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Abstract

In this article, we report a detailed study on the influence of sputter power on physical properties of the NiO films grown by
DC magnetron sputtering. Structural studies carried out by Grazing Incidence X-ray diffraction (XRD) reveals the polycrys-
talline nature of the films with FCC phase. The crystallographic orientation (111) plane followed by (200), (220), and (311)
plane were evident from the XRD spectra. The average crystallites sizes were estimated from the spectra, and the values
were compared using three different plots such as Scherrer, Williamson—Hall and size—strain plot. The surface morphology
was carried out by atomic force microscopy. The deposited samples show semitransparent behavior in the visible region and
the estimated band gap increased from 2.70 to 3.34 eV with an increase in sputter power. Furthermore, X-ray photoelectron
spectroscopy (XPS) core-level Ni2p spectra were deconvoluted and the observed Ni2p;),, Ni2p, ,, domain along with their
satellite’s peaks were analyzed. Most importantly, XPS quantification data and Raman spectra confirm the presence of both
Ni** and Ni** states in the NiO films. The electrical properties carried at room temperature revealed that the resistivity of

the film significantly increased and a mobility of ~84 cm?V~'s~! was obtained.

Keywords NiO - Sputtering - XPS - Ni2p-O1s spectra - Ni*" and Ni** state - Raman spectroscopy

1 Introduction

Semiconductor device industries rapidly expanded in recent
years and it largely relies on the advanced thin film technol-
ogy with functional materials for microelectronics appli-
cations. Nowadays, variety of metal oxide gained much
attention due to their inherent physical properties. In the
last few decades, transparent conducting oxides (TCOs)
were studied extensively and the mutual existence of both
electrical conductivity and optical transparency in a visible
domain attracted them for several applications which include
transparent thin film transistors, organic and inorganic light-
emitting diode, solar cells, flat panel display, etc.[1-3]. Basi-
cally, TCOs and most of the oxide semiconductors exhibited
wide band gap, and to understand the functionalities it is
essential to study the interaction between the metal-oxygen
bonding in the lattice [4]. Generally accepted TCOs from
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the research community include tin oxide (SnO,), indium
tin oxide (ITO), copper oxide (CuO,), zinc oxide (Zn0O),
fluorine-doped tin oxide (FTO), nickel oxide (NiO), etc.
[5-8]. Majority of the research work has focused on n-type
TCOs due to their excellent stability and electrical perfor-
mance. Although the reports are available on p-type TCOs
such as CuO, and SnO,, the main obstacle of these materials
is the degrading issues. Moreover, their physical properties
vary drastically since they react with the atmosphere ele-
ments such as air, humidity [9]. Overall, to explore physical,
chemical and electrical properties of a p-type material are
still lagging.

Among the transition metal oxides, nickel oxide (NiO)
is an interesting p-type material owing to its chemical and
mechanical suitability for transparent devices. NiO has a
unique functional property like hole transport ability and gas
sensing, etc.[10—12]. Besides, NiO thin film possess wide
band gap varying from 3.2 to 3.6 eV. It has a cubic crystal
structure, which is almost close to that of NaCl (rock salt
structure). The material has shown extreme stability at wide
range of temperatures [13]. Interestingly, NiO is one of the
less toxic materials compared to other transition semicon-
ductor materials [14].
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Magnetron sputtering has been one of the physical depo-
sition methods for achieving high-quality thin films. Major-
ity of the articles reported NiO thin films were grown by
using various techniques which include spray pyrolysis, spin
coating, radio frequency sputtering, and DC magnetron sput-
tering [10, 15-17]. Among these methods, DC magnetron
sputtering provides uniform coverage of the deposits, control
over the stoichiometry of the desired compound, and it is
a commercially viable technique. One of the variances of
this technique is the reactive DC magnetron sputtering in
which reactive gas partial pressure and sum of total sput-
tering pressure significantly plays an important role in get-
ting desired films [18]. Moreover, post-annealing treatment,
substrate temperature, the distance between target to the
substrate, etc., may impact the microstructural properties of
the growing films. Therefore, specifically controlling these
parameters is essential during deposition. Among these, the
influence of sputtered power on various defect states in NiO
thin films through reactive DC magnetron sputtering is not
explored much. The formation of different defects states in
the interface can play crucial role for device applications.
The present work provides an insight into the importance of
various defects states, interaction between the nickel-oxy-
gen atoms, and examine the effect of sputter power on other
physical properties of NiO thin films.

2 Experimental details

NiO thin films were grown on glass substrates by reactive
DC magnetron sputtering. In this process, we have used a
two-inch circular Ni target (99.99% purity). The distance
between the target and the substrate was around 75 mm. The
substrates were cleaned with DI water followed by ultra-
sonication in acetone and isopropyl alcohol for about 10 min
and dried with the nitrogen gas. Finally, these substrates
were exposed under UV ozone treatment for 15 min and
then loaded to the sputter chamber. The deposition chamber
base pressure was maintained approximately at 7X10~ Pa.
The deposition process was carried out at a partial pressure
of 1Pascal.

in Argon and Oxygen atmosphere with the ratio of 2:1 at
room temperature with varying sputter powers. The target
was initially pre-sputtered for about 10 min to eliminate the
contamination on the surface of the target. Both gas flow rate
individually controlled by mass flow controllers (Bronkhorst
High-Tech, MFC). The sputtering power was varied from 30
to 70 W at a step of 10 W during sputtering. During this pro-
cess, sputtering yield has varied and to maintain a film thick-
ness of 204 +4 nm for all the samples, the time of deposi-
tion for the individual depositions was varied. Furthermore,
silver electrodes were deposited on the top of the NiO film
by thermal evaporation method using shadow mask. The
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maintained deposition rate was 5 Als and a 80 nm thickness
was monitored by quartz crystal oscillator.

3 Characterizations

Thickness of the grown NiO thin films was measured
through the stylus profilometer (DektakXT-Bruker). The
structural properties such as phase and preferred orientations
of the samples was analyzed by Grazing Incidence X-ray dif-
fractometer (GXRD)—(Rigaku, Cu Ka A =1.5405 10%), with
scan rate maintained at 5° per minute and 20 ranging from
20-80°. The surface morphology of all the samples was
studied by an atomic force microscope (AFM-park smart
scan system) with a tapping mode configuration. The trans-
mittance and absorbance spectra of the films were recorded
by UV—YVisible spectrophotometer over the range of 190 to
1000 nm (Shimadzu UV-1800). X-ray photoelectron spec-
troscopy was used to confirm the oxidation state and extract
their chemical composition (XPS, Axis ultra DLD — Kratos
analytical). Monochromatic A1K, X-rays (1486.69 eV) as
an excitation source for XPS. The Raman spectra was used
to confirm the different modes of the NiO thin films (Horiba
JOBINYVON LabRAM HR). To investigate the electrical
properties, Keithley Hall effect measurements in Van der
Pauw configurations were used, and the measurements were
done at room temperature under a 0.6 T magnetic field.

4 Results and discussion
4.1 Structural analysis

The crystallographic structure and intrinsic strain in the
NiO thin films were investigated by grazing incidence X-ray
diffractometer (GXRD). Figure 1 represents the X-ray dif-
fraction spectra of grown NiO thin films which confirms
the polycrystalline nature of the samples, and the result-
ant spectrum peaks observed as per the indexed standard
JCPDS (data No. 03—-065- 2901) file. XRD confirmed that
patterns exhibited cubic polycrystalline structure with the
FCC phase, space group of Fm-3 m (225). The obtained
XRD spectra exhibited four Bragg reflection peaks such
as (111), (200), (220), (311) and (222) located at 37.08,
4243, 62.50°, and 75.26°, and 79.23 °, respectively. It can
be observed that there were no additional XRD peaks cor-
responding to secondary phases present in the spectra [19].
At a diffraction angle, 26 located at 37.08°, a strong (111)
preferred orientation was observed. Generally, (111) plane
has densely packed atoms with NiO thin film.

has mutually combined Ni** and O*~ on the substrate.
Hence, atoms are arranged in (111) preferred oriented plane
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Fig.1 XRD spectrum of NiO thin films at different sputter powers

followed by (200), (220), (311), and (222) planes to mini-
mize the surface energy [20].

Figure 1 shows that the diffraction peaks slightly shifted
toward a higher angle with increasing sputter power. It could
be ascribed to the presence of the lattice strain in the film,
and also it can be found that there was an expansion in the
lattice parameter listed in Table 1. Such variation in the lat-
tice parameter is associated with the changes in the disloca-
tion density from 26.26 x 10" m™ to 6.84 x 10'> m™ of the
atoms in the films [21]. Also, observed that the intensity of
all the diffraction peaks was minimal for the films grown
at lower sputter powers, and it drastically increased after

50 W of sputter power, as depicted in Fig. 1. At low sput-
ter powers, the number of ejected Ni atoms is less from the
Nickel target due to low sputtering yield. On the other hand,
at higher sputter powers intensive ion bombardment usually
activates the deposition process. Growing thin film at higher
sputter power helps the adatoms to gain additional kinetic
energy and deposited Ni>* and O*~ ions rearrange on the
substrate to form a desired crystalline structure [20].

We have estimated the average crystallite size of the NiO
film, which has shown an increasing trend with increase in
the sputter power. The crystallite size increased from 6.17
to 12.09 nm as the sputter power changed from 30 to 70 W.
The poor crystallinity of the film deposited at low sputter
power could be attributed to the segregation of oxygen dur-
ing deposition process.

4.1.1 Scherrer method

The peak broadening () observed in the XRD spectra gives
a measure of various structure parameters such as crystallite
size and dislocation density. The crystallites size of the NiO
thin film was calculated by using Scherrer equation.

094
~ BCoso 1)

where D is crystallite size, A is the wavelength of the X-ray
radiation (1 .54A for Cu K,). B is the full-width half maxima,
and O is the diffraction angle. The calculated average crys-
tallite size was found to increase from 6.17 to12.1 nm with
the increase in the sputter power. Dislocation density was
calculated by using the following relation:

1

5:§

@)
where D is the grain size of the film. The inverse relationship
of the crystallite size and the dislocation density suggest
that & in the films was found to decrease from 26.3 x 10'° /
m? to 6.84 x 103 /m?. One of the basic requirements for the
applicability of these films in the device applications is to
grow films with better crystallinity and reduced dislocation

Table 1 Physical parameters extracted from the NiO thin films deposited at different sputter powers

Sputter Average crystallite Dislocation den- Number of crys- ~ Thickness (nm)  Lattice Optical Band Roughness (nm)
power (W) size (nm) (Scherrer)  sity (10" /m?) tallites (10'® /m?) parameter gap (eV)
A)

30 6.17 26.26 85.14 200 4.25 2.70 2.20

40 7.68 16.95 45.25 205 4.25 3.25 1.72

50 10.56 8.96 17.15 202 4.20 3.34 2.00

60 10.66 8.88 16.67 202 4.24 3.14 1.00

70 12.09 6.84 11.77 208 4.22 333 1.20
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density. The structural and physical properties of NiO thin
films are listed in Table 1.

4.1.2 Williamson-hall (W-H) plot
The W-H plot is useful to extract the crystallite size along with

the microstrain in the NiO films with the help of the following
equations [22].
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Fig.2 Williamson—Hall (W-H) plots for NiO thin films deposited at
different sputter powers

A plot of f, cos 8 versus 4 sin € is shown in Fig. 2. The
Y- intersection is a measure of the crystallite size and the
strain can be estimated from the slope of the fitted line. As
shown in Fig. 2, it contained all W-H plots of NiO thin films
deposited at different sputter power, and evaluated values
were tabulated in Table 2.

4.1.3 Size-strain (S-S) plot

SS plot is one of the methods to find the detailed peak analy-
sis, and it gives the microstructure contribution and average
crystallite size from the XRD spectra.

Pria = B+ Pe )
where f; broadening due to Lorentzian function f; broad-
ening due to Gaussian function

2 k 2 € :
(dhklﬁhkl cos ‘9) = _(dhklﬁhkl COSG) + (E) ®)

D

—_— az ]
where d = 4 /--—5—; and k is the shape factor.

The SS plot of (dhk1 Py €OS 0)2 versus (dﬁkl Pryq €08 9) for
20 values ranging from 30 to 80 for NiO thin films grown at
different sputter powers is shown in Fig. 3. In this case, the
crystallite size of the film is estimated from the slope of the
fitted curves and strain can be estimated from the square root
of the y-intercept. We have analyzed the XRD data using
three different methods, and the comparison of extracted
structural parameters is listed in Table 2.

4.2 Surface morphology

The surface morphology of the NiO thin films was carried
out by atomic force microscopy with a scan area range of
I pm x 1 um and is shown in Fig. 4. Notably, texture of all
samples was densely packed, and the grains are uniformly
distributed all over the surface. The surface roughness of the
NiO films was evaluated by using Gwydion software and
the extracted parameters are listed in Table 1. The deposited
NiO thin films at 30 W sputter power showed surface rough-
ness value of 2.20 nm. At low sputter powers such as 30 W,

Table2 Comparison of NiO

. ) o Sputter Scherrer equation Williamson-hall plot Size-strain plot
tl.nn films average cry.stdlhte power (W)
size and strain with different . . - - 3 - - 3
sputter powers crystallites size (nm)  Crystallites  Strain (g¢) X 10™ Crystallites  Strain (g) X 10~
size (nm) size (nm)
30 6.17 6.89 1.39 6.64 11.48
40 7.68 9.20 224 7.90 2.89
50 10.56 15.14 2.17 13.80 12.94
60 10.66 15.62 2.71 15.50 16.55
70 12.09 16.83 2.01 16.23 11.98
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Fig.3 Size-Strain (S-S) plots for NiO thin films deposited at differ-
ent sputter powers

the kinetic energy of gas molecules is low and reactive oxy-
gen gas molecules dominate during the growth process. On
the other hand, at high sputter powers, the ejected atoms gain
enough kinetic energy and eventually grown films exhibited
better crystalline nature with a reduced surface roughness
due to better agglomeration of the particles. We have found
an inverse relationship between the surface roughness and
the sputter power. The increased uniformity of the films at
higher sputter powers could lead to such behavior.

(d) sow

Fig.4 AFM images of NiO thin films deposited at different sputter powers

(b) 40w

51nm

0.0 nm

4.3 Optical studies

Figure 5 shows the transmittance spectra of NiO thin films
grown at different sputter powers. Initially, the grown films
at 30W have shown a transmittance of 27% in the visible
region. At lower sputter powers, kinetic energy of sput-
tered gas molecules is low and reactive oxygen gas mol-
ecules dominate during the growth process. In this scenario,
deposited NiO films contain more number of oxygen inter-
stitial defects; in other words, we can say that Ni*3 states
are dominated over Ni*? states which significantly reduces
the transmittance of the film. As the sputter power progres-
sively increased to 70 W, the average transmittance of the
films increased to 72%. At higher sputter powers, the kinetic
energy of the sputter gas molecules increases and it domi-
nates that of the oxygen atoms during deposition process.
Hence, we obtained the better sputtering yield at high sput-
tering power process. As a consequence, the measured trans-
mittance of the film significantly increased as a function of
sputter power, due to the presence of Ni*? states predominat-
ing over Ni* states.

The fundamental optical absorption coefficient was evalu-
ated by using transmittance spectra followed by relation.

In7T-!
a=(nd ) ©)

where o is the absorption coefficient, T is the transmittance
spectra and d is the thickness of the film.

9.3nm | 13nm

0.0nm L

7.7 nm

0.0 nm

(e) 7ow
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Fig.5 Transmittance spectra of NiO thin films deposited at different
sputter powers
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Fig.6 Tauc plot of (athv)? versus (hv) of NiO thin films deposited at
different sputter power

(ahv)r = A(hv - E,) (10)

where A is a constant, hv is the photon energy and n decides
the type of transition, n = % for the direct band transition. We
have estimated the optical band gap by Tauc plot approach.
As shown in Fig. 6, the linear region of the plot between
(ahv)? versus photon energy, and the extrapolation to
abscissa gives the optical band gap. We have not observed
a monotonous increase in the band gap with an increase
in sputter power. In the present investigation, the estimated
optical band gap varied from 2.70 eV to 3.34 eV for differ-
ent sputter powers as shown in Fig. 6. At a sputter power
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of 30 W, a band gap of 2.70 eV was obtained. The XPS
study reveal the presence of large number of defects lower-
ing the energy band gap as well as transmittance of the film.
The band gap exhibited an increasing trend from 2.70 eV
to 3.34 eV, as the sputter power increased from 30 to 50 W.
The deposited films at 60 W power exhibited a reduced band
gap value, i.e., 3.14 eV. Such narrowing is related to the
structure [23]. Moreover, the tensile strain present in the
film also affects the band gap, and estimated strain values
(extracted strain values from both W-H and S-S plots) are
listed in Table 2. It can be noticed that larger optical band
gap was close to the stoichiometry of the NiO thin film due
to the presence of a minimum number of intrinsic defects.
Therefore, larger tensile strain causes the lowering band gap
of the film. Moreover, the variation of the band gap could
also be due to stoichiometry of the film, surface morphology,
structural properties, and defects states [23].

4.4 Chemical analysis (XPS)

To get a better understanding of the chemical composi-
tion, the presence of defects states and interaction between
the metal-oxygen atoms of the NiO thin films is examined
by X-ray photoelectronic spectroscopy (XPS). NiO mate-
rial belongs to the transition metal oxide group and it is
crucial to find the oxidation state. Generally, NiO exhibits
spin—orbit doublet and its multiple peaks result in compli-
cated line shape, and it is difficult to assign the oxidation
state concerning binding energies.

Before proceeding toward the XPS spectrum, the car-
bon correction at 284.8 eV as a standard reference peak
was applied in corrected wide spectra, Ni2p and Ols spec-
tra. After carbon correction, survey spectrum elemental
mapping has been carried out from 0 to 1200eV of bind-
ing energy (BE). For XPS characterization, we have con-
sidered NiO films grown at 30 W and 70 W of sputter
power and their survey spectra are displayed in Fig. 7(a
and b). It contained photoemission intensity peaks such as
Ni3p, Ni3s, Ols, Ni2p, /Z,Ni2p3 /25 Auger electron peaks
Ni LMM, O KLL as well as Cls peak was also identified
[23]. We have observed that there was no foreign element
present in wide spectra which indicated that grown film has
a desired NiO composition during the sputtering process.

The Ni2p XPS spectrum was background corrected with
Shirley type of background and deconvoluted by GL. (Gauss-
ian—Lorentzian) mode to extract the chemical composition.
Ni2p spectra with two spin—orbit coupling spectra Ni2p, ,,
and Ni2p; ,were designated at binding energy span of 850 to
869 eV and 870 to 885 eV, respectively. In this case, we have
observed NiO complex main peaks, and their shakeup satel-
lite peaks. Based on the binding energy of the sample, we
have identified the peaks and assigned the oxidation states
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for both samples as shown in Fig. 8(a and b). The estimated
chemical compositions are given in Tables 3 and 4.

The broadening of the main peak and its shakeup satellite
peaks mainly depends on the interaction between the nickel
and oxygen atoms. Therefore, the number of satellite peaks
usually arises in the higher BE of the Ni2p; ,, and Ni2p, ),
and are dominating due to the mixing of d—d transition and
increased Ni3d-O2p hybridization. The separation between
the Ni2p; /,, and Ni2p; ,binding energy peak intensity range
from 17.39 to 17.40 eV [24, 25]. The presence of Ni2p1/2,
and Ni2p; ,spectrum binding energy difference is evident of
the dependency of the sputter power and reactive oxygen gas
on the chemical structure of the grown film. We observed a

100 200 300 400 500 600 700 800 900 1000 1100 1200

Binding energy (eV)

minor chemical shift which occur both in the Ni2p spectra
and Ols spectra. It may be due to binding energy charg-
ing effect, which is caused due to changes or variation in
ionic charge peaks due to changes in their broadening and
its chemical concentration due to cation vacancy induced
by the oxygen [26].

Many researchers have interpreted the XPS spectra of
NiO thin films, which were prepared by different routes that
include chemical as well as physical methods. The chemi-
cal composition and binding energy peaks of different
oxidation states marginally vary based on the preparation
parameters and post-annealing treatment. K.S. Kim et al.
have observed three main peaks at 854 eV, 855.8 eV and

@ Springer
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Fig.8 Ni 2p X-ray photoelectron spectroscopy (XPS) NiO thin films
deposited at a 30 W and b 70W of sputter power

861.2 eV for Ni2p; ,spectra, while Ols peak assigned at
529.1 eV suggested a pure stoichiometric NiO. The oxi-
dation process of the same sample indicated that Ni2p; ,
spectrum contain peak located at 855.9 eV, 861.4 eV and
their Ols spectra reflected at 530.9 eV indicate the pres-
ence of Ni,O; phase [27]. Sasi et al. reported NiO films
prepared by pulsed laser deposition on quartz substrates.
They observed a transformation mechanism upon annealing
with the presence of NiO phase followed by Ni,Osphase.
The Ni,O; phase was found at 856.5 eV, 862 eV, 873.7 eV
and 880 eV. Similarly, NiO phase contain the following
peaks: 855.1 eV, 861.9 eV, 873.2 eV, 880.4 eV. A marginal
shift in the O 1 s spectrum from 529.47 eV to 529.82 eV
was reported [28]. Dong-Soo Kim et al. reported NiO films
deposited on SiO, /Si substrates by RF reactive sputtering.
Ni2p XPS spectra confirmed BE peak positions at 854.5 eV,
856 eV, 861.5 eV, 873 eV and 879.8 eV assigned to the Ni?*
state. Similarly, the peaks at 856.1 eV and 861.7 eV assigned
to Ni**state [29]. Jung Kyu Kim observed multiple peaks of
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Ni**state-assigned at 854.1 eV and 872 eV. Similarly, BE
peaks of 856.1 eV and 873.9 eV represent Ni**state in the
non-stoichiometric NiO thin films [30]. Overall, our XPS
results strongly match with the earlier reported results and
the consolidated table contains quantification of chemical
states listed in Tables 3 and 4.

At 30 W sputtering process, the interaction between the
Ni** and O*~ is in balanced in the Ar: O, atmosphere. As a
result, the concentration of the nickel vacancy is more com-
pared to the oxygen atoms in the films, resulting in excess
defects in the NiO film. Meanwhile, XPS confirms that Ni3*
state is dominant in these films. With increasing sputter
power at a step of 10 W, Ni**dominated over Ni**indicating
that metallic nature of the film significantly decreases with
increasing sputter power. Thus, deposited films at 30 W of
sputter power resulted in a number of Ni**ions that leads to
the formation of Ni vacancies. NiO ascribed as Ni*Toxida-
tion state with their surface area atomic percentage in the
range 79.75 to 86.75% for the films deposited with sputter
powers in the range 30 to 70 W, respectively. This variation
in the atomic percentage lead to the variation in resistivity
and carrier concentration in the films. The stoichiometric
ratio X has been estimated from the chemical composition of
the Ni’*state and it marginally decreased from 1.15 to 0.86
with increased sputter power which indicates that excess of
dgfects state has reduced. Estimated defect ratio between the
% imply that defect state has fallen from 16.38 to 13.31%
as a function of sputter power. It indicates that growing film
at higher powers removes the unwanted oxygen defects and
enhancing the lattice—oxygen interaction.

Figure 9 (a and b) depicts the individual deconvoluted
core level Ols XPS spectra, and their peaks are distin-
guished based on the binding energies. The center peak at
529.2 eV BE core-level Ols spectra assigned as nickel and
oxygen lattice bonding. While 530.8 eV BE peak ascribed
as nickel vacancy or deficiency, which is mainly responsible
for creating vacancy of NiO thin film in terms of Ni**ion-
induced on the surface of the film. In addition, a small peak
situated at 531.9 eV represents the O—H group and another
tiny peak is also found at 533.5 eV, which could be assigned
to the absorbed oxygen molecules [31-33].

The resistivity of NiO film significantly increases due to
the reduction in Ni**ions. That means the process of vacant
positions of Ni**ions occupied by Ni**cations during the
deposition. Moreover, modulation of the electrical proper-
ties largely depends on the stoichiometry in the samples.
We have noticed that grown NiO thin films at low sputter
powers are influenced with a greater number of Ni vacan-
cies. According to Kroger—Vink notation, nickel vacancies
are created owing to neighboring two Ni*fionized to Ni*Tby
contributing an extra electron to oxygen. The following
equation governs the vacancies:
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Table 3 XPS quantification for NiO thin films deposited at 30 W and 70 W of sputter powers

Sputter Ni 2p;, Spectral features Ni 2p,,, Spectral features
power (W) i ding  FWHM (eV)  Atomic (%) Peak assignment  Binding  FWHM (eV) _ Atomic (%) _ Peak assignment
energy (eV) energy (eV)
30 853.53 1.69 10.08 Ni*? 870.92 1.89 778 Ni*?
855.27 2.74 25.19 Ni*? 872.73 1.56 6.18 Nit?
857.40 2.23 4.62 Nit? 874.50 1.38 3.06 Nit?
859.34 1.21 3.51 Ni+3 875.72 0.95 1.73 Satellite, shakeup
860.88 3.03 18.83 Ni+? 877.78 1.48 3.69 Satellite, shakeup
864.63 0.92 0.63 Satellite, shakeup ~ 879.04 232 7.49 Ni+?
865.74 2.03 242 Ni+? 880.81 1.22 1.88 Ni+3
867.61 1.34 1.15 Satellite, shakeup ~ 883.05 1.39 1.78 Ni+?
70 853.58 1.48 9.53 Ni+? 870.98 2.18 5.96 Ni+?
855.29 242 17.63 Ni+? 872.73 2.53 9.32 Ni+?
857.31 3.82 1.85 Ni+3 874.66 237 2.38 Ni+3
859.69 1.66 2.11 Ni+3 878.20 5.60 20.10 Ni+?
860.89 6.11 22.08 Ni+? 881.04 3.25 521 Ni+3
861.33 1.00 0.42 Satellite, shakeup ~ 883.35 1.85 1.56 Ni+?
865.90 1.44 0.57 Ni+2 884.50 0.74 0.67 Satellite, shakeup
867.27 2.00 0.57 Satellite, shakeup

Table 4 Extracted chemical properties of NiO thin films XPS Ols spectra

Ols Spectral features of 30 W

Ols Spectral features of 70 W

Binding FWHM (eV) Atomic (%) Peak assignment Binding FWHM (eV) Atomic (%) Peak assignment
Energy (eV) Energy (eV)

529.25 1.257 53.96 Ni2* 529.27 1.872 86.71 Ni2*

530.84 1.323 32.96 Ni*+ 530.88 1.775 13.29 Ni+

531.94 1.588 11.35 O-H

533.55 0.640 1.72 Adsorbed Oxygen

2NE, + %02 — 2Niy; + 0% + V),

where Niy., Niy ., V;W, O? stands for Ni2*, Ni**, the ionized
Nickel vacancy and O~ ions, respectively.

The p-type conductivity in these films is due to nickel
vacancy and oxygen interstitials in the NiO crystal lattice.
Generally, these holes act as a quasi-localized in the Ni**
vacancy served as an acceptor in top of the valence band
[29].

At lower sputter powers, the sputtering yield is too small,
whereas growing complete stoichiometry of NiO thin film is
uneasy. This is believed to be due to the influence of oxygen
atoms dominating over sputter gas at lower powers. Besides,
the sputter gas does not get enough kinetic energy to involve
the process, so that excess metal vacancies prevailed at low
sputter powers. As evident from atomic percentage, the
defect density is enhanced and splitting occur at higher bind-
ing energy in the spectra since reactive oxygen play vital role

that leads to the formation of low resistive films. Further, as
shown in Fig. 9b, grown NiO films at higher sputter power
does not have the unwanted oxygen defects and it enhanced
the Ni — O or metal-oxygen lattice along with crystallinity
of the film.

4.5 Raman spectroscopy analysis

Figure 10 depicts the Raman spectra of NiO thin films grown
with different sputter powers at room temperature. The main
band positions and associated modes have been identified
in the Raman spectra of NiO film grown at 50 W of sputter
power, which is shown as inset of Fig. 10. In the characteris-
tics of Raman spectra at lower sputter powers such as 30 W
and 40 W, only TO and LO modes have been identified, and
it could be due to the poor formation of crystallite sizes.
The first-order transverse modes TO and TO' were situated
at 398 cm™! and 472 cm™!, respectively, and first-order lon-
gitudinal modes, LO and LO were situated at 579 cm™' and

@ Springer
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Fig.9 Ols X-ray photoelectron spectroscopy (XPS) NiO thin films
deposited at a 30 W and b 70 W of sputter power
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Fig. 10 Raman spectra of NiO thin films grown at different sputter
powers (Inset: after baseline correction vibration modes identified
NiO film grown at 50 W of sputter power)
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665 cm™! which indicate the presence of Nickel defects, i.e.,
Ni** ions exists in the NiO film and their existence is also
confirmed by the XPS characterization [34]. The stronger
second-order transverse and longitudinal mode located at
821 cm~! and 1119 cm™! represents a 2TO and 2LO in the
inset of Fig. 10. The combination of TO 4+ LO phonon exci-
tation mode assigned at 979 cm™' in the NiO film. With
an increase in the crystallite size, the 2L.O and 2TO peak
appeared in the spectra of the NiO film grown at 50 W of
power. Longitudinal modes LO and 2LO reveal a strong
interaction between the nickel and oxygen bonding [24]. In
this analysis, we have observed that there is a small shift in
the spectra due to the presence of strain in the film, and it is
worth noting that the contribution from the glass substrate
is also not ruled out.

4.6 Electrical properties

Figure 11 (a—c) represents the variation of electrical proper-
ties of the NiO thin films grown under different sputter pow-
ers. The films have shown p-type conductivity as examined
by van der Pauw technique. It was observed that resistivity
of the films grown at 30 W was 8.37 Q-cm, and it increased
to 4.81 x 10 Q-cm for films deposited at 70 W of sputter
power. At low sputter powers, the reaction between the com-
bined Ar : O, ambience with the nickel target is insufficient.
It resulted in high concentration of nickel vacancies in the
film causing p-type conductivity. Therefore, resistivity of the
film increased with sputter power due to increased average
crystallite size. The larger crystallite size means less grain
boundary scattering, which enhances the transmittance and
increase in the resistivity of the NiO thin films. This could
also be due to the reduced Ni*Tions over Ni**ions.

The non-stoichiometric NiO thin film carrier concen-
tration varied about three orders in of the range 10'7 to
10" cm™. Most importantly, it can be found that the high-
est electrical mobility of 84.56 cm?V~! s~! was achieved at
70 W, and it is marginally reduced to 7.46 cm?>V~! s7! at
30 W of power as shown in Fig. 11c. The significant varia-
tion of carrier mobility is due to the colloidal kinetic energy
loss of the particles in the sputtering process. Because of
the collisions among the carriers, the carrier mobility has
reduced at lower sputter powers [35].

It can be observed that crystallites size was minimum
for the deposited films at 30 W. We have noticed a better
formation of crystallite size with increasing sputter power.
To get an insight, we have analyzed our XPS data. There
was an evidence from NiO XPS spectra that the presence of
Ni**is in excess in the low sputtered films. While increas-
ing sputter power, Ni**is predominant over Ni**ions, which
implies that the metallic nature of the film significantly
increases. It can be observed that carrier mobility of the
films increases with the sputter power because of the better
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Fig. 11 Electrical properties of NiO thin films at different sputter powers. a Electrical resistivity b Carrier concentration and ¢ Mobility

crystalline nature and the presence of minimum number of
defects. Generally, TCO films exhibit larger grain boundary
with the small particles size causing scattering of carriers.
At lower sputter powers, we have found a decreasing mobil-
ity due to the poor crystallization which reduces the carrier
movement because of intrinsic defects present in the grown
films. The variation in the NiO stoichiometry in the grown
films causes the increase in electrical resistivity. Therefore,
it can be observed that both structural and chemical proper-
ties strongly impact the transport properties. The electrical
properties of NiO thin films are strongly associated with the
stoichiometry of the compound, presence of defects, and
microstructure [36]. Besides, the variability of electrical
properties can also rely on other processing parameters such
as oxygen partial pressure and sputter pressure. Overall, by
governing these variables, it is feasible to tune the proper-
ties for desired applications. Among all the films, the films
grown at 70 W power exhibited lower carrier concentration
with high mobility, and they are well-suitable for the thin
film transistor applications.

5 Conclusions

To summarize, the investigated physical properties of NiO
thin films depend on sputter power. The X-ray diffraction
results show polycrystalline orientations with FCC phase
on NiO films with predominant (111) peak, the intensity
of which increased with an increase in sputter power. Esti-
mated average crystallite size by three different methods
have shown a better crystallinity for the films grown at
higher sputter powers, and all films exhibited tensile strain
in the films. Optical transmittance significantly increased
with an increase in crystallite size, and the estimated band
gap increased from 2.70 eV to 3.34 eV as the sputter power
increased from 30 to 70 W. Ni2p X-ray photoelectron spec-
troscopy confirms the presence of both Ni*™ and Ni** defect

states, of which Ni** state significantly plays a role in struc-
tural and electrical properties. Raman vibrational modes
attributed to the enhanced crystallite size and existence
of strain in the films. It was found that electrical resistiv-
ity varied from 8.37 to 4.81 x 10> Q-cm and carrier hole
mobility significantly increased from 7.46 cm*V~'s~! to
84.56 cm*V~!s~'with increase in sputter power. The choice
of sputter power with the combination of argon and oxygen
ratio for metal oxide films could get some interesting results
that will be beneficial for numerous applications.
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