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Abstract

The spin-coating technique was utilized to produce thin films of nickel oxide on glass sub-
strates. Three drying temperatures, 160 °C, and 200 °C, and 250 °C were used. Annealing
temperatures ranged from 300°C to 600°C. The effects of drying and annealing temper-
atures on the films were examined with X-ray diffraction, scanning electron microscopy,
Raman spectroscopy, UV-vis spectrophotometry and linear four-point probe measurements.
The crystallinity of the films was found to improve as the annealing temperature increased.
The average crystallite size varied from 14 nm to 28 nm for films that were dried at 200 °C
and 14 nm to 32 nm for films that were dried at 250 °C as the annealing temperature was
increased. Optical transmittance of the films from 800 nm to 350 nm, varied from 64% and
96%. Two peaks at 558 ecm™' and 1100 cm™' in the Raman spectra of the films confirmed
the presence of NiO on the films.
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1. Introduction

Nickel oxide (NiO) is a transition metal oxide, it has a wide optical band gap from 3.6
to 4.0 eV [1] that crystallizes in the cubic rock-salt structure [2]. In stoichiometric form,

NiO is an insulator, with a resistivity of about 10'® Q.cm [3, 4] and can not be used as a
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semiconductor. P-type conductivity in NiO has been attributed to nickel vacancies or oxygen
interstitials [5]. Due to interesting properties of nickel oxide such as chemical stability, wide
and tunable optical band gap, and p-type conductivity, it has been found useful in many
applications such as electrochromic displays [6], p-type conducting oxide [1], active layer in
chemical sensors [7], solar cells [8, 9, 10], ultra violet detectors [11, 12], light emitting diodes
[13] and photoelectrolysis [14].

Many techniques have been employed to produce NiO thin films including electron beam
evaporation [15], sputtering [16], thermal evaporation [17], pulsed laser deposition [18], spin-
coating [19], dip-coating [20, 21], chemical bath deposition [22], and spray pyrolysis [23].
The properties of these films that make them suitable for specific applications depend on
conditions and techniques of deposition [24]. Simplicity, low cost, and ease of control of the
microstructure of the deposited film are some of the gains of the sol-gel technique [25].

In the production of thin films of nickel oxide, hydrated nickel acetate is a common
precursor, 2-methoxy ethanol is used as a solvent while monoethanolamine serves as the
stabilizer. The films are usually subjected to two thermal processes during fabrication;
drying to evaporate organic solvents and annealing for the transformation of precursor or any
intermediate product formed during drying into NiO. Thermal decomposition of hydrated
metal acetates takes place in three steps in different temperature regions [26, 27|, reports
on the effects of different processing temperatures on the electrical properties of sol-gel
fabricated NiO films is scarce in literature. For instance, Al-Ghamdi et al [19] studied
the structural and optical properties of NiO films (excluding resistivity) dried at 200°C
and annealed at 600°C. Jlassi et al [20] dried NiO films at 275°C and annealed the films
at temperatures from 300°C to 600°C, 600°C was found to be the optimum temperature
of annealing and the study was focused on the effects of number of layers and annealing
atmosphere on the properties of the films annealed at this temperature. The effects of
lithium doping on the properties of NiO films dried at 300 °C and annealed at 600 °C was
studied by Sta et al [28]. In this work, the effects of different temperatures of drying and

annealing on some properties of NiO thin films were investigated.



2. Experimental

Microscope slides made of soda lime glass were used as substrates. Before deposition,
they were cut into 25 mm x 10 mm x 1mm and washed as described elsewhere [29]. 0.75 M
solution of nickel (II) acetate tetrahydrate (Ni(CH3COO)2.4H50) was prepared in 2-methoxy
ethanol (C3HgO3). Monoethanolamine (CoHzNO) (MEA) was used as the stabilizer. The
molar ratio of nickel acetate to MEA was 1.0. Stirring of the solution was done for 60
minutes at 65 °C, the solution was allowed to age for 24 hours at the room temperature.

The prepared solution was spin coated onto the washed substrates at 3000 rpm for 25 s.
Drying of the films was done for 10 minutes at 160 °C, 200 °C and 250 °C. The process was
repeated four times. The films were annealed for 1 hour in air inside a tube furnace between
300°C and 600°C.

Structural properties of the films were studied with a Rigaku Smartlab X-ray diffrac-
tometer (XRD) using Cu Ka radiation (A = 0.15409 nm) in the range of 260 from 5° to
89.9°. The morphology of the films was studied with field emission scanning electron mi-
croscope (FESEM ZEISS Crossbeam 540) at an acceleration voltage of 1 kV while a Bruker
Dimension Icon scanning probe microscope (SPM) in ScanAsyst mode was used to examine
the topography of the films. The transmittance spectra were recorded with a CARY 100
BIO UV-vis spectrophotometer in the wavelength range 200 nm to 800 nm. Raman spectra
were recorded between 300 and 1500 cm ™! using WITec alpha300 RAS+ confocal Raman
microscope, with 532 nm excitation laser at 50 mW laser power. The resistivity of the

samples was obtained using the linear four-point probe measurement system.

3. Results and discussion

3.1. Structural properties

3.1.1. X-ray diffraction
The XRD patterns of the films are presented in Figure 1. The peaks at 37.24°, 43.23°
and 62.85° originating from diffraction planes (111), (200) and (220) were indexed to NiO
(JCPDS card number 47-1049) [30]. The XRD results showed the polycrystalline nature
3



of the face-centred NiO films with no preferred orientation. The interplanar distance and
lattice parameter for each plane of diffraction was calculated, the average lattice constant of
the film was found to be 0.4180 nm which was very close to 0.4178 nm of JCPDS 47-1049.
The film that was dried at 160°C, annealed at 300°C (the XRD pattern not shown) was
amorphous. The intensities of XRD peaks for other films dried at this temperature were
generally low when compared to XRD peaks of other films dried at higher temperatures. The
intensities did not show a remarkable increase with an increase in annealing temperatures,
this might be due to the fact that the stabilizer (MEA) has a boiling point of 170.8°C.
Therefore, it does not vaporize at 160 °C and phase transformation from precursor to NiO
did not take place.

The intensity of diffraction peaks of films that were dried at 200 °C and 250 °C increased
with annealing temperature. This shows that high annealing temperatures favor the trans-
formation from precursor to NiO. The maximum intensity of peaks was observed in the film
dried at 200°C. Above this drying temperature, there might be rapid vaporization of sol-
vent and stabilizer during the drying process which could hinder crystallization of NiO. The
full-width-half-maximum (FWHM) of the films were perceived to decrease with annealing
temperature. Crystallite size of the films that were dried at 200°C and 250 °C were calcu-
lated based on the FWHM of the peaks (111), (200) and (220) using the Scherrer formula
[31], the result is shown in Table 1. The crystallite size was found to increase as the tem-
perature of annealing increased. The drying temperature was found to have less of influence

on the crystallite size.
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Figure 1: XRD patterns of films dried at (a) 160°C (b) 200°C and (c) 250°C.

Table 1: Summary of some features of the films

Drying Annealing Average Optical  Resistivity
temperature temperature crystallite size Band gap

(0) (C) (mm) (V) (Qcm)
400 - 3.94 210

160 500 - 3.92 135
600 - 3.87 820
400 13.64 3.71 186

200 500 16.31 3.64 125
600 28.39 3.55 770
400 13.40 3.79 170

250 500 24.56 3.76 105
600 31.70 3.74 670




3.1.2. Microstructural properties

The scanning electron micrographs of the thin films are presented in Figure 2. The
images revealed that the films were granular, with grains of uniform size, there was an
increase in grain size as the annealing temperature is raised. This is in agreement with the
XRD results. Details of the grains can be observed more distinctly in the SEM images of
films that were annealed at 500 °C and 600°C. The SPM micrographs (1um x 1um) of the
films that were dried at 250 °C and annealed at different temperatures are shown in Figure
3. The root-mean-square values of the surface roughness of these films were obtained as 1.58

nm, 2.77 nm and 4.93 nm respectively.
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Figure 2: FESEM images of films dried at 160 °C, 200°C, 250 °C annealed at 300°C, 400°C, 500°C and
600°C.
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Figure 3: SPM image of films dried at 250 °C, annealed at (a) 400°C , (b) 500°C, (¢) 600°C and (d) 3-D
image (lpym Xx1pm) of film annealed at 500 °C.

3.2. Optical properties

3.2.1. Raman spectroscopic analysis

Figure 4 shows the Raman spectra of the films recorded from 300 cm~! to 1500 cm™!.
The spectra have two bands, these were among the five bands of vibrational origin in NiO
as stated by [32]. There were two prominent peaks around 560 cm~! and 1100 cm™,
in the spectra of the films that were dried at 160°C. These were one-phonon first-order
longitudinal-optical (1P) LO mode and two-phonon second-order longitudinal-optical mode

(2P) 2LO respectively. For films that were dried at 200 °C and 250°C, the intensity of the
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(2P) 2LO peak (1100 cm™!) varies with annealing temperature. The increase in the intensity
of (1P) LO peak in NiO was due to parity-breaking defects such as nickel vacancies [32],

Lin the spectra of films dried at 200°C, annealed

thus the increase in the peak at 557 cm™
at 400°C and films dried at 250 °C and annealed at 400 °C and 500 °C, suggest that these

films could have nickel vacancies as defects.
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Figure 4: Raman spectrum of films (a) dried at 160°C (b) dried at 200°C (c) dried at 250 °C and annealed
between 400 °C and 600 °C.

3.2.2. UV-vis spectrophotometric analysis

The transmittance spectra as measured from 300 to 800 nm are given in Figure 5. From
800 nm to 350 nm, the transmittance of films that were dried at 160°C varied from 96%
to 78%. For films that were dried at 200°C, transmittance varied from 87% to 64% while
transmittance in films that were dried at 250 °C varied from 92% to 72%. The lower trans-
mittance observed in the films that were dried 200 °C, might be ascribed to increase in the
scattering of photons in the films due to increasing grain size compared to films dried at
160°C. There were ripples in the transmittance spectra of films dried at 200 °C and 250 °C,

this was due to interference between light and nanoparticles in the films [33] or interference
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among multiple reflected waves [34].

The coefficient of absorption was calculated from o =

mittance and d is the film’s thickness. The optical band gap E, of the film was obtained

In

1
T

[15], where T is the trans-

from the plot of (ahv)? versus photon energy (hv), as explained by [15], where & is the

Plank’s constant. The calculated optical band gaps are stated in Table 1. The decrease
in the optical band gaps of these films due to the rise in annealing temperatures might be
caused by quantum confinement. According to Sing et al [35], the band gap of a nanoma-
terial varies inversely to the diameter of its nanoparticles. The increase in the annealing

temperature results in an increase in the size of particles, consequently, the optical band gap

of the films decreases.
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Figure 5: Transmittance spectra of the films dried at (a) 160°C (b) 200°C and (c) 250°C; (d), (e), and ()

are Tauc’s plot for the films respectively.

3.8. FElectrical properties

Results of the measurement obtained from the linear four-point probe are shown in Table

1. Resistivity is a function of the concentration of carriers and mobility of carriers both of
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which may be influenced by the presence of defects. In the thin films, the contribution of
each of these factors to the resistivity, depends on the temperatures at which they were
processed. From Table 1, the resistivity of the films were observed to decrease as the drying
temperature was increased. An increase in the annealing temperature from 400 °C to 500 °C,
caused the resistivity to decrease. Further increase in the temperature of annealing from
500°C to 600°C caused the resistivity to increase. The initial reduction in resistivity due
to an increase in the annealing temperature could be ascribed to increase in the size of
grains in the films which leads to a reduction in grain boundaries, thereby enhancing the
mobility of carriers. Despite the further increase in the grain size while the temperature
of annealing increases, the resistivity increases. This might be prompted by the reduction
in the concentration of defects in the films as explained by Mooney et al [36] leading to a
reduction in the number of charge carriers. Generally, the resistivity of the films varies with
both drying and annealing temperatures. At a low temperature of annealing, the resistivity
depends on the mobility of carriers, at a higher temperature, resistivity is determined by

the concentration of defects.

4. Conclusions

There was an improvement in the crystallinity of NiO films as annealing temperature
increased. Films that were dried at 160 °C were not as crystalline as other films that were
dried at higher temperatures. Films that were annealed at 300 °C, irrespective of the drying
temperatures, showed poor crystallinity. Morphology of the films revealed that they were
homogeneous and consisting of grains of uniform size, the grain size increase from about 14
nm to 28 nm for films that were dried at 200°C and 14 nm to 32 nm for films dried at 250 °C
as the temperature of annealing was increased from 400°C to 600°C. The transmittance
of the films varied from 78% to 96%, from 64% to 87%, and from 72% to 92% as the
wavelengths varied from 350 to 800 nm, for drying temperatures of 160°C, 200°C, and
300 °C respectively. Raman spectra of the films showed that two prominent Raman peaks
at 558 cm™! and 1100 cm™! for one-phonon first-order longitudinal-optical (1P) LO mode

and two-phonon second-order longitudinal-optical mode (2P) 2LO respectively were found
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in all the films. For films that were dried at 250°C and annealed at 400°C and 500 °C,
the enhancement of (1P) LO peak over that of (2P) 2LO was an indication that these films
were richer in defects than those annealed at 600°C. The electrical resistivity of the films
as measured using the linear four-point probe system showed that the resistivity decreased
with increasing drying temperature, the minimum resistivity was obtained in all the films
at an annealing temperature of 500 °C. The resistivity of the films was found to depend on
the grain size as well as the presence of defects. Annealing the films above 500 °C reduced
the concentration of defects and thus an increase in the resistivity was observed. This work
revealed the dependence of resistivity of sol-gel fabricated NiO thin films on temperature of

processing, both drying and annealing.
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