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In this work, metal oxide and nitride nanostructures were prepared by reactive dc
magnetron sputtering technique. These nanostructures were synthesized from
metal oxide such as NiO and nitride such as Si3N4 for functional materials
applications. The prepared nanostructures were diagnosed by x-ray diffraction
(XRD) patterns and Fourier-transform infrared (FTIR) spectroscopy. The results
showed that the prepared nanostructures are highly pure, which is ascribed to the
featured characteristics of magnetron sputtering technique for such purposes.
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1. Introduction
Reactive sputtering is a combination of the
physical sputtering process and chemical reactions
on the target and/or on the substrate in a plasma
environment [1]. Because of large number of
varying parameters, some simplifications and
assumptions have to be done [2]. Using one or two
metallic sources in an argon-oxygen (or another
reactive gas) ambient for deposition purposes is
frequently chosen to increase the flexibility with
respect to the chemical compositions that can be
accessed [3-6]. Sputtering in an argon-oxygen
environment is known as “reactive” magnetron
sputtering, where introducing a reactive gas into the
sputter system results in the addition of a chemical
interaction to the physical process, and therefore
compound thin films can be deposited [7-9].
If a reactive gas is added to the sputtering
process, it does not only react at the substrate and
the chamber walls, but also at the target [10]. At
typical working pressures in reactive sputtering
(≤0.02mbar), the reaction between the reactive gas
and the sputtered atoms that travel towards the
substrate in the gas phase cannot occur, because it is
impossible to conserve energy and momentum in a
two-body collision [11-13]. A surface acts as a third
body for reaction, and therefore it is needed for the
chemical reaction [14]. Once this reaction happens
at the target surface, the sputter process is
influenced, as sputter yield and ion-induced
secondary electron emission (ISEE) are materialdependent [15].
The sputtering process is entirely influenced by
the presence of the reactive gas [16]. Despite that
the reactive gas immediately reacts with the metallic
particles at the chamber walls, substrate and target,
the target condition is not noticeably affected when
the flow of reactive gas is relatively low, as the
target area is much smaller than the substrate and
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the compound is sputtered away from the target
[17]. Therefore, increasing the flow of the reactive
gas causes the total pressure not to increase
significantly until a critical flow is reached [18]. At
the critical flow, the metallic particles cannot
consume all the reactive gas and some amount stays
in the gas phase [19]. An increase in reactive gas
flow leads to a corresponding increase in the total
pressure and the excess of reactive gas may react
with the target at the same time [20]. All the iontarget interaction events for argon are also valid for
other reactive gases [21].
At the target, the sputter process and compound
formation are balanced [22]. A further increase in
the reactive gas flow leads, at a given value, to a
linear increase in the total pressure [23]. At the
target, the compound formation dominates the
sputter process. As a result, the sputter rate
decreases because the binding energy of the
compounds is much higher than that of pure metals
[24]. The decrease in sputter rate leads to the
availability of a higher concentration of reactive gas
molecules, which turns out in formation of a larger
compound area on the target surface, and this is an
avalanche [25]. This process is reversible, which
supposes that when the flow of the reactive gas is
decreased enough, the compound is removed from
the target [26]. Because the sputter rate of a
compound material is lower than that of the
corresponding metallic one, the avalanche happens
at lower reactive gas flow [27]. A decrease in
discharge voltage in an argon-oxygen environment
compared to the discharge voltage in a pure argon
environment means an increase of the secondary
electron emission yield of the compound when
related to the pure metal value [28-32]. The
formation of a compound layer in the target surface
is called “poisoning” [33]. If the sputter process
occurs with the target surface not contaminated
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(without compound material), it is termed as
sputtering in metallic mode [34].
2. Experimental Part
Two types of sputtering targets were used:
Nickel sheet of 99% purity for nickel oxide
production, while n-type and p-type silicon wafers
were used for reactive sputtering experiments using
nitrogen gas.
Nickel was selected as a target material because
it is readily available material and has good
electrical conductivity comparable to copper, gold,
silver and platinum. Also, very uniform surfaces of
nickel-based films are resulted when deposited on
glass substrates due to very good adhesion [35].
Table (1) (2-1) Physical properties of target materials [36]
Property
Standard atomic weight
Electron configuration
Density (g/cm3)
Melting point (°C)
Molar heat capacity
(J/mol.K)
Oxidation state
Electronegativity
Ionization energies (kJ/mol.)
Atomic radius (pm)
Crystal structure
Electrical resistivity (.m)
Thermal conductivity
(W/m.K)
Thermal expansion
(m/m.K)
Energy band gap

Nickel (Ni)
58.6934
[Ar] 3d8 4s2
[Ar] 3d9 4s1
8.908
1455 °C

[Ne] 3s2 3p2

26.07

19.789

4, 3, 2, 1,
-1
1.91
737.1
1753
3395
124
Face-centered
cubic
69.3x10-9

4, 3, 2, 1,
-1, -2, -3, -4
1.90
786.5
1577.1
3231.6
111

99.9

Silicon (Si)
28.085
2.329
1414 °C

Diamond cubic
103
149

13.4

2.6

Conductor

1.12 eV

The transparent substrates used in this work
were made of borosilicate glass. Before using them
for sputtering experiments, they were first cleaned
with ethanol to remove any oil layers or residuals
may exist on their surfaces, rinsed and washed with
distilled water to remove ethanol, and then dried
completely before being kept in clean case or placed
inside vacuum chamber. Silicon substrates of
different conductivities (n-type and p-type) were
cleaned by HF acid, ethanol and distilled water,
dried and then used for NiO and Si3N4 nano films
deposition.
The following measurements were carried out on
the designed CFUBDM system and NiO and Si3N4
samples in order to characterize, classify and
optimize them towards the main goal of this work.
They include thickness measurements, x-ray
diffraction (XRD) pattern and Fourier-transform
infrared spectroscopy (FTIR).
The following measurements were carried out on
the designed CFUBDM system and NiO and Si3N4
samples in order to characterize, classify and
28

optimize them towards the main goal of this work.
They include thickness measurements, x-ray
diffraction (XRD) pattern, and Fourier-transform
infrared spectroscopy (FTIR).
Thickness of the prepared samples was measured
by laser-fringes method where two semiconductor
lasers of 1mW output power and different
wavelengths (532 and 632nm) were used to produce
the concentric fringes pattern and hence calculate
film thickness (d) from the following relation [37]:
𝐿 𝜆
𝑑= .
(1)
∆𝐿 2
here L and ΔL are the widths of adjacent bright and
dark fringes, respectively, and  is the wavelength of
laser beam
Using two wavelengths may make this method
reasonably accurate as much as the experimental
setup is carefully prepared and stabilized.
The structures of the prepared samples were
analyzed with a Bruker D2 PHASER XRD system
(Cu-Kα x-ray tube with λ=1.54056Ǻ). A
proportional counter of 40 kV and current of 30 mA
was used. The XRD patterns were recorded at a
scanning rate of 0.08333°s-1 in 2 ranges of 20-60°.
The FTIR measurements were carried out by
FTIR spectrometer (SHIMADZU FTIR-8400S) on
KBr pellets of the prepared samples.
3. Results and Discussion
The crystallinity of the prepared NiO
nanostructures was examined by using powder x-ray
diffraction (XRD), as shown in figure (1). Without
magnetrons (figure 1a), several peaks belonging to
pure nickel appear due to the higher electric power
transferred to the discharge volume that generates
higher amount of heat inside the chamber. Such heat
effect might induce to form these contaminations as
the nickel oxide was forming too.
As well, it can be seen that the diffraction peaks
are low and broad due to the small size and
incomplete inner structure of the NiO particle. The
positions of peaks appearing at 2 of 37.125° and
43.156° can be readily indexed as (111) and (012)
crystal planes of the NiO, as shown in figure (2).
Both diffraction peaks can be indexed to the facecentered cubic (f.c.c.) crystalline structure of NiO
and corresponding with that of the standard
spectrum given by JCPDS 22-1189 [38].
At inter-electrode distance of 2cm, two distinct
peaks at 44.45° and 51.8°, belonging to pure nickel,
are observed, as shown in figure (1b). This confirms
that the majority of sputtered nickel atoms are
oxidized before deposited on the substrate and the
minority are not oxidized and deposited on the
substrate as pure nickel, due to the ferromagnetic
property of pure nickel, the sputtered Ni atoms
might be accelerated by the intense magnetic field at
such distance (2cm), which might prevent them
from bonding to oxygen atoms (oxidation).
At inter-electrode distance of 3cm, the peak of
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pure nickel did not appear as shown in figure (1c).
This may be attributed to the excess oxidation of
nickel atoms sputtered from the target. Increasing
the distance between the electrodes reduces the
matching between the magnetic field lines and
hence; decreases the magnetic field intensity over
the inter-electrode distance. Therefore, the number
of sputtered Ni atoms, accelerated by the magnetic
field, was accordingly decreased and get a longer
time to bond with oxygen atoms to form NiO before
deposited on the substrate.
At inter-electrode distance of 4cm, the XRD
pattern shows that the samples are single phase and
no any other distinct diffraction peaks belonging to
pure Ni atoms were detected, as shown in figure
(1d). This result shows that the physical phases of
the NiO nanostructures, prepared in this work, have
higher purity. At such distance, the acceleration
effect of magnetic field accelerating sputtered Ni
atoms might be disappeared then these atoms would
have enough time to be oxidized and deposited as
highly pure NiO particles.
The XRD results give an indication that all
nickel atoms sputtered from the target are oxidized
and then deposited on the substrate as NiO. In table
(2), a comparison between experimental x-ray peaks
for the NiO samples and standard peaks are
presented. The lattice constant and grain size of the
NiO nanostructures were calculated from the XRD
data and tabulated in table (2). As only two crystal
planes were recognized, the average value of the
lattice constant can be estimated from them to be
4.04Å with a deviation of about 3% lesser than the
standard value (4.17Å). Using Scherer formula, the
average grain size can be estimated to be 18.335 nm.
The FTIR spectrum of NiO nanostructures is
shown in figure (3), where two bands of significant
absorption can be obsered around 410 and 1064.63
cm-1. These bands are attributed to the Ni-O
asymmetric and symmetric stretching vibration
modes, respectively [39-41]. These broad bands
indicate that the structure of NiO include
nanocrystals. Three absorption bands at about
1515.94, 1645.17 and 3446.56 cm-1 can be attributed
to C-O, H-O-H and O-H vibration modes,
respectively [42]. Finally, two absorption bands at
3527.56 and 3745 cm-1 are observed due to the
presence of contaminations, such as nitrogen,
hydrogen, carbon dioxide, water vapor [41].
The purity and crystallinity of the prepared Si3N4
nanostructures were examined by using powder xray diffraction (XRD) in the range of 20-60° as
shown in figure (4). In figure (4a), a sharp peak
belonging to pure silicon is apparently observed and
some other peaks belonging to silicon dioxide
(SiO2) are also seen in addition to the formation of
Si3N4. This may be attributed to the heat generation
inside the chamber due to the higher electric power
transferred to the discharge volume in absence of
magnetrons, whose one of their advantages is the
All Rights Reserved

reduction in breakdown voltage as explained before.
Therefore, some compounds (e.g., SiO2) are induced
to form at elevated temperatures inside the chamber.
Pure silicon atoms appear on the substrate due to the
effect of elevated temperature to remove large
fraction of the nitrogen (gas) atoms from the
discharge region towards cooler regions inside the
chamber that prevented them from bonding to
sputtered silicon atoms. These results clearly show
the advantage of using magnetrons in such
technique.

(111)

(012)
Figure (2) Schematic diagram of the crystal planes formed in
NiO nanostructure

1064.63 cm-1

Figure (3) FTIR spectrum of the nickel oxide films prepared
at inter-electrode distance of 4cm

The XRD patterns in figures (4b, c and d)
explain the formation of nanostructures due to many
contributions of crystal planes. At inter-electrode
distance of 2cm, a sharp and high peak belonging to
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pure silicon is seen in addition to many small peaks
belonging to nanostructured Si3N4. This confirms
that a ratio of silicon atoms sputtered from the
silicon target was not bonded to nitrogen and then
deposited as pure silicon on the substrate. Increasing
the inter-electrode distance to 4cm causes the sharp
peak of pure silicon to disappear from the XRD
pattern and only those peaks belonging to the crystal
planes of Si3N4 nanostructures are seen. This may be
attributed to increasing reaction volume between
silicon and nitrogen atoms, therefore, almost all
sputtered silicon atoms were bonded to nitrogen
atoms to form Si3N4 molecules.
The most intense peaks of Si3N4 seen on the
XRD pattern are (232), (110), (200), (321), (101)
and (301) corresponding to diffraction angles of 21°,
23°, 27°, 32°, 36°, and 52°, respectively, and the
schematic diagrams of their crystal planes are shown
in figure (5). It was not easy to distinguish these
peaks individually, as in NiO samples, so, it was
very difficult to determine the FWHM values for
these peaks and therefore the grain sizes were not
determined. However, the average grain size could
be precisely determined by the AFM measurements,
as shown later. Table (3) includes identification
parameters of Si3N4 indexed by the JCPDS 29-1132
[43] for hexagonal structure of Si3N4. There are
many other peaks of lower intensities seen on the
XRD pattern but not included in this table.
The FTIR spectrum of Si3N4 nanostructures is
shown in figure (6), where two bands of significant
absorption can be seen around 960 and 1086 cm-1.
These bands are attributed to the Si-N-Si vibration
mode in Si3N4 molecule [40]. These broad bands
indicates that the structure of Si3N4 include
nanocrystals.
The absorption peaks seen around 460 cm-1 are
attributed to the formation of SiO2 [42]. Other
absorption peaks seen at 1400-3600 cm-1 may be
attributed to the presence of some contaminations
formed on the Si3N4 samples when exposed to air. A
characteristics feature of silicon nitride is its strong
reactivity when exposed to air or humidity, so the
surface region of Si3N4 film (or powder) has a
significant amount of Si2-NH, Si-NH and Si-OH
groups [44].

1085.85 cm-1

962.41 cm-1

Figure (3-39) FTIR of the Si3N4 samples prepared at interelectrode distance of 4cm
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Table (2) (3-4) Comparison between experimental x-ray peaks for the NiO film and standard peaks
2θ (deg)
37.125
43.156

dhkl Exp.
(Å)
2.419
2.094

a (Å)
Exp.
3.42
4.68

(a)

FWHM (deg)

G.S. (nm)

0.5625
0.59375

18.83
17.84

dhkl Std.
(Å) [111]
2.412
2.088

hkl

Phase

(111)
(012)

Octahedral
Octahedral

(b)

(c)
(d)
Figure (1) XRD patterns of the prepared NiO samples at different inter-electrode distances (a) 4cm
without magnetrons, (b) 2cm, (c) 3cm and (d) 4cm (b-d are with dual magnetrons)
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Table (3) (3-7) Identification parameters of silicon nitride obtained from XRD results [117]
2(deg)
13.43942
23.38007
27.06844
33.65061
36.0241
38.93992
40.97204

d (Å)
6.58
3.80
3.29
2.66
2.49
2.31
2.20

I/I0
42
42
100
95
95
6
5

hkl
100
110
200
101
210
111
300

2(deg)
41.36508
47.75908
48.02737
49.85031
52.10891
57.8478
59.65571

(a)

d (Å)
2.18
1.902
1.892
1.827
1.753
1.592
1.548

I/I0
33
8
5
12
35
11
6

hkl
201
220
211
130
301
221
131

(b)

(c)
(d)
Figure (4) X-ray diffraction patterns of the silicon nitride samples prepared at different inter-electrode
distances of (a) 4cm without magnetron(s), (b) 2cm with magnetrons, (c) 4cm with magnetrons and (d)
6cm with magnetrons
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(101)

(110)

(200)

(232)

(301)

(321)

Figure (5) Schematic diagram of some crystal planes formed in the Si 3N4 samples
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