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Optical-structural characteristics of i-ZnO thin films
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Abstract

i-ZnO thin films were deposited on glass substrates using sol-gel via dip-coating method.
Characterization techniques such as X-ray diffraction (XRD), Scanning Electron
Microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDX) and UV/Vis/NIR
spectrophotometer were used to investigate the optical-structural characteristics of the as-
grown thin films. It was found grains with hexagonal shape and smooth surface grown over
the substrate surface. The samples are composed of zinc (Zn) and oxygen (O) elements and
the R-value estimated is 284.2%. The crystallographic orientation of i-ZnO thin films shows
the preferred c-axis direction. Films were uniform and well adherent to the glass substrates.
Grain size is found to be 35.34 nm with a low dislocation density about 0.8 x 10~ nm™.
Good optical quality of the films is manifested by transmittance spectra significantly larger
than 90% in the visible wavelength region while the optical band gap energy is 3.322 eV.
The experimental results confirm that chemical route dip-coating method succeeded in zinc
oxide thin films deposition with high crystalline structure. These samples are suitable for
potential applications in optoelectronic devices and transparent thin-film field-effect
transistors.

1. Introduction

Oxide thin films of zinc oxide (ZnO), tin dioxide (SnO,), cadmium sulphide (CdS), etc. have attracted
great attention from both academic and industrial communities due to their enhanced characteristics for
potential applications [1 - 6]. They have been used in many technical fields such as, varistors [2],
piezoelectric transducers [3], gas sensors devices [4], transparent conducting windows in solar cell
devices [5, 6], etc. One of these is zinc oxide (ZnO).

Zinc oxide is an II-VI group semiconductor family with c-axis oriented hexagonal wurzite
structure and is highly transparent and conductive as well as very chemically stable and biocompatible
[7]. Additional characteristics include the abundance of source material which is inexpensive and non-
toxic, high mechanical and thermal stabilities at room temperature, wide band gap (3.37 eV) associated
to its large exciton binding energy (60 meV) [8]. Previous works reported that ZnO crystallites with
preferential orientation are desirable for the above applications where crystallographic orientation (002)
is a prerequisite condition for well oriented structure and exhibiting best properties [9 - 11]. A lot of
methods have been extensively used for oriented ZnO films synthesis, including chemical bath
deposition (CBD) [12], electrochemical process [13], thermal decomposition [14], molecular beam
epitaxy (MBE) [15], micro-emulsion method [16], sol-gel techniques [17, 18], spray ultrasonic
deposition [19], atomic layer deposition (ALD) [20], rf magnetron sputtering [21], etc. It is well known
that ZnO thin films with high quality and uniformity were mostly realized with vapor phase growth
techniques such as molecular beam epitaxy (MBE), pulsed laser deposition technique [15, 20, 21].
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Nevertheless, these methods require expensive and sophisticated equipment set-up, and are characterized
by high consumption of energy. Recently, opportunity is in sol-gel dip-coating synthesis which is a
broadly used chemical synthesis route because of its easiness, repeatability, and low cost equipment [17,
18]. So far, dip-coating method is still an attractive deposition process of large area films on flat or
cylindrical substrates.

Although there are several efforts around on dip-coating synthesis, it remains one of the utilized
technique for synthesis and characterization of ZnO thin film [12 - 21]. The aim of this work was to
deposit i-ZnO thin films using a simple dip-coating technique and characterize the as-grown films. The
crystal structure, morphology and chemical composition of the products were characterized by means of
X-ray diffraction (XRD), Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray
spectroscopy (EDX) and UV-Vis spectrophotometer scanner techniques.

2. Material and Methods

In a typical synthesis, ZnO thin films were prepared of 0.55 mol.L™' zinc acetate dehydrate
[Zn(CH3COO0);-2H,0] and a mixture of ethanol and diethanolamine (DEA). The molar ratio of DEA to
zinc acetate dehydrate was kept at 1.0. Before deposition, the glass substrates were ultrasonically cleaned
with an acetone, isopropanol and finally with deionized water for 15 min in each step and then dried
using compressed air.

The dip-coating process was achieved when cleaned glass substrates were gradually immersed into the
solution, remaining inside about 20 s and then withdrawn at a rate of 6.0 cm/min at room temperature
(300 K). After being deposited, the gel layers were heat-treated at 300°C for 10 min to evaporate the
solvent and remove organic residuals. The procedures from coating to drying were repeated three times
until the thickness of the sintered films was achieved. All the samples were subsequently annealed at
550 °C for 2 hours.

X-ray analysis of the coated thin films was carried out by XPERT-PRO X-ray diffractometer with copper
target and Ka radiation (A = 1.54060 A) operating at 35.4 kV and 28 mA, where the diffracted X-ray
intensities were recorded. The samples were scanned from 10 to 70° in steps of 0.0670°. Crystal
structure, orientation and structural parameters, including crystallite size, dislocation density and lattice
strain were estimated based on X-ray diffraction (XRD) line broadening of the most intense diffraction
lines of the (002) plane. Scanning Electron Microscopy (SEM; JEOL, JSM-6700F used emitter voltage
=5 kV) was employed to reveal the microstructure and the surface morphology of ZnO thin film and
Energy Dispersive X-ray spectroscopy (EDX) (EDX; Jeol JISM-6X60La, emitter voltage = 20 kV) was
employed to study the chemical composition of the deposited ZnO thin films. Optical transmittance
measurements were performed using UV-Vis spectrophotometer (Lambda-750, Perkin-Elmer, America)
in the 300-800 nm wavelength range.

3. Results and discussion

3.1. Elemental analysis

EDX measurements were performed to study the elemental composition of the as-grown thin films. The
EDX spectrum result as presented in Figure 1 provides two peaks corresponding to zinc (Zn) and oxygen
(O) elements. Some impurities (Si, Ca) are found in the spectrum which are originated from the glass
substrate [22]. The inset of Figure 1 presents the weight and atomic percent compositions (Wt% and
At%) of the constituents of zinc oxide nanoparticles i.e. Zn and O atoms. The R-value (i.e., At% ratio of
O” to Zn*"), calculated for prepared ZnO nanoparticles is 284.2%. In fact, ZnO is considered as an n-
type semiconductor where most defects are zinc interstitials (Zn;) and oxygen vacancy (Vo). Excess of
oxygen and deficiency of zinc in the films prepared were observed in this work, which could possibly
be attributed to the O; in ZnO thin films. These samples may give rise to less observed p-type
semiconducting behaviour.

3.2. X-ray diffraction
X-ray diffraction pattern of i-ZnO is presented in Figure 2. As it can be seen, the XRD pattern of the
film shows the single (002) peak at diffraction angle 20 equal to 34.46°. From the pattern, it could be
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concluded that ZnO films were completely crystallized to hexagonal wurtzite structure with preferred
(002) orientation (compared with Joint Committee on Powder Diffraction Standards, Card No. 36-1451)
[23]. No other peak was detected in the pattern, indicating that high-purity i-ZnO films were fabricated
[22]. The full-width at half-maximum (FWHM) value of the (002) diffraction peak was found to be
0.2412°, demonstrating that the crystalline quality of the film gets better and good adhesion to glass
substrate was achieved [18]. In addition, previous reported works [24, 25] showed that the degree of c-
axis orientation of the ZnO thin films was strongly dependent on the initial zinc concentration and films
were preferentially oriented in the c-axis, or (002) plane, for zinc oxide concentrations in the range of

0.3-0.6 mol.L'".

Zn

Element, Wt %, At %, K-Ratio, Z, A, F

0O K, 73.97, 92.07, 0.4653, 1.0390, 0.6052, 1.0005
ZnkK, 26.03, 7.93, 0.2238, 0.8503, 1.0113, 1.0000
Total, 100.000, 100.000
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Figure 1: EDX spectrum of coated zinc oxide thin film
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Figure 2: XRD pattern of zinc oxide thin film

The mean average crystallite size (D) along the preferentially oriented crystal plane (002) was calculated
using the well-known Scherrer formula [26]:
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D= 0.94 0
fcosé

Where A is the X-ray wavelength (1.54060A), 0 is the Bragg diffraction angle in degrees and B is the full
width at half maximum (FWHM) of (hkl) crystallographic orientation.

The value of crystallite size as tabulated in Table 1, is in good agreement with previous report [19].
The shift in diffraction angle 20 to higher value is due to internal stress, film defects and lower
densification. In materials science, the dislocation density is a measure of crystallographic defect or
irregularity, within a crystal structure, and also defined as a topological defect [27]. The dislocation
density (8) value was evaluated using the following relation [28]:

5=— @)

The FWHM of the XRD peaks may also contain contributions from lattice strain. The lattice average
strain of the films was calculated using the Stokes-Wilson relation [29]:

_ B

= 3
4tan @, ©)

The Data obtained from XRD of the as-grown samples are summarized in Table 1.

Table 1: Data obtained from XRD

20 (hkl) FWHM B crystallite  |[Dislocation density & (x 10™)| Strain ¢
) (002) (°) size (D) (nm) (nm?) (%)
34.46 (002) 0.2412 35.34 0.8 -0.3192

3.3. Surface morphology
The surface morphology of the films was examined using Scanning Electron Microscopy (SEM). Figure
3 presents the SEM image representative of the ZnO thin film as grown.

-1 Oum———

Figure 3: SEM image of coated zinc oxide thin film

Homogeneous nano-spherical grains are formed with surfaces covered with non-uniformly distributed
grains. We can observe dark as well as lighted areas.
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The grains observed by SEM are formed by the aggregation of micro-crystallites whose preferential
tendency orientation is the c-axis perpendicular to glass substrate surface [23]. The image of the ZnO
film as it is grown reveals that the film consists of a morphology formed of grains with an almost smooth
surface.

3.4. Optical properties

Figure 4 shows the transmittance of the ZnO thin films. All the films exhibited a high transmittance in
the visible spectral range. The absorption edges in the UV-Vis region of the samples can be observed
clearly, including absorption region of ZnO (385 nm~400 nm). The average optical transmittance in the
visible region was found to be in the order of approximately 95 % suggesting the absence of scattering
or absorption of the incident light.
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Figure 4: Optical transmittance spectra of i-ZnO thin film

According to results reported, zinc oxide exhibits direct band and the absorption coefficient (a) follows
Tauc relation [31]:
(ahv) = A(hv-E,) (4)

Where E, is the optical band gap, h is Planck’s constant, v is the frequency of the incident photon and A
is a constant which depends on the electron-hole mobility.
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Figure 4: Optical band gap value determination of i-ZnO thin film
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The optical band gap is determined by extrapolation of the linear region from the a” versus hv plot near
the onset of the absorption edge to the energy axis. The resulting value for the as-grown i-ZnQO thin film
is 3.322 eV. It is clear that the optical band gap measured is inferior to 3.37 eV, but it correlates well
with the known literature data [32, 33]. In general, the optical band gap shifted due to the carrier
concentrations in the films because defined by Burstein-Moss effect [34].

Conclusion

We have succeeded to grow i-ZnO thin films on glass substrate using a simple sol-gel via dip-coating
technique. The as-deposited films exhibited a hexagonal wurtzite structure with (002) preferential
orientation. The grain size is found to be 35.34 nm. A low dislocation density about 0.8 x 10~ nm™ was
detected. SEM micrograph of i-ZnO thin film shows grains with hexagonal shape and smooth surface.
The constituents of the films are zinc (Zn) and oxygen (O) atoms, and the R-value estimated is 284.2%.
In addition, the average transmittance of the samples is larger than 90% in the visible wavelength range
while the optical band gap energy is 3.322 eV.

The 1-ZnO thin films prepared in this work have good optical-structural characteristics for potential
applications in optoelectronic devices and transparent thin-film field-effect transistors.
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