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ABSTRACT

The use of nickel oxide as a complementary electrode in electrochromic devices

is found to be widespread because of its high coloration efficiency and low

materials cost. In the present work, we investigate the properties exhibited by

radio frequency (RF) magnetron sputtered nickel oxide (NiO) thin films. The

optical, vibrational and morphological characteristics of prepared nickel oxide

thin films are tuned with different RF powers (100 W, 150 W and 200 W). The

deposited nickel oxide films’ photoluminescence spectra reveal broad band-

edges, Ultra-violet emission at 365 nm accompanied by defect-related, at

420 nm (DLE1) and 485 nm (DLE2) which occurred due to deep-level-emission

(DLE). The Raman peaks centred at 560 cm-1 are related to 1-phonon longitu-

dinal optic (LO) mode. The peak observed at 1100 cm-1 corresponds to the

2-phonon LO mode of nickel oxide, which is due to the defects of nickel vacancy

or an increase in Ni3? ions. Field emission scanning electron microscopy char-

acterization reveals the prepared films are uniform and pinhole free nature,

resulting in a high quality film. The EDX spectrum confirms the purity of the

nickel thin film obtained.

1 Introduction

Electrochromic materials are those that respond to

the applied electric field by means of producing col-

our changes [1–3]. A redox reaction can bleach the

colour of an electrochromic material with high optical

absorption. For instance, a deep absorption that

produces a blue colour can be altered to a transmis-

sive condition that produces a white or orange col-

our. Electrochromic devices (ECD) have an excellent

application prospect in day/night mirrors for vehi-

cles and ‘‘smart windows’’ owing to their reversible

capability to change their optical transparency when

external switchable potentials are applied [4]. ECDs

Address correspondence to E-mail: ushathinfilm@gmail.com

https://doi.org/10.1007/s10854-022-08504-2

J Mater Sci: Mater Electron

http://orcid.org/0000-0001-9013-2717
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-022-08504-2&amp;domain=pdf
https://doi.org/10.1007/s10854-022-08504-2


have several advantages over traditional liquid

crystal displays, such as lower material costs and

suitability for flexible and non-planar surfaces [5].

Materials such as polymers [3], metal oxides [6],

nanomaterials [7, 8] and carbon nanotubes [9–11] are

being investigated as electro-active substances [12].

Transition metal oxides have recently been investi-

gated for a variety of technical applications, includ-

ing super capacitors, varistors, solar cells, catalysis,

magnetic storage, gas sensors, and electrochromic

devices [13]. Amongst the metal oxides, elec-

trochromic nickel oxide has been investigated as one

of the unique anodic colouring agents supplementary

to tungsten oxide (WO3) in the electrochromic devi-

ces on account of its high efficiency in coloration, low

cost, and good cyclic reversibility [14–18]. The elec-

trochromic and optical properties of nickel oxide

have also drawn greater interest due to its possible

applications in optical smart windows, display

devices, and electrochromic devices [19]. Nickel

oxide thin films can be produced using a variety of

techniques, including thermal deposition, e-(elec-

tron) beam evaporation, electrodeposition, chemical

vapour deposition, and the sol–gel process [20–24].

Because of its huge volume, vast area homogeneity,

and rapid deposition rate, radio frequency (RF)

magnetron sputtering is the most widely used tech-

nique in engineering technology [25, 26]. Here, we

report a detailed investigation of the effect of radio

frequency power on the optical, vibrational, and

morphological characteristics of prepared nickel

oxide films by the radio frequency sputtering

method. We have found that the properties of pre-

pared thin films can be tuned easily by tuning the

radio frequency power. The prepared nickel oxide

thin films at various radio frequencies show very

good optical quality, which is essential for elec-

trochromic devices.

2 Experimental study

Using an ultra-pure (99.99%) indigenously developed

nickel oxide target that is 2 inches in diameter and

5 mm thick, RF magnetron sputtering is used to

prepare nickel oxide thin films at room temperature.

The glass substrates used for deposition is initially

rubbed with cotton swab soaked in soapy water, then

rinsed with de-ionized water and then ultrasonically

cleaned. Again it is rubbed with acetone and dried.

The well cleaned glass substrates are then used for

the deposition. The graphical representation of the

radio frequency sputtering process is shown in Fig. 1.

An immobile substrate is set to a distance of 6 cm

from the target. To begin with, the deposition

chamber pressure has been reduced to 5 9 10-4 -

mbar. Further, by introducing ultra-purified Argon

(Ar) gas, the pressure of the chamber gets reduced to

5 9 10–2 mbar and is maintained during the course of

the deposition process. Now, the nickel oxide target

is subjected to radio frequency power (say, 100 W).

Applied radio frequency power ionizes the neutral

Ar atom. Ionized Ar? ions hit the target with energy

greater than the binding energy of nickel oxide. Now

nickel oxide atoms and secondary electrons are ejec-

ted from the surface of the target. Ejected secondary

electrons further help for the deposition process. The

coating process is done for a duration of 30 min. The

different radio frequency powers of 100, 150, and

200 W are applied for the deposition process. The

thickness of films deposited at radio frequency

powers 100, 150, and 200 W were found to be 0.90,

0.95, and 1.01 lm, respectively, as calculated by sty-

lus profilometer [19].

Photoluminescence (PL) study on nickel oxide thin

film was carried out using a varian cary eclipse flu-

orescence spectrophotometer. Micro-Raman spec-

troscopy (LABRAM HR-800) was used to study the

properties of molecular vibration. By field emission

scanning electron microscopy (FESEM) equipped

with EDX (FEI QUANTA 250, Czech Republic), the

surface structure of the prepared film was also

investigated.

Fig. 1 Schematic illustration of sputtering process
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3 Results and discussion

3.1 Photoluminescence Study

A photoluminescence technique is ideally suited for

studying the structure and behaviour of active sites

on metal oxide surfaces due to its non-destructive

and high sensitivity properties. It is, moreover, useful

for studying semiconductor materials’ electrical

structure, optical properties, and photochemical

properties [26], allowing researchers to obtain infor-

mation on surface oxygen vacancies and flaws, also

the effectiveness of charge carrier trapping, transfer,

and immigration. Figure 2 illustrates the effect of

different radio frequency powers on room tempera-

ture photoluminescence (PL) spectra of nickel oxide

thin films coated over glass substrates. 270 nm is

used as an excitation wavelength for all the prepared

films. It is stated from the fact that stoichiometric

nickel oxide nanoparticles synthesized by microwave

combustion technique exhibited UV emission band

around * 3.58 eV (346 nm) [27]. In the present case,

an array of emission bands spanning the visible to

ultra-violet wavelength region is observed. The PL

spectra of all nickel oxide films are subjected to deep

level emission (DLE) around 420 nm (2.95 eV)

(DLE1) and around 485 nm (2.55 eV) (DLE2) corre-

sponding to defects, accompanied by broad band-

band ultra-violet emission at 365 nm (3.39 eV) as

shown in Fig. 3. ‘‘Diaz-Guerra et al. reported that

3.2 eV and a bigger one at 2.8 eV of two photoemis-

sion maxima are as a result of radiative recombina-

tion process of carriers found in bulk nickel oxide

[28]. The electronic transition by Ni2? [29] ions from

the conduction band (CB) bottom into the valence

band (VB) top (one band to another band Photolu-

minescence process) occurred at 3.39 eV. The

appearance of fine band-band excitonic emissions of

nickel oxide films leads to an indication that crys-

talline quality of nickel oxide thin films has been

obtained [30]. A blue luminescence at 420 nm (DLE1)

and 485 nm (DLE2) is caused by an excitonic photo-

luminescence mechanism in which electrons excited

at the bottom of CB first undergo non-radiative

transitions (or surface states), then undergo radiative

transitions from the sub-bands to the top of VB [31].

The excitonic photoluminescence emission process

occurs as a consequence of the defects found in

semiconductors. Hence, the peak corresponding to

blue emission may attribute to oxygen defects or

nickel vacancies present in the films [32]. Also, as the

radio frequency power is raised, the peak intensity of

blue luminescence increases, possibly because of

increased oxygen defects. It can also be noted that the

PL emission peak slightly shifts towards a higher

wavelength (red shift) with increasing radio fre-

quency power. The reason behind this is due to

increase in Ni3? ions which act as a conducting centre

and obviously reducing the energy bandgap values

as observed in optical data [19]. Moreover, the overall

PL intensity increases with radio frequency power as

a consequence of the improvement in crystallinity of

the prepared film, which is in good agreement with

XRD data [19]. All the nickel oxide films deposited

using different RF powers have strong and effective

band emissions at room temperature, making them

apt for usage in optoelectronic devices, for instance,
Fig. 2 Photoluminescence spectra of NiO thin film

Fig. 3 Schematic illustration of Photoluminescence process
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laser diodes as well as light-emitting diodes with blue

band emission.

3.2 Vibrational properties

It is extremely useful to study thin films with Raman

spectroscopy since it can probe the vibrations of

molecules and crystal lattices, making it a bottom-up

approach to the formulation of thin films. The Raman

mode wave numbers, intensities, and widths give us

information about the composition, the chemical

environment, the bonds, and the crystalline or

amorphous structure of the prepared sample [33, 34].

An Ar? -ion laser at 514.45 nm with a power of 100

mW is used to analyze nickel oxide films prepared

over a glass substrate at ambient temperature using

STR Raman spectroscopy. The Raman spectra of

nickel oxide thin film coated on a glass substrate with

different radio frequency powers (100, 150, and

200 W) are shown in Fig. 4. Phonon scattering is

observed in the samples between 300 and 1200 cm-1.

Two Raman peaks are observed in Fig. 4. The nickel

oxide sample showed a phonon mode of 1, 2 (LO)

mode at 560 cm-1 and 1100 cm-1. Nina Mironova-

Ulmane et al. reported that ‘‘the Raman scattering in

NiO arises at 400 - 440 cm-1 (1-phonon TO mode),

at 560 cm-1 (1-phononLO mode), at 740 cm-1 (2-

phonon 2TO mode), at 925 cm-1 (2-phonon TO ? LO

mode) and at 1100 cm-1 (2LO mode excitations)

along with 1- (* 40 cm-1), 2- (at* 1500 cm-1) and 4-

(* 2800 cm-1) magnon excitations’’ [35]. Duan et al.

also evidenced that the vibration modes around 550

to 580 cm-1 1(LO) phonon mode and 1080 to

1140 cm-1 2(LO) phonon mode belong to nickel

oxide [36]. The 1st order LO phonon scattering in

nickel oxide is proposed to result from defects related

nickel vacancy or due to an increase in Ni3? ions

[32, 37]. From Fig. 4, it is noticed that with an increase

in radio frequency power, the intensity of Raman

peaks increases, depicting the increased concentra-

tion of nickel oxide particles. There is a sharp increase

in Raman peak at 560 cm-1 with increasing RF

powers indicating increased Ni3? ion concentration

beside with Ni2? ions, which is in good concurrence

with the PL study. Also, the broadening of the peak

decreases with radio frequency power, which depicts

the improved crystallinity of the film. In agreement

with our XRD results [19], we observed that radio

frequency power increased NiO film grain growth.

Fig. 4 Raman spectra of NiO thin film

Fig. 5 FESEM images of NiO thin film deposited with a 100 W

and b 200 W rf power
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3.3 Morphological and compositional
studies

The surface morphology of deposited NiO samples

was studied from FESEM (FEI—QUANDA 200F)

operating at 30 kV. Figure 5a and b shows the FESEM

micrographs of nickel oxide coatings prepared over a

glass substrate by means of various radio frequency

powers, for instance, 100 W and 200 W. The film

coated with 100 W of radio frequency power shows

an ultrafine smooth surface that reveals the amor-

phous nature, which is in-line with the XRD result

[19]. However, the slight variation is observed in the

growth of NiO film coated with 200 W radio fre-

quency power. All the films are found to be uniform

and pinhole free in nature, depicting the high quality

in surface morphology characterization. It is promi-

nent that the optical properties are influenced via

microscopic and macroscopic properties of the

material, like nature of its surface (surface morphol-

ogy) and its electronic structure (photoluminescence)

[38]. Hence, the high-quality surface morphology of

the film supports to improve the optical property,

which in turn helps to fabricate good quality opto-

electronic devices. An energy dispersive X-ray (EDX)

analysis was carried out to observe the composition

of the deposited film. EDX spectra of NiO films pre-

pared at ambient room temperature using 100 W and

200 W radio frequency powers are depicted in Fig. 6a

and b. As shown in Fig. 7, except for nickel and

oxygen, no other element is detected, indicating that

the thin films are elementally pure. Table 1

Fig. 6 EDX spectra of NiO

thin film deposited with

a 100 W and b 200 W rf

power
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summarizes the nickel and oxygen atomic percentage

variations.

4 Conclusions

The radio frequency power effect of thin nickel oxide

films on the vibrational, optical, and morphological

properties is studied in detail. Photoluminescence

studies revealed that the peaks centred at around

2.55 eV (485 nm), 2.95 eV (420 nm) nm and 3.39 eV

(365 nm) are due to the defects and band-band

emission for nickel oxide. The red shift in the PL

spectra indicates the drop in bandgap values. The

overall PL intensity increases with radio frequency

power, which is owing to the enhancement in crys-

tallinity of prepared films, which agrees well with

XRD data. The vibrations produced by Ni–O bonds

show two peaks in the Raman spectra, corresponding

to 1 (LO) and 2 (LO) phonon modes centred around

560 cm-1 and 1100 cm-1. Prepared samples are

found to be uniform and pinhole free in nature,

depicting the high quality in surface morphology

characterization. The elemental purity of the

produced films is validated by EDX spectra. Thus,

from the above studies, we can conclude that the

nickel oxide optimized films are suitable for devel-

oping electrochromic devices or optoelectronic

devices.
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Table 1 Atomic percentages of NiO thin films obtained from

EDX study

Sample preparation conditions Atomic percentage (%)

Nickel (Ni) Oxygen (O)

100 W-RT 44.34 55.66

200 W-RT 45.98 54.02
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