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Abstract

PACS: 52.59Hq, 61.05.cp, 68.37.Ps, 68.37.Hk

A 2.2-kJ Mather type plasma focus device charged at 18 kV was used to deposit titanium nitride on 304 type stainless
steel substrates. The plasma focus device is fitted with solid titanium anode and operated with nitrogen as the filling
gas. The process of deposition was done at room temperature, and samples were deposited at a constant distance
and at different angles with respect to the anode axis. X-ray diffractometry (XRD), atomic force microscopy (AFM),
scanning electron microscopy (SEM), and energy dispersive X-ray analysis (EDX) were employed to characterize
crystalline structure, morphology, nanostructure, distribution, and elemental composition of deposited films,
respectively. As the ion flux and energy of the ions change with angular position from the head of the anode
(titanium), it is observed that these changes directly affect both surface morphology and the nanostructure of the
films. XRD patterns show the growth of polycrystalline titanium nitride thin films of different phases. AFM and SEM
images show that the grain size is affected by the energy of ions that reached the surface. Grain size, average
roughness, and root mean square decreased by increasing the angle with respect to the anode axis. EDX mapping
verifies the elemental distributions of titanium nitride on the surface. In this work we have shown the possibility of
production of titanium nitride thin films of different phases, using a Mather type plasma focus system.
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Background
The major properties of TiN thin films which cause
them to be extensively used in industrial applications
mainly in tribology is their excellent wear and corrosion
resistance [1]. TiN coatings have been one of the most
essential material in a wide range of applications due to
their high hardness [2,3], high melting point, low friction
coefficient, thermal stability [4,5], chemical stability [6],
and biocompatibility [7]. Various methods such as che-
mical vapor deposition [8], sputtering deposition [9], arc
evaporation [10], and pulsed laser deposition [11] have
been used for depositing titanium nitride thin films.
Plasma focus device is a simple pulsed plasma system
in which the electrical energy of a capacitor bank
istransferred to two coaxial electrodes by means of a
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spark gap and a thin current sheath is produced, which
travels along the inner electrode by the / x B force (J x B
force is the Lorentz force which acts on the current
density by magnetic field). When the current sheath
reaches at the top of the electrodes, the dense plasma
column called focus is formed. This plasma is short-
lived and unstable. Moreover, due to instabilities the
plasma column breaks up and emits X-rays, energetic
ions, relativistic electrons, and neutrons [12-14].

The use of plasma focus as an efficient source of ener-
getic ions and relativistic electrons has recently received
much attention. It has been successfully used in thin
film deposition and surface processing [15-18]. There-
fore, considering the interesting properties of TiN and
both the high energy and high density of the plasma
focus system, it was decided to benefit from these and
produce titanium nitride films using plasma focus as the
source for deposition of Ti in the plasma environment
of nitrogen ions.

© 2012 Fani and Savaloni; licensee Springer. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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Figure 1 Schematic arrangement of the plasma focus device.
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Experimental details

The deposition process was performed in a Mather type
plasma focus device energized by an 11 pF, 25 kV capa-
citor bank with storage energy of 2.2 kJ. The schematic
arrangement of the experimental set-up is given in

Figure 1. The coaxial electrode system consists of a cop-
per rod having 10 mm diameter and 100 mm long ser-
ving as anode surrounded by 12 copper rods each of
diameter 9 mm serving as a cathode. A Ti rod (50 mm
in length and 10 mm in diameter) was fixed at the top
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Figure 2 XRD patterns of films deposited at the distance of 9 cm from the top of the anode.
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of copper anode. The chamber and cathode were kept at
ground potential. The chamber was evacuated to 10>
mbar and then filled with nitrogen as a working gas. The
chamber was purged with nitrogen gas several times to
make sure that no residual gas is remained in the cham-
ber. The pressure of nitrogen was kept at 1 mbar. The
charging voltage was 18 kV. A steep current dip in the
current signal observed on the oscilloscope indicates
strong focusing action.

The substrates used in this experiment were 304 type
stainless steel of 1 mm thickness and they are cut into
1 cmx 1 cm. A heated ultrasonic bath was used to clean
the substrates, sequentially with acetone, alcohol and de-
ionized water for 10 min each. Then they were mounted
axially above the anode at a distance of 9 cm at angular
positions of 0°, 15°, and 30° with respect to the anode
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axis on a designed holder. The holder was covered by a
metallic shutter. It was used to prevent the exposure of
substrates to the weak focusing shots at the beginning of
the process before achieving strong focusing action. The
number of focused shots used for these substrates was
25, and the time period between each shot was 1 min.
After every five shots, the discharged chamber was eva-
cuated, and the fresh nitrogen gas was filled in order to
minimize the impurities.

The process responsible for the formation of titanium
nitride may be explained as follows: the accelerated ni-
trogen ions on their incidence on the substrate transfer
a high energy to the substrate surface and cause etching
and cleaning of the surface prior to the deposition. Then
the electrons from the cathode are accelerated towards
the anode and ablate the titanium atoms from the top
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Figure 3 2D and 3D AFM images of deposited TiN thin films at different deposition angles; (a) a'0°, (b) b/, 15°, and (c) ¢, 30°.
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layer of the anode. These Ti atoms interact with nitrogen
ions of the same shot and form titanium nitride that are
deposited on the substrate surface.

The deposited films are characterized for their crystal-
line structure, surface morphology, and elemental distri-
bution using various techniques.

The crystalline structure analysis of the films was
performed using a Siemens D5005 X-ray diffractometer
(Siemens AG, Munich, Germany) with Cu-Ka source.
Atomic force microscopy (NT-MDT scanning probe mi-
croscope model BL022, NT-MDT Zelenograd, Moscow,
Russia) and scanning electron microscopy (Philips X130,
Amsterdam, The Netherlands) were used to investigate
the morphology of thin films. Identification of elemental
compositions of the films and their distribution on the
surface was carried out using energy dispersive X-ray
(EDX) spectroscopy attached to scanning electron micros-
copy (SEM).

Results and discussion

X-ray diffraction analysis

X-ray diffraction analysis (XRD) patterns of the depo-
sited films at different angular positions at a constant
distance from the top of the anode are shown in Figure 2.
The diffraction peaks related to different crystalline planes
of titanium nitride are observed, and there is no diffrac-
tion peaks related to the stainless steel 304, which con-
firms the successful growth of titanium nitride on the
stainless steel 304 substrates. Titanium nitride diffraction
peaks are in agreement with the Joint Committee for
Powder Diffraction Standards (JCPDS) standard data.
The crystalline structures of titanium nitride observed
are the following:

1. e-TiN(110) with respect to JCPDS card number
08-0418

2. TiN(111) with respect to JCPDS card number
38-1420

3. Ti,N(200) with respect to JCPDS card number
23-1455

4. Ti,N(211) with respect to JCPDS card number
17-0386

5. (-TigN3_,(1112) with respect to JCPDS card number
39-1015

6. TiNp26(104) with respect to JCPDS card number
44-1095

The crystalline structure of e-TiN(110) is formed only
in the sample located at 0° and it is vanished by increa-
sing the angle with respect to the axis of the anode. The
diffraction peak corresponding to TiN(111) is reduced
significantly with the increase in the angle and vanished
at 30°. The diffraction peak corresponding to Ti,N(200)
does not vary a lot by increasing the incident angle to
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Table 1 Average grain sizes and surface roughness for
TiN/SS(304) thin films at different deposition angles

Angle (deg) Grain size (nm) Rave (NM) R; (nm)
0 500 57 70
15 380 43 54
30 200 39 56

15°, but a small reduction is observed at 30°. The dif-
fraction peaks related to Ti,N(211), (-TigN3 ,(1112),
and TiN,6(104) are increased; while diffraction peaks
related to e-TiN(110) and TiN(111) vanished, and Ti,N
(200) reduced with increasing the angle.

The reduction of the intensity of diffraction peaks with
increasing the angle is due to the fact that the emission
of accelerated ions towards the substrates is fountain-

A1 . : .

Figure 4 SEM images of deposited TiN thin films on 304 type
stainless steel at different deposition angles (a) 0°, (b) 15°, and
(c) 30°. The micron marker length is 1 um on all the micrographs.
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like and consequently, the flux of energetic ions de-
creases with increasing the angle. By reducing the flux of
energetic ions, formation of titanium nitride changes and
in general, the growth of crystalline structure of titanium
nitride declines. The average crystal size of titanium ni-
tride is calculated for about 30 nm.

Atomic force microscopy
Surface morphology of thin films was analyzed by atomic
force microscopy (AFM). 2D and 3D AFM images of sam-
ples are shown in Figure 3. All images are taken in 3um x
3 um scales. According to the images in Figure 3, it can be
observed that the average grain size is reduced by increa-
sing the angle.

Average grain sizes were calculated using the J-Micro
Vision software (J] Microvision, Geneva, Switzerland) and
are given in Table 1. Due to the fact that the emission of

] 500 nm

Figure 5 SEM images of deposited TiN thin films on 304 type
stainless steel at different deposition angles (a) 0°, (b) 15°, and
(c) 30°. The micron marker length is 500 nm on all the micrographs.
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energetic ions from the focus region is fountain-like, a
sample located at 0° is encountered by high flux of ions
and according to this; large grains are formed on the
substrate.

By increasing the deposition angle and decreasing the
amount of ion flux and their energy, the size of grains
were decreased significantly. As shown it can be de-
duced from Table 1 that the grain sizes were decreased
with increasing the deposition angle. The formation of
small grains between the larger grains is largely because
of different crystallographic phases of titanium nitride
which were grown during the deposition process. It is

Figure 6 EDX spectra of deposited TiN thin films on 304 type
stainless steel at different deposition angles (a) 0°, (b) 15°, and
(c) 30°.
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exactly in agreement with XRD patterns in which increa-
sing the angle was accompanied by significant decline in
the amount of energetic ions and therefore, crystalline
structures of titanium nitride were changed both in inten-
sities and types.

Columns 3 and 4 of Table 1 present the changes in ave-
rage surface roughness and root mean square surface
roughness values of several random areas in all samples
with change in the angular positions. These values which
have been calculated with Nova software (Chongqing,
China) show similar trend to grain size variations. Based
on the fact that the grain size was reduced by increasing
the angles, a decline in amount of the average surface
roughness and root mean square surface roughness was
also observed in measured values by increasing the angle.
Different average roughness values of different areas for
each sample were caused by ions with wide energy spec-
trum emitted from the focus region. The surface of the
samples was encountered by different energies, so surface
roughness differed from one place to another.

Scanning electron microscopy and energy dispersive
X-ray spectroscopy

Scanning electron microscopy is carried out to investigate
the nanostructure of the surface of the samples. Scanning
electron images of samples are shown in Figure 4.

Figure 4c shows the distribution of grains on the sur-
face of the sample which is located at the angle of 30°.
The surface is covered by approximately 200 nm grains
in size which are distributed evenly over the surface.
The surfaces of the samples which are deposited in the
lower angles to the anode axis, as shown in Figures 4a,
and 4b, show the different distribution of grains. The ag-
glomeration of smaller grains can be easily distinguish-
able on the surface that can be easily observed at higher
magnification (Figure 5).

High energetic ions flux, which are collided on the
surface at angles of 0° and 15°, transfer high energy to
the surface. Due to this high energy transfer, the agglom-
eration of smaller grains is happened in these samples.
Agglomeration is the reorganization of the grains. The
positions with the angles of 0° and 15° with respect to
anode axis are exposed with higher energetic ion flux
due to the fountain-like shape of ion emission in the
plasma focus device. So as shown in the AFM images
(Figure 3), surfaces of the samples located at 0° and 15°
consist of larger grains than the sample positioned at
30°. It can be concluded that at 30° angle, the surface is
exposed with lower energetic ion flux and grains can be
formed in smaller sizes. Smoother surface is also corre-
sponding to this sample (Figure 4c).

Elemental composition of thin films is identified by
energy dispersive X-ray spectroscopy. The results of EDX
for films produced in this work are given in Figure 6. The
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presence of titanium is clearly specified in the elemental
distribution as shown in the Figure 6. The spectra of all
samples are identical, but the intensities of the peaks are
different. The amount of atomic and weight percentage of
titanium decrease by increasing the angle. These graphs
verify our argument about the shape of ion emission in
plasma focus device. Other peaks in the EDX spectra are
related to the elements such as Cr, Fe, Ni, Mn, and Si,
which are formed the 304 type stainless steel as used for
substrate. So the successful deposition of titanium on the
surfaces is confirmed. Based on the presence of only the
elements corresponding to film and substrate in the spec-
tra, it is deduced that there are no impurities in the depo-
sition process.

Conclusions

The aim of this work to investigate the feasibility of pro-
duction of TiN thin films, using a plasma focus device,
is achieved successfully. Titanium nitride thin films on
304 type stainless steel substrates are produced at a fixed
distance from the anode (source) and different depos-
ition angles. Results are discussed qualitatively. The ef-
fect of angular position of samples in the focus chamber
according to ion flux and energy is reported by analyzing
the crystalline structure (XRD patterns) and surface mor-
phology (AFM and SEM images) of the deposited samples.
The observed results confirm ion emission characteristics,
and it can be concluded from the XRD, AFM, SEM,
and EDX results that the ion emission in this device is
fountain-like and the flux and energy of emitted ions
decrease by increasing the angle with respect to the anode
axis. Polycrystalline structures of titanium nitride in diffe-
rent phases are observed in all samples that prove the pos-
sibility of plasma focus devise in material processing and
thin film deposition.
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