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Synthesis of ZrSiN composite films using a plasma focus device
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ZrSiN thin films are synthesized by using plasma focus through various numbers of focus shots (10, 20, and 30),
with samples placed at 9 cm away from the tip of the anode. Crystal structures, surface morphologies, and elemental
compositions of ZrSiN films are characterized by an X-ray diffractometer (XRD) and scanning electron microscope (SEM)
attached with energy dispersive X-ray spectroscopy (EDS). XRD patterns confirm the formations of polycrystalline ZrSiN
films. Crystallinity of nitride increases with the increase of focus shot number. The average crystallite size of zirconium
nitride increases from 27± 3 nm to 73± 8 nm and microstrain decreases from 2.28 to 1.0 with the increase of the focus
shot number. SEM results exhibit the formations of granular and oval-shaped microstructures, depending on the number
of focus shots. EDS results confirm the presences of silicon, zirconium, nitrogen, and oxygen in the composite films. The
content values of Zr and N in the composite films increase with the increase of the focus shot number.
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1. Introduction

Transition metal nitrides such as ZrN, TiN, and HfN have
extensively been studied as hard coatings[1] on cutting tools
and molding dies. Addition of the third element like Al, Cu,
and Si into these compounds has shown significant improve-
ment in mechanical properties and oxidation resistance.[2,3]

Intensive efforts have been made to synthesize composite films
like TiAlN, TiSiN, TiAlZrN, TiAlSiN, TiBN, and TiCN[4,5]

to enhance the chemical and mechanical properties of these
films. Comparatively, TiSiN is more attractive because of its
high hardness and better stability.[4,5] However, there are few
investigations on the ternary metal nitride composite films like
ZrSiN.[3,6–9] It has been shown that the addition of Si into ZrN
results in the refinement of the grains of the composite struc-
ture. Such ternary metal nitride composite films have been
deposited using different deposition techniques like DC mag-
netron sputtering,[9] RF reactive sputtering,[8] and chemical
vapor deposition.[10] However, a high temperature environ-
ment and longer deposition times are required to deposit the
composite films as reported in Refs. [11] and [12]. Plasma
focus (PF) is a simple device which is being used to deposit
composite films on different substrates at ambient tempera-
ture.

The plasma focus device is a coaxial plasma accelera-
tor capable of producing dense (1025 m−3–1026 m−3) and hot
(1 keV–2 keV) plasma of short time duration (≈ 10−7 s).[13]

It is a rich source of hard and soft X-rays, neutrons, highly
energetic ions, and relativistic electrons over a broad energy
spectrum.[14] Ion beams emitted from PF devices have been

effectively employed in plasma-assisted surface modification
including thermal surface treatment, ion implantation, phase
changes in thin films, and thin films deposition.[15–18] The rel-
ativistic electrons are also used to ablate the material (placed
at the anode tip) which reacts with the nitrogen plasma and
to sputter the substrate material to form composite films.
Films deposited by this device show superior surface quali-
ties including good adhesion to the substrate surface and grain
growth of different compounds through nucleation by succes-
sive focus shots at ambient temperature[19] and short nitriding
time duration.

Our plasma research group have already grown
TiN/Si3N4, nc-(Ti, Al) N/a-Si3N4, and TiN/Ni3N/a-Si3N4 thin
composite films using the dense plasma focus device.[20–22] In
the present work, we synthesize composite (ZrSiN) films on
silicon substrates at ambient temperature using the PF device.
Microstructures, crystallite sizes, microstrains, texture coeffi-
cients, surface morphologies, and elemental concentrations of
the composite films are investigated in terms of focus shots.

2. Experimental details
Deposition of composite (ZrSiN) films is accomplished

by using a PF device which is powered by a single Maxwell
32 µF, 15 kV, fast discharging capacitor bank with a maxi-
mum storage energy of 3.3 kJ. The details of the PF facility are
given elsewhere.[16,23] The focus machine with an engraved
copper anode is optimized for strong focusing at different ni-
trogen filling gas pressures. An optimal pressure of 1.25 mbar
(1 bar = 105 Pa) is used for the present experiment whereas
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the charging voltage of the machine is kept at 12 kV. The high
voltage probe, Rogowski coil and photodiode signals are mon-
itored by a digital oscilloscope connected to a computer.

A BPX65 photodiode detector placed at 9 cm in front of
the central anode is employed to characterize the nitrogen ions
emanated during the radial collapse phase of the PF device.
The details of the BPX65 photodiode detector is described
elsewhere.[15] A typical ion beam signal recorded by the pho-
todiode and a high voltage probe signal are used for estimat-
ing the different ion beam parameters such as ion energy (E),
ion number density (Nd), and total number of ions reaching
the substrate surface (Fig. 1). These characteristic nitrogen
ions are then utilized for the deposition of composite (ZrSiN)
films, and the relativistic electrons coming out from the focus
also ablate the inserted material (zirconium) placed at the an-
ode tip. Silicon samples placed at 9 cm away from the central
anode, located at 0◦ angular positions with respect to the anode
axis are exposed to multiple (10, 20, and 30) focus shots.

Crystal structures, surface morphologies, and elemental
compositions of the deposited composite (ZrSiN) films are ex-
amined by employing an X-ray diffractometer (XRD), scan-
ning electron microscope (SEM) attached with energy dis-
persive X-ray (EDX) spectroscopy. The analyses of crystal-
lite sizes and microstrains are also performed by using the
Williamson–Hall (WH) method from the X-ray diffraction
data.
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Fig. 1. A typical ion beam signal recorded by the BPX65 photodiode
detector along with the high voltage probe signal, placed at 9 cm along
the anode axis.

3. Results and discussion
Ion beam signals (solid line) recorded with the photodi-

ode detector placed at 9-cm axial position and the high voltage
signal (dotted line) are shown in Fig. 1. The first peak in the
diode signal represents the X-ray pulse while the second peak
indicates the desired ion beam pulse. Such ion beam pulses
have already been reported in the literature.[24] Ion beam sig-
nals are averaged over ten signals to estimate the average val-
ues of the ion beam parameters like ion energies and ion num-

ber densities for different focus shots. It is found that ion ener-
gies range from 45 keV to 480 keV while their corresponding
ion number densities are in the range from 9.39× 1016 cm−3

to 2.9 × 1016 cm−3. It is known that ions are emitted in a
fountain-like geometry with angular anisotropy. Most of the
ions are emitted in a small solid angle along the anode axis and
their fluxes decrease with increasing angle.[25] A total number
of nitrogen ions reaching the substrate surface during one fo-
cus shot of duration ∼ 80 ns is 5.23×1012 as shown in Fig. 1.
These results are consistent with those in the literature.[15] In
the deposition process, these energetic nitrogen ions deliver
enough energy to the substrate surface, thereby raising the
substrate surface transient temperature, which results in local
melting and evaporation. Eventually, the original phase of sil-
icon re-crystallizes with the development of new phases in the
molten state.[26]

3.1. Phase identification

XRD patterns of the composite ZrSiN films deposited for
multiple (10, 20, and 30) focus shots when the samples are
placed at 9 cm away from the tip of the anode along the anode
axis are shown in Fig. 2. For 10 focus shots, various diffraction
peaks related to silicon/zirconium nitrides [01-071-0623, 00-
005-0659, 00-041-0360, 01-076-0503, 01-075-0950, and 01-
087-0842] are evolved. This confirms the formations of poly-
crystalline composite (ZrSiN) films. The diffraction peaks are
also broadened, indicating the formations of nano-crystallites
as the crystallite size is inversely related to the peak broad-
ening. This shows that 10 focus shots are sufficient for the
nucleation of nitrides as well as for the re-crystallization of
silicon.
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Fig. 2. XRD patterns of the composite (ZrSiN) films deposited for
multiple (10, 20, and 30) focus shots at 0◦ angular position.

For 20 focus shots, the crystallinities of silicon/zirconium
nitride phases increase. For 30 focus shots, the crystallini-
ties of all these phases increase except the crystallinity of the
(130) phase of silicon nitride, which disappears. Moreover, the
XRD patterns clearly show that there is no oxide peak. This
indicates that native oxides may be removed from the sam-
ple surface exposed at 0◦ angular position. Table 1 shows the
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occurrences of diffraction peaks of silicon/zirconium nitrides
along with their 2θ and hkl values. The diffraction peaks ap-
pearing for 10 focus shots are slightly shifted from their stan-
dard database values. No further shift in the diffraction peaks
is observed with the increase of the focus shot number (20 and
30 shots). At 0◦ angular position, energetic ions are used not
only to deposit the materials but also to sputter the substrate or
already deposited film.

Table 1. Various diffraction peaks of silicon/zirconium nitrides appear-
ing at various 2θ values observed from the XRD patterns.

Number of Sample Various diffraction peaks of
focus shots angular silicon/zirconium nitrides observed

positions at various 2θ positions
Si3N4 Zr3N4

2θ hkl 2θ hkl
10 0

◦
31.94 1 3 0 32.98 2 0 1
55.91 4 0 0 38.27 1 3 1
71.48 8 4 0 46.44 401

20 0
◦

31.94 1 3 0 32.98 2 0 1
55.91 4 0 0 38.27 1 3 1
71.48 8 4 0 46.44 4 0 1

30 0
◦

27.3 2 0 0 32.98 2 0 1
48.42 0 4 2 38.27 1 3 1
55.91 4 0 0 46.44 4 0 1
71.48 8 4 0

Moreover, the disappearance of the (130) phase of silicon
nitride for 30 focus shots may be due to its re-sputtering and
evolution of the new silicon nitride phase. Thus, this phase of
silicon nitride is not stable for a higher number of focus shots.

The broadened peaks indicate the formations of nano-
crystallites and the presences of microstrains in the composite
films. These microstrains are attributed to the lattice distor-
tions and imperfections developed in the composite films.

The broadening due to crystalline imperfections can be
separated into two parts according to the Williamson–Hall
(WH) method[27] which is given as follows:

Br =
kλ

L cosθ
+ η tanθ .

In the above equation, the first term on the right-hand side
indicates the broadening due to nano-crystallites whereas the
second term shows the broadening due to lattice strain. Fig-
ure 3(a) shows a WH plot (between Br cosθ and sinθ ) for the
composite (ZrSiN) films deposited for 30 focus shots when the
sample is placed along the anode axis. This gives a straight
line having slope η and intercept (kλ/L) where λ is the wave-
length, k is a numerical constant (k = 0.94), and L is the crys-
tallite size. The crystallite size L and microstrains developed
in the composite films can be determined from the intercept
and slope respectively.

The average crystallite size of the Zr3N4 phase increases
with the increase of the focus shot number (Fig. 3(b)). It varies
from 27±3 nm (for 10 shots) to 73±8 nm (for 30 shots). On
the other hand, the average microstrain value decreases with

the increase of focus shot number. The maximum microstrain
value of the film deposited for 10 focus shots is found to be
2.28 and decreases to 1.0 (30 focus shots) with the increase of
the focus shot number.
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Fig. 3. (a) Williamson–Hall plot for the composite film deposited for
30 focus shots at 0◦ angular position and (b) average crystallite size and
microstrain measurements versus focus shot number.
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Fig. 4. Texture coefficients of Si3N4 (130) and Zr3N4 (102) and (131)
planes each as a function of focus shot.

Maximum microstrains developed in the composite films
could probably be due to the re-crystallizations of silicon
and nucleations of nitride phases. The reduction in micros-
train shows a stress relaxation in the composite film. This
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stress relaxation is attributed to the rise in surface transient
temperature followed by successive focus shots, which result
in the enhanced crystalinities of nitrides. This improvement
in the crystal growth of nitride reduces the microstrains and
defects because defects are directly related to the crystallite
size. The bigger crystallite size minimizes the grain bound-
ary area, which reduces the diffusion as well as the electro-
migration,[28] resulting in stress relaxation.

The preferred orientation of various diffraction planes is
determined by estimating the texture coefficient TC(hkl) from
the following expression:[29]

TC(hkl) =
I(hkl)/I0(hkl)

N−1 ∑ I(hkl)/I0(hkl)
,

where I and I0 are the measured and standard intensities re-
spectively, and N is the number of reflections planes.

Figure 4 exhibits the texture coefficients of Zr3N4 (131),
(102), and Si3N4 (130) planes, each as a function of the fo-
cus shot number. The texture coefficients of Zr3N4 (131) and
(201) planes first decrease from 0.043 to 0.021 (10 to 20 focus
shots) and then increases to 0.059 for 30 focus shots. How-
ever, similar trends in the texture coefficients of both Zr3N4

(131) and (201) planes are observed. On the other hand, the
texture coefficient of Si3N4 (130) plane is 1.43 for 10 focus
shots and it increases to 4.1 for 20 focus shots. However,
the decreases in texture coefficients of Zr3N4 (131) and (201)
planes (for 20 shots) may be due to the abrupt increase in the
texture coefficient of Si3N4 (130) plane. This increase in the
texture coefficient of Si3N4 (130) plane may be due to the in-
crease in its crystallinity. Its crystallinity may be increased
due to enhanced adatom mobility, which reduces its surface
energy. Thus a lower surface energy may enhance the texture
coefficient of silicon nitride along the (130) orientation. How-
ever, the rapid increase in the texture coefficient of Si3N4 (130)
plane changes its preferred orientation. It means that the (130)
plane of silicon nitride disappears while the crystallinity of the
zirconium nitride plane increases for 30 focus shots.

3.2. Surface morphology

Figure 5 exhibits the surface morphologies of the com-
posite films deposited at 0◦ angular position for multiple (10,
20, and 30) focus shots. At 0◦ angular position (10 focus
shots), a uniform composite film showing rounded grains is

Fig. 5. SEM microstructure patterns of the composite films deposited for multiple (10, 20, and 30) focus shots, (a), (b), and (c) at 0◦

angular positions.
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formed (Fig. 5(a)). However, few pores of ∼ 400 nm in size
are also observed. For 20 focus shots, the grain sizes of ni-
trides increase, accompanied with the appearance of an oval
shape surface (Fig. 5(b)). This oval shape surface is free of
nano-pores. This may be due to the grain growths and crys-
tallinities of nitrides, which is attributed to the rise in sur-
face transient temperature followed by successive focus shots.
However, the composite film is not smooth. This may be due
to the formations of grains of different sizes. Moreover, a co-
agulation of grains is also observed. This type of grain growth
and their coagulations in the plasma focus ion-assisted films
have already been reported.[30] The formations of clusters con-
sisting of nano-grains (80± 5 nm) (Figure. 5(c)) is attributed
to the increase of focus shot number (30 shots). The melting
and swelling (Fig. 5(c)) of the surface are also observed, which
may be due to more energy deliverance to the substrate during
ion bombardment. Thus, a rough surface is obtained due to
melting, swelling, and cluster formation. The re-sputtering of
the silicon nitride (130) phase may be the other reason. It is
concluded that microstructure patterns of the composite films
depend on the number of focus shots and the rise in the sur-
face transient temperature of the substrate during the deposi-
tion process.

Figure 6 shows a relationship between the elemental con-
centration and the focus shot number. The silicon content
value decreases while zirconium and nitrogen content values
increase in the composite film deposited up to 20 focus shots
(Fig. 6). For 30 focus shots, the silicon content value increases
slightly while the nitrogen content value decreases in the com-
posite film. This decrease in the nitrogen content value may
be due to the re-sputtering of silicon nitride. EDX data show
that the composite films deposited along the anode axis are
free of oxides. These results accord well with the XRD results
since there is no oxide peak and therefore only nitride peaks
of silicon/zirconium occurs there. This confirms the complete
nitridation of silicon substrate along the anode axis.
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Fig. 6. EDX data showing the presences of silicon, zirconium, ni-
trogen, and oxygen in the composite films deposited for multiple
(10, 20, and 30) focus shots at 0◦ angular positions.

4. Conclusions
The plasma focus device is used to deposit composite

(ZrSiN) films on silicon substrates at ambient temperature.
Composite (ZrSiN) films are deposited for multiple (10, 20,
and 30) focus shots and at 0◦ angular positions. The ion energy
ranges from 45 keV to 480 keV and relativistic electron beams
are used for depositing the composite (ZrSiN) films. XRD
patterns confirm the depositions of polycrystalline composite
films. The crystallinities of silicon/zirconium nitrides increase
with the increase of the focus shot number. The average crys-
tallite size of zirconium nitride increases from 27± 3 nm to
73± 8 nm while microstrain values for the composite films
decrease from 2.28 to 1.0 with the increase of the focus shot
number, resulting in the enhanced crystallinities of nitrides.
Texture coefficient of Si3N4 (130) plane is found to be 4.1 for
the composite film deposited for 20 focus shots. SEM results
show that a smooth film showing granular surface morphol-
ogy is observed for 10 focus shots. An oval shape microstruc-
ture (free from nano-pores) with compact film appearance is
observed for 20 focus shots. Clusters are formed in the com-
posite film deposited for 30 focus shots along with the melting
and swelling of the substrate surface. EDX data confirm the
presence of silicon, zirconium, nitrogen, and oxygen in the de-
posited composite films.
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