall mobility µH (cm2/V.s) 8.6
J (mA/cm2) 17.1
Voc  (V) 1.1
FF (%) 73
Efficiency (η )% 11.2

Because of the rise in current density, more ZnO 
nanoparticles were generated as a result of the 
bigger grain size than the smaller grain size. 
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