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Abstract. Zinc oxide (ZnO) thin films have been fabricated over glass substrates via Radio
Frequency (RF) sputtering technique with varying distances between cathode and substrate.
The aim of the fabrication of thin films was to study the structural, morphological,
compositional, and optical properties by varying the distance between cathode and substrate.
X-Ray Diffractometer (XRD) has been used to discuss the structural property of deposited
thin films. The XRD patterns of fabricated ZnO thin films indicate wurtzite hexagonal crystal
phase at miller indices (002) by a high intense peak at the Bragg's angle 34.4°. Crystallite size
of fabricated ZnO thin films decreases from 32 nm to 17 nm with increasing the distance
between cathode and substrate from 65 nm to 125 nm respectively, which have been
calculated using XRD (002) peak. The information about morphological characteristics of the
surface of ZnO thin films has been discussed by using Atomic Force Microscope. Some
information about the bonding of fabricated ZnO thin films has been studied by Fourier
Transform Infrared Spectroscopy. UV-VIS spectrophotometer has been used to investigate
the optical property and Urbach parameter of the deposited ZnO thin films. Optical energy,
which is also known as bandgap energy, increases from 3.16 eV to 3.25 eV with increasing
the distance between cathode and substrate from 65 nm to 125 nm respectively. Urbach
energy i.e., defect density decreases from 195 meV to 182 meV with the increasing the
distance between cathode and substrate from 65 nm to 125 nm respectively. The change in
optical transmittance, optical band gap energy, and Urbach energy has been discussed in
terms of nanostructure ZnO thin films.
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1. Introduction

In current decades semiconducting transparent materials are highly acceptable for their usable
behaviour in optoelectronic device technology. A large number of researchers have focused
on ZnO material because ZnO is the most attractive transparent conducting oxide (TCO)
material [1]. Semiconducting materials are widely applicable in science and technical fields
for their changeable optical bandgap and very short-range wavelength. Environmentally safe
ZnO is one of the greatest significant n-type 11-VI chalcogenide semiconducting materials,
which have a direct large bandgap (3.37 eV) and wide exciton binding energy (60 meV) [2-4].
The hexagonal wurtzite crystal structure of ZnO thin films occupies the piezoelectric
oscillator property [2,5,6]. Such kind of 1I-VI semiconductor thin films has been widely
explained as a result of their extensive applications in optoelectronic devices [7-9]. ZnO thin
films demonstrate a few extra aspects and show a large number of naturalistic benefits like
good transparency, chemical stability, non-toxic, well luminescence property, and prominent
electron mobility at room temperature [2,3]. As a result of these exceptional features ZnO thin
films are broadly used as photovoltaic cells, light-emitting diodes, solar cells, UV protectors,
antibacterial coatings, chemical sensors, spintronics, cancer treatment, smart windows, gas
sensing devices, electroluminescent devices, photocatalysis, flat panel displays, high mobility
transistor, computer screen, transparent conducting oxides, varistors, Schottky diodes, drug
delivery devices, surface acoustic devices, high electron mobility, transparent electrodes,
smartphone display, thin-film transistor and laser diodes [2-5,7-15].

Physical and chemical methods have been used to fabricated ZnO thin films such as
chemical vapour deposition, dip coating, successive ionic layer absorption and reaction
(SILAR), chemical bath deposition, pulsed laser deposition, low-temperature aqueous
solution route, metal-organic chemical vapor deposition, electron beam evaporation, thermal
evaporation, chemical co-precipitation method, molecular beam epitaxy, sol-gel preparation,
hydrothermal method, RF sputtering, spray pyrolysis, DC sputtering, screen printing,
photochemical deposition, co-reactive magnetron sputtering technique, simultaneous DC and
RF magnetron sputtering techniques and electrochemical deposition [2,3,14,16-19]. RF
sputtering technique is an extremely acceptable process for the fabrication of nano range thin
films. Such a method has lots of demerits like the excellent quality of thin films over low-
temperature growth, conventional methods, direct control of thin films thickness, wide surface
area coverage, and well morphological surface.

In this scientific research work, ZnO thin films have been fabricated on glass substrates
by RF sputtering technique where the target of ZnO is used in RF cathode. ZnO thin films
have been fabricated on glass substrates by changing the gap between cathode and substrate
from 65 mm to 125 mm respectively and also investigate their structural and optical
properties. Fabricated ZnO thin films are characterized and analyzed by using X-Ray
Diffractometer (XRD), Atomic Force Microscope (AFM), Fourier Transform Infrared
Spectroscopy (FT-IR), and UV-VIS Spectrophotometer. Optical transparency, as well as
optical band gap energy of the fabricated ZnO thin films, has been determined from the
transmittance spectra by using UV-VIS spectroscopy. The change in optical band gap energy
and Urbach band tail of ZnO thin films have been described in detail.

2. Experimental details

Materials and deposition techniques. ZnO thin films were fabricated on a glass substrate via
RF sputtering technique with a variety of distance between cathode and substrate from 65 mm
to 125 mm respectively. All the ZnO thin films were deposited at room temperature (30°C)
for 30 minutes. ZnO target of purity 99.999%, diameter 2.125 inches, and thickness 2 mm
was used as source material (cathode), which has been purchased from Sigma-Aldrich
Company. Commercial glass of length 75 mm, width 25 mm, and thickness 1.45 mm has been
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used as a substrate for the fabrication of ZnO thin films using RF sputtering technique.
Acetone and distilled water have been used to clean all glass substrates by using ultrasonic
vibration at 40°C temperatures. Then all glass substrates were rinsed thoroughly with distilled
water several times. The air gun was used to dry water-soaked glass substrate.

RF power supply was used to sputter the ZnO target. The objectionable impurities of the
ZnO target were removed by pre-sputtering of Argon (Ar) gas for 10 minutes. At first, the
deposition chamber was vacuumed by Rotary pump and then also Turbo pump respectively.
Base pressure of the chamber was maintained at 3.0x10™ Pa using Turbo pump. Deposition
pressure was maintained by Ar and Oxygen gas of 14 sccm and 4 sccm respectively. Ar and
oxygen gas were maintained into the vacuum chamber by using a mass flow controller
(MFC). Ar gas was used here for its good sputtering behaviour. Oxygen gas has been used in
the deposition chamber for controlling the oxygen capacity growth environment that is highly
significant for the decrement of the intrinsic donor defects. The working pressure was
maintained at 2.5 Pa by using Ar and oxygen gas. The surface morphology, uniform film
thickness, and regular array of grains in the ZnO thin films have been controlled by a rotating
substrate's rotator, which has fixed 3 rotations per minute. Distance between ZnO target i.e.,
cathode and substrate were varied from65 mm to 125 mm respectively. RF power supply has
been used to fabricate ZnO thin films, which is set at 90 watts. Details of deposition
conditions are given below Table 1.

Table 1. Deposition conditions maintained for the formation of nanocrystal ZnO thin films

Deposition parameters Deposition values
Base pressure 3.0x10" Pa
Working pressure 2.5 Pa
Target ZnO
Argon gas 14 sccm
Oxygen gas 4 sccm
Deposition temperature 30°C
Substrate rotate 3rpm
RF power 90 watt
Deposition time 30 minutes
Cathode to substrate distance 65 mm, 85 mm, 105 mm, and 125 mm

Characterizations. The structural, morphological, chemical composition, and optical
properties of ZnO thin films were investigated. The crystalline structure of ZnO thin films
was investigated by using X-ray Diffractometer (Bruker, D-8 Advance). The morphological
characteristics of the surface of thin films were studied by using AFM (Bruker, MultiMode-8)
ambient-based multimode AFM. AFM measurements of fabricated thin films were done in
contact mode. A silicon probe was used for the scanning purpose, which had a radius of
curvature 10 nm, height 15 microns with a standard chip size of 1.6x1.6x0.4 mm. Cross-
sectional scanning electron microscope has been used to measure the thickness of all
fabricated ZnO thin films, which was found uniform. The appropriate information about the
chemical bonding of atoms and molecules in the fabricated thin films was studied by using
FT-IR spectroscopy (IR Affinity-1S, Shimadzu, Japan). UV-Vis spectrophotometer (V-770,
Jasco, Japan) has been used to study the optical transmittance spectra of fabricated ZnO thin
films within the UV-VIS region.
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3. Results and discussions

XRD analysis. The structural crystallinity of fabricated ZnO thin films has been characterized
by XRD. Figure 1 represents the XRD patterns of ZnO thin films on the glass substrates,
which was found in Bragg's angle between 20° to 70° using the source voltage 40 KV and
source current 40 mA by using the Cu-Ka radiation of wavelength 1 = 1.5406A. The scan
rate of the deposited thin films was two degrees per minute. The ZnO thin films have two
kinds of crystal structures like hexagonal wurtzite or cubic zinc blende, which is available
naturally [3-5,9,20]. The XRD patterns of the deposited thin films indicate wurtzite hexagonal
phase at miller indices (002) by a high intense peak at the Bragg's angle 34.4°, which was
matched with JCPDS card no 36-1451 [11,14]. The intensities of the deposited thin films
were decreased slowly with increasing distance between cathode and substrate from 65 mm to
125 mm respectively.
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Fig. 1. XRD patterns of ZnO thin films fabricated over glass substrates; (a) 65 mm,
(b) 85 mm, (c) 105 mm and (d) 125 mm

Equation 1 is known as the Debye-Scherrer formula, which was used to measure the
crystallite sizes (D) of the deposited thin films [3,14,21]
D™t = (BcosO) /KA, (1)
where K = 0.94 is known as Scherer constant, 1 = 1.54064 is known as the wavelength of
X-ray, B is known as the full width of half maximum (FWHM) and 6 is known as Bragg's
angle. It was observed that the crystallite size of thin films was reduced from 32 nm to 17 nm
with the increasing distance between cathode and substrate from 65 mm to 125 mm
respectively. As crystallite size is inversely related to FWHM, so crystallite sizes are reduced
from 32 nm to 17 nm with increasing FWHM from 0.2716° to 0.5108° respectively [14].
Strain (&) of thin films was calculated using equation 2 [14,21].
1 4

z Bcosd '’ (2)
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Strain of fabricated ZnO thin films varies from 11.3x10™* to 21.3x10™ with increasing
distance between cathode and substrate from 65 mm to 125 mm respectively. Strain of
deposited thin films is inversely changed with the crystallite size. The Variation of FWHM,
Strain, and Crystallite size with respect to the cathode to substrate distance of fabricated ZnO
thin films has been shown in Fig. 2. Equation 3 is known as Bragg's equation, which was used
to measure the interplanar spacing (d) of the synthesized thin films. [4,21]

= = (2sind)/n, (3)
where n is known as the order of diffraction. Equation 4 is used to calculate the lattice
constant c of the fabricated ZnO thin films [4].

d7? = [(5) (h? + hk + k?)] + 12¢2, 4)
where lattice constants are a and c. The lattice constant ¢ of fabricated ZnO thin films
increases very slightly from 5.204 A to 5.222 A.
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Fig. 2. Variation of FWHM, strain, and crystallite size with respect to the cathode to substrate
distance

It was noticed that with the increasing strain, the crystallite size was decreased and
lattice constants were increased respectively [14]. The values of glancing angles (26),
FWHM (B), crystallite sizes (D), strain (&), interplanar spacing (d), and lattice constant (c)
are shown in Table 2.

Table 2. XRD data of ZnO thin films at the different distances between cathode and substrate

Cathode | Bragg's | FWHM | Crystallite sizes Interplanar Strain Lattice
to Angle | (B)in | D =KA/Bcosb spacing 3 constant
Substrate in degree innm d= _ Pcosb c ()
distance | degree A/2sin@ o 4
(mm) (26) in (A) x 107*
65 3443 | 0.2716 32 2.602 11.3 5.204
85 34.42 | 0.3102 28 2.603 13.1 5.206
105 34.36 | 0.3776 23 2.607 15.7 5.214
125 34.32 | 0.5108 17 2.611 21.3 5.222
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AFM study. AFM was used to study the morphological effect on the surface of the
deposited thin films. The accurate image of deposited thin films was captured by a highly
resolute scanning probe AFM micrograph. Naturally, the deposited thin films were found
identical and ordinary. Figures 3(a) and (b) represent the Two-dimensional (2-D) AFM
images of ZnO thin films. AFM images of the deposited thin films show that morphological
behaviour changes with increasing the distance between cathode and substrate from 65 mm to
125 mm respectively. Reflecting and scattering properties of the transmittance light depend
on the morphological rough surfaces of the deposited thin films. Grain sizes of the deposited
thin films decrease with a decrease in morphological roughness of the surfaces. Where
morphological roughness of the surface decreases with increasing the distance between
cathode to the substrate from 65 mm to 125 mm respectively. Histogram of the AFM images
(Fig. 3 c-d) shows that the grain sizes of the thin films change from 38 nm to 20 nm with
increasing the distance between cathode to the substrate from 65 mm to 125 mm respectively.
The grain size as measured in the AFM image of deposited ZnO thin films is much higher
than that calculated from the XRD data of the same films. The grain size measured in the
AFM image can be greater than the crystallite size estimated from XRD. The reason for
getting bigger crystallite size as observed on the AFM surface morphology of the films is due
to the agglomeration of smaller crystals, while the XRD provides information about average
crystallite size that coherently scatters X-rays [22,23].

nm

0 20 40 60 80 100 120 140 0 10 20 30 40 50

nm nm
Fig. 3. 2-D AFM images of ZnO thin films deposited with different cathode to substrate
distance; (a) 65 mm, (b) 125 mm, (c) and (d) the corresponding histogram
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FT-IR study. Figure 4 represents the FT-IR image of ZnO thin films fabricated over a
glass substrate. Chemical information about atoms and molecules of the thin films were
investigated by FT-IR spectroscopy in the range of wave number 400 cm™ to 4000 cm™. The
absorption spectra of the FT-IR were used to select the absorption peak of the ZnO thin films
where the reference was plane glass substrate. Structural and molecular information of the
fabricated ZnO thin films has been analyzed by the FT-IR spectrum. Wave numbers within
400 cm™ to 4000 cm™ of the FT-IR spectra are separated into two parts. The first part within
400 cm™ to 1600 cm™ is familiar as a fingerprint region and the other part within 1600 cm™ to
4000 cm™ is familiar as a functional group region. In the fingerprint region of the FT-IR
spectra only stretching and bending vibration happen whereas only stretching vibration
happens in the functional group region. The stretching and bending vibration is responsible
for forming the FT-IR absorption spectra of deposited ZnO thin films. The peak intensity of
several atoms or molecular bonds depends on various materials. Peak intensity has changed
with changing distance between cathode and substrate from 65 mm to 125 mm. The
absorption peak of the Zn-O bond has been found near 586 cm™ which confirmed that
deposited thin films are ZnO thin films [24]. One strong absorption peak was found near
820 cm™ which was attributed due to the stretching vibration of C-C bond [25]. Absorption
peaks of FT-IR spectra near 1520 cm™ and 1710 cm™ were attributed due to symmetric
stretching of C=0 band [26-28]. Two other CO absorption peaks were found on the oxide
surface of the thin films between wave number 2010 cm™' to 2180 cm™ [29]. The peak
situated near 2348 cm™ was attributed as a result of CO, molecules in the thin films, which
were formed at the time of formation of thin films or CO, molecules in the atmosphere
[30,31]. The wide absorption peak made within 3725 cm™ to 3865 cm™ was ascribed as a
result of O-H or C-H bond stretching vibrations of hydroxyl groups present in the thin films
or as a result of the atmosphere at the time of FT-IR analysis [2,26].
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Fig. 4. FT-IR spectra of ZnO thin films; (a) 65 mm, (b) 85 mm, (c) 105 mm and (d) 125 mm
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Optical study. UV-Vis spectrophotometer has been used to study the optical
transmittance spectra of ZnO thin films fabricated over glass substrate at room temperature in
the UV-visible region of wavelength 300 nm to 800 nm. The mean transmittance value was
found between 87%-95% for ZnO thin films, which have been fabricated on a glass substrate
with changing the distance between cathode and substrate from 65 mm to 125 mm
respectively. Figure 5(a) exhibits that in the visible region deposited thin films have high
transmittance, which clearly informs that the fabricated thin films are very good
characteristics of optical properties as a result of low scattering or absorption losses. Figure
5(a) also indicates that transmittances spectra of fabricated thin films have been shifted from
near UV region to visible region and also moderately decreased with the increasing the
distance between cathode and substrate.
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Fig.5. (a) Transmission spectra of ZnO thin films with the variation of distance between
cathode and substrate (b) Tauc plot of (ahv)? versus hv for the variation of distance between
cathode and substrate, (c) variation of bandgap energy (Eg) with respect to the different
cathode and substrate distance

Optical transmittance of the deposited ZnO thin films was decreased may be as a result
of decreasing the thickness of the thin films [32]. Cross-sectional Scanning Electron
Microscope has been used to measure the thickness of the fabricated ZnO thin films, which
indicates that the thickness of the thin films decreased from 380 nm to 250 nm with increasing
the distance between cathode and substrate from 65 mm to 125 mm respectively. Absorption
coefficient () of fabricated ZnO thin films has been measured by using Beer-Lambert law
using equation (5), which has been taken from the band theory of solids [4,21]

I, = Iy e, (5)
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where [ is indicated as the intensity of incident light and I; is indicated as the intensity of

transmitted light, ¢t is known as the thickness of the fabricated ZnO thin films. From

equation (5), the optical transmittance relation is simplified as T = ;—t which is known as

0
simplifying relation of Beer-Lambert equation. Using the Tauc expression, the energy of

optical band gap (E,) of ZnO thin films has been calculated by fitting absorption co-efficient
data [21,33,34]

(ahv)*™ = B(hv — E,), (6)
where B, @, m, and hv are indicated as a constant, absorption coefficient, nature of electronic
transition, and energy of the incident photon (h, v are indicated as Planck's constant and
incident light frequency). The optical bandgap energy of the deposited thin films depends on
different fabrication materials. Where the value of m depends on transition quality. There are
four types as 1/2, 2, 3/2, and 3 for the transitions of direct allowed, indirect allowed, direct
forbidden, and indirect forbidden respectively [4,33,35]. Here the value of m is used as 1/2,
because ZnO is a directly allowed transition material [4]. Figure 5(b) represents the graph of
(ahv)? versus hv of ZnO thin films. The optical bandgap energy of fabricated ZnO thin films
has been determined from this graph. The appearance of a single slope in (ahv)? versus hv
graph indicates that fabricated thin films have directly allowed transition.

The optical bandgap energy of fabricated ZnO thin films has been calculated from the
extrapolation of the straight-line portion of the (ahv)? = 0 on the x-axis. It has been found
that the energy of the optical bandgap of the fabricated nanocrystal ZnO thin films is
inversely related to the crystallite size [36]. The crystallite size of ZnO thin films decreased
from 32 nm to 17 nm where the bandgap increased from 3.16 eV to 3.25 eV respectively.
Figure 5(c) indicates that the energy of the optical band gap of ZnO thin films increases from
3.16 eV to 3.25 eV as a result of increasing the distance between cathode and substrate from
65 mm to 125 mm respectively.

Urbach energy. Urbach band tail, which is known as Urbach energy, is used to
determine the disorder of the fabricated ZnO thin films. Urbach energy (E,) is defined as the
band tail width connected within the forbidden gap of localised states in the crystal structure
of fabricated ZnO thin films as shown in Fig. 6(a). Urbach Energy (E,) can be expressed
from Fig. 6(a)

E, = AE; — AE, (7)
where AE, indicates the gap between the valence to the conduction band and AE , indicates

the gap between the tails of the valence to the conduction band. Urbach energy, which
provides information about the disorder or defect density, is calculated from the exponential
function below the slope of the absorption edge [37-39]. Disorderness of phonon states of
fabricated nano range ZnO thin films has been shown by Urbach energy. The band tail width,
which is entitled Urbach energy, has been found under the absorption edge of the compound.
The absorption edge of the optical bandgap has been formed as a result of interaction within
exciting-phonon or maybe as a result of interaction within electron-phonon. Urbach energy of
ZnO thin films as it may be calculated from the steepness parameter of absorption edge as a
result of optoelectronic transfer within excited states and near localized states. The transition's
band bending is a result of subtraction of the optical bandgap. The disorderness of the
fabricated ZnO thin films will be high in the phonon states if the Urbach energy is higher. The
Urbach energy of ZnO thin films has been found by fitting an exponential function to the
slope of the absorption edge gives disorderness or defect density. The Urbach energy of
fabricated ZnO thin films is expressed by the equation [21,37,41,42]

Ina = lnay — hv/E,, 8)
where a, ay and hv are indicated as absorption coefficient, constant, and incident photon
energy respectively. Band tail of Urbach of semiconductor chalcogenide materials depends on
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some possible defects like structural disorder, carrier-impurity interaction and carrier-phonon
interaction, etc [39]. The Urbach energy (E,) is associated with the width of the band tail,
which is formulated as a result of the existence of localized states below the optical bandgap
[5,40]. Urbach energy of ZnO thin films has been calculated from the plot of lna versus hv,
which is shown in Fig. 6(b) where the slope is linear. The Urbach band tail in the crystalline
structure of phonon states of deposited thin films straight provides some helpful information
around the thermal disorderness or the occupancy level [39]. Usually, the energy of the
optical band gap of fabricated thin films is inversely related to the Urbach energy [39]. The
current work reveals that Urbach energy of the fabricated ZnO thin films decreases whereas
optical bandgap energy increases. Urbach energy of fabricated ZnO thin films was decreased
from 195 meV to 182 meV with increasing the distance between cathode to the substrate from
65 mm to 125 mm respectively, which has shown in Fig. 6(c). Urbach energy of fabricated
ZnO thin films was decreased from 195 meV to 182 meV as the thickness of thin films
decreased from 380 nm to 250 nm. Decreasing Urbach energy i.e., the defect density of ZnO
thin films was observed for Co-doped ZnO thin films, which has been affecting the optical
characteristics of semiconductor chalcogenide materials [32].
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Fig. 6. (a) Schematic diagram of Urbach band tail, (b) a plot of Ina vs. hv of ZnO thin films,
(c) Variation of Urbach energy (E,) of ZnO thin films with respect to the distance between
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4. Conclusions

In this scientific research work, RF sputtering technique has been used to fabricate ZnO thin
films on the glass substrates. XRD result indicates that the fabricated ZnO thin films have a
wurtzite crystal structure with preferential orientation (002). Crystallite size of ZnO thin films
was calculated from XRD pattern, which reduced from 32 nm to 17 nm with increasing
distance between cathode to substrate from 65 mm to 125 mm respectively. The absorption
peak of the Zn-O bond was found near 586 cm™ in the FT-IR spectrum, which confirmed the
fabricated films are ZnO thin films. The AFM analysis showed that the grain size was
decreased with increasing distance between cathode to substrate. As the distance between
cathode to substrate increased from 65 mm to 125 mm, the value of film thickness decreased
from 380 nm to 250 nm and the value of optical bandgap energy increased from 3.16 eV to
3.25 eV. Urbach energy of the fabricated thin films was decreased from 195 meV to 182 meV
with an increased distance between cathode to substrate from 65 mm to 125 mm respectively
at room temperature 30°C. The nanocrystalline ZnO thin films were demonstrated with
controlling its transparency and optical bandgap by changing the distance between cathode to
substrate could have potential use in optical devices.
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