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ARTICLE

Effect of RF Power on Optical, Structural and Gas
Sensor Characteristics of ZnO Thin Films Prepared by
RF Plasma

Mustafa H. Hashim, Abdulhussain A. Khadayeir*

Physics Department, College of Education, University Al-Qadisiya, Iraq

Abstract

This paper investigates, the effect of RF power on the structural, optical properties of ZnO thin films. It was prepared
by RF magnetic sputtering at 400 �C on a glass substrate. And working pressure (5 £ 10¡2 Torr), and different energy
values (50, 70 W). The effect of different radiofrequency powers. X-ray diffraction (XRD) and (Uv-Vis) methods were
used to explore the structural and optical characteristics of thin films. The growth rate and much more increased when
the RF power was increased. The results on the crystal structure demonstrated that polycrystalline patterns are common
in nature for all produced ZnO thin films, the hexagonal phase as well as the (002) plane's favored direction. The grain
size of the films was determined between (14e20 nm), indicating that all of these films had a nanocrystalline structure.
Data on the optical properties of the produced films The ZnO film was ideal for solar cell applications because it had
excellent transmittance values in the visible region (95 %), The energy gap was within the range of (3.30e3.34 eV) for
pure zinc oxide films prepared with different values of power, and we note that there is a slight increase in the energy
gap when increasing the power. Gas sensors were tested at various mixing ratios (NO2 97 %, air 3 %) and operational
temperatures (25, 100, 200, and 300 �C) and using a bias voltage (6V). A temperature of about 300 �C was found to be the
ideal working temperature for the sample. Greatest sensitivity (88 %) with a quick response time (17 s) and the fastest
recoveries (63 s), which take place at a temperature of 300 �C. The result we came to was that the impact of power on the
surface topography and Crystal structure induced the creation of large-surface-area nanocrystals, which is highly ad-
vantageous, and raises the sensor's sensitivity.

Keywords: RF power, ZnO thinfilms, NO2 gas, Structural & optical characteristics

1. Introduction

Z nO is well recognized for use in a variety of
applications, including gas sensors, transistor

transparent conductors, and solar cells. Light de-
tectors, laser diodes, and light emitting diodes
(LEDs) are further developing uses. These applica-
tions have the following are attributed to the
intriguing material characteristics of a large and
direct band gap (3.37 eV) and strong binding energy
[1,2]. It is appealing for possible usage in electronics,
optoelectronics, and laser technology due to has
high mechanical and thermal stability at room tem-
perature [3]. ZnO thin films were created using a

variety of deposition processes, such as the sol-gel
techniques, spray pyrolysis, pulsed laser deposition,
and magnetron sputtering [4e7]. The sputtering
procedure is the method for creating ZnO thin film
that is the most promising of them, Ideal sputtering
conditions include mechanical assembly, good sur-
face flatness, high deposition rate, formation of
dense layers, transparency, and its possibility for
low-temperature processing [8,9]. For chemical
dangerous gas sensing, research has been focused
on nano crystalline n-type semiconductor metal
oxide gas sensors, such as (NO2, SO2, H2S, H2, CH4,
CO2, ethanol (C2H5OH)) and volatile organic com-
pounds [10e15]. Nanostructured gas detectors metal
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oxides with a variety of morphologies, including
nanorods [16], nanotubes [17], nanosheets [18],
nanowires [19], nanospheres [20] and synthesizeable
nano-thin sheets using a variety of methods. These
metal oxide-based nanostructure gas sensors with a
variety of topologies allowed for the detection of
these various gases [10,14,15]. Due to the harmful
effects of polluting gases on human health, it is now
crucial for industrial operations to monitor air
pollution, air quality, and safety [10,12]. Gases that
cause pollution that are released from combustion
equipment and transportation, principally contain
NOx pollutants (NO and NO2), whatever of the fuel
quality, As a result, gas sensors are increasingly
common and perform crucial roles in a variety of
industrial applications, including the detection of
methane, hydrocarbons, ammonia, and hydrogen
gas in fuel cells, mining, oil refineries, and fertilizer
sectors [15,17]. Different types of metal oxides-based
gas sensors, which use semiconductors such (SnO2,
Fe2O3, CuO, TiO2, ZnO and Ca2O3) which were
employed for the detection of dangerous chemical
gases and polluting gases [12,15,21]. Some factors,
including surface morphology, nanostructure type
and dimension, which has a significant surface to
volume ratio and nano size in contrast to bulk ma-
terials, can govern the gas sensor's responsiveness
[11,12,15]. ZnO gas sensors work by measuring
changes in electrical resistivity at the sensor surface
brought on by the reducing and oxidizing of gases.
Additionally, ZnO gas sensors are widely employed
in a variety of applications due to its affordability,
non-toxicity, ease of fabrication, high stability, high
responsiveness, and superior selectivity [12,15,22].

This paper study ZnO thin film in using a RF sput-
tering technique, and the effect of RF power on
structural, optical characteristics was taken into
consideration to reach the maximum level of trans-
parency. Using a UV-Vis spectrophotometer and x-
ray diffraction (XRD), the characteristics of the ZnO
films were investigated. The goal of this research
was to establish the ideal RF sputtering power.

2. Experimental details

2.1. Materials & methods

By using an RF magnetron sputtering approach
with a 5-inch diameter The RF magnetron spraying
system consists of threemain parts: RF power source,
vacuum pump, and vacuum chamber. Manufactured
by Zhengzhou CY Scientific Instrument Co., Ltd.,
China. Fig. 1 shows the RF system 99.99 % pure ZnO
target, the ZnO film was deposited to glass substrates
at 400 �C. In an ultrasonic bath for 10 min, the sub-
strate was first washed with distilled water, ethanol,
and acetone. Following this, before sedimentation,
the substrates were dried and cleaned with distilled
water. Grease and organic particles were taken out of
the substrate throughout the cleaning procedure. The
deposition time was (120 min) and the working
pressure was 5 � 10�2 Torr, and the substrate tem-
perature was 400 �C. Coating was done using RF
spray power (50 and 70 W). Equation was used to
measure the thickness of the films (t) using the
weighing method: t ¼ Dm

rA where, Dm: shows the mass
difference between the slide before and after the
deposition, A: area of the film, r: mass density. The

Fig. 1. RF system for deposition of ZnO films of different power.
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thickness of the films prepared (200 nm). By using an
X-ray diffraction technique using a Cu-Ka radiation
source (XRD-6000) Shimadzu, Japan; ¼ (1.54060 A0),
the system was operated at 40 kV to examine the
crystal structure of the zinc oxide films. The angle
range of the scan was 2�, and the scanning speed
was 5� per minute. For the checking of optical
characteristics, a Mega 2100 UV-VIS Double-beam
spectrophotometer, with a wavelength range of
(300e900 nm) was employed.

2.2. Manufacturing of gas sensors

On a glass substrate, ZnO thin-film gas sensors
were created by RF method. Using a thermal
evaporation system, the electrodes were fabricated
with a thickness of (300 nm) by thermal evaporation
in a vacuum. Through the evaporation of 99.9 %
pure aluminum wire in a spiral tungsten boat under
(10�7) mbar of pressure Fig. 2a, b Al electrodes and
gas sensor measuring equipment. The gas-air
mixture was managed by the flow meter.

3. Results & discussions

Fig. 3(a) show that the RF power grows from
(50e70 W), the spray power has an effect on the
growth rate with the increase in the growth rate. This

phenomenon develops due to the presence of more
argon ions in the plasma at greater RF energies,
causing more atoms to be dispersed when the ions
accelerate and hit the target [1]. In addition, more
atoms are sprayed because bombardment ions have
higher kinetic energy at higher RF strengths due to
momentum transfer [23]. The atom that is dispersed
gains more energy at In comparison to lower RF en-
ergies, the increased RF energy caused more ZnO
particles to reach the substrate. Increase the levels of
thepower andaids in thedevelopment of thefilm [24].
Fig. 4 shows the produced ZnO thin films' XRD

spectra as the RF power changes from (50 We70 W).
The peak with the highest intensity was found at
2q ¼ 34.38�, 34.46o which corresponds to the (002)
plane and having a hexagonal structure. Orientation
along the c-axis. The ZnO films' tops fit the standard
ICDD card (JCPDS #36e1451). Allowed for the
effective deposition of ZnO thin films with various
RF powers onto the glass substrate. The working
pressure has been maintained at (5 � 10�2 Torr).
Equation was used to get the (d-spacing) for pure
ZnO thin films [25]:

1
d2hkl

¼4
3

�
h2 þ hkþ k2

�

a2
þ l2

c2
ð1Þ

Fig. 2. (a) System for measuring gas sensors, (b) Electrodes to measure gas sensitivity.

Fig. 3. (a) Diagram illustrating the influence of RF power, (b) Relationship between growth rate and sputtering strength of ZnO films.

M.H. Hashim, A.A. Khadayeir / Al-Qadisiyah Journal of Pure Science 29 (2024) 243e249 245



Values were in good agreement with the (JCPDS)
card data and are provided in Table 1. Where, d:
distance between crystal planes.
The Scherrer formula may be used to get the

average crystallite size (D) as shown below [26]:

D¼ 0:9l
b Cos q

ð2Þ

D: the crystalline size, l: the (XRD) wavelength
(0.154 nm), q: the Bragg angle and b: FWHM (rad).
With the increase of the RF energy, the size of the
crystals also increases and (FWHM) decreases
because the relationship between them is inverse
according to the Scherrer formula. The average grain
size values confirm the thin films' nanostructure
characteristic as deposited as they range inside the
nano scale, as shown in Table 1. The crystal size
increases from 14 to 20 when the RF power is
increased from (50e70 W), as shown in Fig. 5.

4. Optical characteristics

Fig. 6(a) shows the transmittance spectra for the
samples deposited at various sputtering powers
(50,70 W) as a function of wavelength in the spec-
trum visible. A UV-Vis spectrophotometer was used
to test the optical transmittance between the wave-
lengths of (300e900 nm). The thickness of the sam-
ples, as measured by the weighing method (200 nm).
All of the thin films had transmittance levels of
around 95 %, (visible range) with greater trans-
mittance being attained in the blue range than the

red range. The films' fundamental absorption edges
were moved in the direction of shorter wavelengths
(blue shift). The most vital factor in the use of thin
films as a transparent electrode or as a buffer layer
in solar cells is their great transparency. The pre-
dicted energy band gap of ZnO may be calculated
using the Tauc relation [27]:

ðahvÞ1

=

2¼A
�
hv�Eg

� ð3Þ

Were, A: constant for transition, hv: Photon en-
ergy (eV), a: absorption coefficient.
Fig. 6(b) is show a diagram of the film's energy

(hv) versus absorption coefficient (hv)2, at different
values of power (50,70W). The value of the energy
gap (eV) was computed to meet the requirement
that (hv)1/2 ¼ 0. For as-deposited ZnO films, Eg

values range from 3.30 eV to 3.34 eV.

5. Measuring the sensing

To determine the sensing characteristics and
sensitivity of ZnO films sensors for NO2 gas,
sensing measurements are examined at various
NO2:air mixing ratios (3 % air, 97 % NO2) and With
bias voltage (6V) and at different operating tem-
perature ranging from (25e300 �C). Where the
allergic response of the prepared films with a power
of 70 W and 50 W at the mentioned temperatures
was a response to the pure film. And the resistance
values decrease when the temperature is increased
because it is a reversible process and this charac-
teristic is characteristic of semiconductor materials
[28]. The process of oxygen molecule adsorption and
desorption on the ZnO surface is primarily used to
characterize the mechanism of gas detection in ZnO
sensors. When ZnO nanostructures are exposed to
air, oxygen molecules adsorb on the grain surface
and generate O2

�, O�2, and O�, which creates a
depletion layer close to the grain's surface. The

Fig. 4. Shows the XRD pattern of ZnO thin films deposited at different
powers (50, 70 W).

Table 1. ZnO thin films' X-ray diffraction data analysis at pressure
5 � 10�2 Torr.

RF Power(W) dxrd

(Ao)
dsta

(Ao)
2q
(deg)

hkl b

(deg)
D
(nm)

50 2.63 2.60 34.38 002 0.56 14
70 2.64 2.60 34.46 002 0.41 20

Fig. 5. Grain size and the variation of (FWHM) of ZnO at different RF
power (50, 70 W).
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electrons are captured during this adsorption,
increasing the resistance of the active layer in the
process. The following relationships might explain
the chemical reaction [29,30]:

O2ðgÞ/O2ðadsÞ ð4Þ

O2þe�/O�
2 ðadsÞ ð5Þ

O�
2 ðadsÞþe�/2O�ðadsÞ ð6Þ

When an oxidizing gas, such as NO2, is present near
the sensor, the molecules of the gas capture elec-
trons from the ZnO conduction band, and interact
with the oxygen types that have been adsorbed 0n
the surface of the material. This increases the elec-
tron depletion layer and increases the junction po-
tential barriers, which raises the sensor's resistance
and produces a sensing response. The following
relationships provided the chemical reactions
[29,31]:

NO�
2 ðadsÞþe�/NO�

2 ðadsÞ ð7Þ

NO�
2 ðadsÞþO�

2 ðadsÞþe�/2O�ðadsÞ þNO�
2 ðadsÞ

ð8Þ

NO�
2 ðadsÞþO�ðadsÞþ2e�/2O�

2 þNOðgasÞ ð9Þ

NO�
2 ðadsÞþhþ/NO2ðgasÞ ð10Þ

When the sensor is re-released into the air, NO�
2

reacts with the holes and the electrons are returns to
the conduction band permitting the release of NO2

into the air and lowering resistance [30]. ZnO gas
sensor sensitivity From the NO2: air mixing ratios
(3 % air, 97 % NO2), were measured using the
equation [32]:

S¼Rgas �Rair

Rair
� 100% ð11Þ

Where, Rgas: Electrical resistance in the presence of
gas.
Rair: Electrical resistance in the presence of air.
Fig. 7 shows the sensitivity of the pure zinc oxide

film prepared at different values of power (50, 70 W)
to NO2 gas.

Fig. 6. (a) Transmittance for a Zno thin films as a function of wavelength, (b) plots (ahV)2 and (hv) for ZnO thin films at RF power at (50e70 W).

Fig. 7. The sensitivity of zinc oxide to no2 gas a function of temperature at a power of (a) 50 W, (b) 70 W.
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The sensitivity was calculated using equation (11)
for pure ZnO thin films at different values of power
(50, 70 W), after measuring the resistance of the
samples in the presence of air (Roff) and the pres-
ence of gas (Ron). The highest value reached at the
temperature 300 �C and its value was (88.5 %) at the
power 70 W, while the highest value was at the
temperature of 200 �C and its value was (72.7 %) at
the power 50 W. Obtaining the highest sensitivity
response by NO2 gas molecules as shown in Fig. 8
for membranes with different energy values (50,
70 W). The response time (which represents the
interaction time between the gas and the thin film
during the sensing process), back to the initial state,
was measured. Response time is one of the impor-
tant factors in determining the efficiency of the
sensor, the faster the response, the more efficient
the sensor at the appropriate operating tempera-
ture. The response time was in the range (17e19 s)
and the recovery time was in the range (70-63 s) for
films prepared at power (70, 50 W). The highest
response obtained was (17 s) for the prepared (70 W)
ZnO film.

6. Conclusions

In the present research, RF-magnetron spray was
used to create ZnO thin films at various power RF,
a substrate temperature of 400 �C, and a constant
working pressure. Analysis was done on the
structural and optical characteristics of the ZnO
thin films. The deposited ZnO thin films show a
high orientation along the c-axis, according to the
XRD pattern, the greatest peak occurring at a
diffraction angle of (34.38o, 34.46o) which corre-
sponds to the (002) plane of the ZnO (hexagonal)
phase. All films are very transparent (95 %) in the
visible domain, according to transmission mea-
surement. This paper illustrates the potential of
ZnO thin films for solar cells and window layers in

the future. It may be concluded from the study's
findings on the features of gas sensors that the gas
ZnO film sensors had excellent sensitivity and high
selectivity for NO2 gas. According to the ZnO
sensor's parameters, the response times were be-
tween (17e19 s), the recovery (63e70 s). The highest
sensitivity was 88 % for ZnO film at 300 �C, when
the film prepared at 70 W. These values are
considered optimal, making the ZnO sensor a
useful gas sensor appropriate for gas detector ap-
plications. Hazardous and flammable.
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