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Influence of Argon Gas Concentration in Np-Ar
Plasma for the Nitridation of S1 in Abnormal Glow
Discharge

K. Abbas, R. Ahmad, I. A. Khan, S. Saleem, U. Ikhlaq

Abstract—Nitriding of p-type Si samples by pulsed DC glow
discharge is carried out for different Ar concentrations (30% to 90%)
in nitrogen-argon plasma whereas the other parameters like pressure
(2 mbar), treatment time (4 hr) and power (175 W) are kept constant.
The phase identification, crystal structure, crystallinity, chemical
composition, surface morphology and topography of the nitrided
layer are studied using X-ray diffraction (XRD), Fourier transform
infra-red spectroscopy (FTIR), optical microscopy (OM), scanning
electron microscopy (SEM) and atomic force microscopy (AFM)
respectively. The XRD patterns reveal the development of different
diffraction planes of SisN; confirming the formation of
polycrystalline layer. FTIR spectrum confirms the formation of bond
between Si and N. Results reveal that addition of Ar into N, plasma
plays an important role to enhance the production of active species
which facilitate the nitrogen diffusion.
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1. INTRODUCTION

HE Si;N, thin films show remarkable properties which

make them suitable in various applications due to their
diverse properties such as high mechanical strength; dielectric
constant; excellent chemical stability; good resistance to wear
and corrosion; thermal shock and creep. Hence, the Si;N, films
are used as passivation layers, alkali-ion diffusion barrier,
gate dielectrics, oxidation mask, hard coating materials and in
high-temperature applications [1]-[3]. The SizN, films are
synthesized through different routes like direct nitridation of
silicon [4], activated reactive evaporation (ARE) [5], chemical
vapor deposition (CVD) [6], plasma-enhanced chemical vapor
deposition (PECVD) [7], laser-assisted CVD [8], DC reactive
magnetron sputtering [3] and plasma focus device [9].

Plasma nitriding has attracted much attention because it is
environmentally-friendly technique. A pulsed DC discharge is
preferable over conventional DC discharge due to its operation
at relatively high peak voltages and currents for the same
average power as compared to conventional DC glow
discharge which leads to increase the ionization, excitation
and sputtering processes [10]. Plasma generated by only N,
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gas is not suitable because its dissociation efficiencies are
about 2% which is due to highly stable bonding between N,
species. One promising way to enhance the dissociation of N,
in plasma is to introduce the inert gases like Ar, neon and
helium [11]. It is well known that addition of Ar in N, plasma
enhances the electron temperature, electron number density,
concentration of active species through Penning excitation and
ionization [12], [13]. Moreover, it is noticeable that the
addition of Ar in N, plasma serves as a catalyst enhancing the
concentration of active species of N, and increasing the
reactivity of silicon with N, plasma species to form nitrides
[14], [15].

The present work highlights the importance of sputtering
gas (Ar) concentrations on the kinetics of layer growth.
Structural, morphological and compositional properties of the
nitrided layer are examined in terms of their crystal structure,
chemical bonding, and surface morphology. The role of
sputtering gas on crystallite size and residual stress of silicon
nitrided thin films is also investigated.

II. EXPERIMENTAL SETUP

In order to study the influence of Ar concentration in Np-Ar
plasma on the nitrided layer properties, the Si samples are
nitrided in a stainless steel chamber by using pulsed DC glow
discharge technique. Fig. 1 shows the schematic arrangement
of pulsed DC glow discharge system. The chamber consists of
two movable parallel electrodes having a diameter of 9.5 cm
and thickness of 1.9 cm. The upper electrode serves as anode,
whereas the lower electrode serves as cathode (sample holder).
The chamber is evacuated down to 10 mbar pressure by
using rotary vane pump prior to filling the N,-Ar gases. The
inter-electrode distance (3 cm), pressure (2 mbar) & power
(175 W) are kept constant throughout the experiment.

By applying pulsed-DC power to the upper electrode
(anode), glow discharge is produced. The pulsed DC power is
obtained by using 50 Hz AC power source, step-up
transformer and bridge rectifier. The plasma is excited in an
abnormal glow regime using various ratios of Ar & N,.

To control the input current and voltage within the
discharge, voltmeter and ammeter are used. There is no need
of auxiliary heater as the sample is being heated up by the
bombardment of cathodic energetic atoms, molecules, ions
and radicals of N, which may be controlled by increasing the
Ar concentration in N,-Ar plasma.

Silicon substrates having dimension lcm x lem and
thickness 0.3 mm are placed on the cathode (substrate holder)
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for 4 hrs processing time using various concentrations of N»-
Ar plasma. The untreated Si and nitrided Si samples are
characterized by XRD, FTIR, OM, SEM and AFM in order to
investigate the structural, morphological and surface
roughness of the silicon nitride layers.
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Fig. 1 A schematic diagram of pulsed DC glow discharge system
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III. RESULTS AND DISCUSSION

A. XRD Analysis

Figs. 2-4 show the XRD patterns of untreated Si and
nitrided Si samples for different Ar concentration in N,-Ar
plasma by keeping the other discharge parameters constant.
The XRD pattern of untreated Si shows a single intense
diffraction peak corresponding to Si (100) orientation as
shown in Fig. 2 (a).

Fig. 2 (b) shows the development of two diffraction peaks
showing weak intensities related to Si;N4 (301) & (204) planes
along with a broad diffraction peak of (103) plane. The peak
intensity of Si (100) is drastically decreased showing a broad
hump, which indicates the amorphization of Si. It is reported
that crystallite size is inversely proportional to peak
broadening. Thus, the broadened peaks exhibit the formation
of nano-crystallites of SizN; which are due to the
bombardment of N active species as well as their infusion in
Si lattice.

The peak intensity of Si;N, phase growing along different
(301), (204) & (103) orientations increases up to 60% argon,
which starts to decrease for 70% to 90% Ar contents. This
indicates that Ar contents greater than 60% is not favorable for
the growth of Si;Ny4 but re-sputtered the previously deposited
nitrided layer. Moreover, lower nitrogen content or higher
substrate temperature hinders the nucleation of silicon nitride
along other orientations. For 90% argon, no diffraction peak is
observed thereby confirming the formation of amorphous film.

It has been reported that electron temperature increases by
the addition of argon gas [16], [17]. This may be owing to
lower electron collision cross-section of Ar as compared to N,
that provides adequate time for electrons to be accelerated in

the electric field and results in high energy electrons. These
energetic electrons may directly ionize and excite nitrogen
molecules or bring Ar to its metastable states. As a result, it
may collide with nitrogen molecules and ionize and excite
them. Hence, Penning excitation and ionization event enhance
active species concentration in the discharge. Energetic argon
ions cause more sputtering of target material in comparison to
nitrogen ions, which increases the discharge current [18], [19].

The argon contents and energies influence the discharge
current which is responsible for the growth of nitride layer.
The argon gas also contributes in molecular dissociation of
nitrogen through electron-molecule impact dissociation, heavy
particles-molecules impact and heavy particle-solid surface
impact [20] which also increases the density of radicals
favorable for nitriding process. As the argon concentration
increases, the sputtering rate increases which facilitates the
diffusion of nitrogen resulting in the formation of silicon
nitride films. On the other hand, during higher sputtering rate
(higher reaction rate), the nucleation of Si;N; should be
maximum but the formation of amorphous film (for 90%Ar)
indicating that the high sputtering yield is not favorable to
produce significant reaction between the plasma species. Due
to more collisions, plasma species have low energy and
therefore hinders the growth of crystalline films or low
concentration of available nitrogen (10%) may be the other
reason.
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Fig. 2 The XRD patterns of untreated and nitrided Si layer for
different N»-Ar concentrations (a) Untreated Si (b) 70%N, + 30%Ar
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Fig. 3 The XRD patterns of nitrided Si layer for different N,-Ar
concentrations (a) 60%N, + 40%Ar (b) 50%N,; + 50%Ar (c) 40%N,
+ 60%Ar (d) 30%N, + 70%Ar
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Fig. 4 The XRD patterns of nitrided Si layer for different N,-Ar
concentrations (a) 20%N, + 80%Ar (b) 10%N, + 90%Ar

The XRD results indicate that the nucleation of Si;Ny, their
growth and the development of residual stresses are directly
influenced by the variation of N,-Ar concentrations.

B. Residual Stress Analysis

Figs. 7-9 represent the de-convolution of XRD patterns in
order to calculate the residual stress induced in the nitride
layer and crystallite size. The de-convolution of the
overlapped diffraction peaks has been performed using
Gaussian distribution function.

Fig. 5 demonstrates the residual stresses developed in the
nitrided layers by using XRD data. The diffraction peaks show
up and down shifting from their stress free data indicating the
presence of residual stresses. During nitriding process, a
sufficient amount of energy is transferred to the substrate
surface by the bombardment of energetic
ions/electrons/radicals results in the increase of substrate
surface temperature which causes to nucleate new phases and
their growth. The incorporation of  impurity
atoms/molecules/radical interstitially causes to distort the
substrate lattice which changes the d-values. This change in d-
values will change the lattice parameters results in change of
crystal structure and surface morphology of the nitrided layers.
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Fig. 5 Variation in residual stress using different argon concentration

It is well known that the increase in substrate surface
temperature and lattice distortion developed during ions
bombardment change the inter-atomic distance and thermal
expansion coefficients [21]. The tensile stress develops due to
down-shifting of diffraction planes whereas compressive
stress results due to up-shifting of diffraction planes [22]. The
actual residual stress can be estimated by the strain produced
in the nitride layer, given by [23]:

e= (do-d)

> (1)

where d, and d are the observed and standard value of d-
spacing. The multiplication of strain with elastic constant
(Si3Ny) gives the value of residual stress [24].

Residual stress =€ * E 2)

The elastic constant (E) of Si;Ny4 is found to be 400 GPa
[25].

Fig. 5 exhibits the residual stresses developed in Si;Ny
layers show the cyclic behavior for Ar concentration ranged
from 30% to 80%. It is found that the residual stress changes
from -7.80 GPa to 3.85 GPa with the increase of Ar
concentration in N,-Ar plasma. This is due to increase in Ar
concentration which increases total energy deliverance to
silicon substrate surface. This, in turn, results in the increase
of silicon temperature which will increase the nucleation rate
of new phases. For 30% Ar, the stresses developed in Si;N,
(103), (301) planes are compressive in nature which
transformed to tensile for 40% Ar. The tensile stress is
observed in the above mentioned diffraction planes again
transformed to compressive stress which increases up to 70%
Ar. However, different diffraction planes have different stress
values (Fig. 6). For 80% Ar, the compressive stresses in SizNy
(204) and (301) planes are again transformed to tensile.

It is concluded that the stress transformation in different
planes of Si;N, phases strongly depend on increasing Ar
concentrations in N,-Ar plasma.

C. Crystallite Size Analysis

The average crystallite size of the silicon nitride layer can
be calculated from XRD data using Scherer's formula

T v
Crystallite size = WM cose 3)
where k is a constant having a value in the ranged from 0.9 to
1, depending on the cell geometry. 4 is the wavelength of
radiation (1.5406 °A), FWHM is the full width half maxima of
the corresponding diffraction peak, and 6 (radian) is the

Bragg's angle.
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Fig. 6 The variation of crystallite size with Ar concentration in N,
plasma

Fig. 6 illustrates the variation of crystallite size with Ar
concentration in N,-Ar plasma. It can be clearly observed that
the average crystallite size of different diffraction planes
strongly depends on Ar concentration. The crystallite size of
(204) plane is minimum for 50% Ar, whereas it is the
maximum for 60% Ar concentration. Interestingly, a little bit
change in the crystallite size of (103) diffraction plane is
observed with increasing Ar concentration. It means that the
broadening of different diffraction planes shows different
trend with variation in Ar concentration.

It is well known that there is a competition between
diffusion and sputtering processes by the energetic ions or
atoms of Ar and N,. Moreover, higher the energetic ions
concentration, higher will be the nucleation which affects the
diffusion of N, species and results in the increase of peak
broadening. It will decrease the crystallite size of different
plane with increasing Ar concentration [26]-[28].
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Fig. 7 De-convolution of the overlapped diffraction peaks using Gaussian distribution function for (a) 70%N,; + 30%Ar (b) 60%N, + 40%Ar
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Fig. 8 De-convolution of the overlapped diffraction peaks using Gaussian distribution function for (a) 50%N; + 50%Ar (b) 40%N, + 60%Ar
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Fig. 9 De-convolution of the overlapped diffraction peaks using Gaussian distribution function for (a) 30%N, +70%Ar (b) 20%N, + 80%Ar

D.FTIR Analysis

The FTIR analysis provides information regarding the
compositional and vibrational properties of the nitrided layers.
Fig. 10 elaborates the FTIR spectrum of Si3N4 film nitrided

40

Angle (26)

60 70 80

for 40% N2 and 60% Ar concentration.

It is also reported that the Si—N bond is sensitive to oxygen
content; even small oxygen content changes the film
composition resulting in the formation of SiON film instead of
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Si3Ny film which is responsible for the shifting of Si-N bond
position towards higher wave number [5].

The vibration frequency of a chemical bond is directly
related to the electronegativity of the nearest neighbors.
Electron clouds in a bond tend to orient themselves towards
the more electronegative atom involved in the bond. This
effect is known as induction effect. So, oxygen atoms
incorporated in the nitrided layer produces induction effect
over Si-N bonds. Nitrogen atoms are replaced by oxygen
atoms, which are more electronegative decreasing the bond
length.

60% Ar

Transmittance [%]

1000 950 900 850 800 750
Wavenumber cm’?

Fig. 10 The FTIR spectrum of silicon sample nitrided for 40% N, and
60% Ar plasma

The vibrational frequency associated with the bonding
group shows a broad Si—N bond at about 771-985 ¢cm ' which
is attributed to the asymmetric Si-N bond-stretching vibration
mode [29], [32]. Vila et al. [30], [31] have reported that the
Si—N peak in Si;Ny films lies in the range from 700-1200
cm '. The Si-N peak appears at 873 cm ' matches well with
the reported value [5]. Moreover, small overtones/peaks
observed at about 771, 820 and 840 cm™ are attributed to Si-N
vibrational bond. It is examined from the FTIR transmission
spectrum of SizNy film that the number of emission bands and
their energy represented by bond strength are strongly affected
by the Ar concentration in N,-Ar plasma.

E. OM Analysis

Figs. 11 and 12 show the optical micrographs (%500
magnifications) of untreated and nitrided sample of Si for
different N,-Ar plasma. The surface morphologies of
untreated Si and nitrided films for different Ar concentration
are significantly different. The pores of different diameter are
observed in the film. However, the numbers of pore are
different in different nitrided films along with the formation of
bubbles of irregular diameters. For 60% Ar illustrated in Fig.
12 (a), a crack free film covered with large numbers of
nodules [33] is observed. This is due to higher sputtering and
diffusion rates which increase the reaction possibilities of N,
with Si. The results show that one can obtain a particular

surface morphology of the nitrided film depending on the Ar
concentration in N,-Ar plasma.

F.SEM Analysis

Figs. 13 and 14 show the surface morphologies of untreated
and nitrided layers. For 30% Ar, the surface morphology of
nitrided layer indicates the formation of nano-particles of
different shapes and size and the up and down regions show
the formation of rough surface as shown in Fig. 13 (b). For
40% Ar, network microstructure is observed with
nanoparticles sparsely spread in the background as represented
in Fig. 13 (c). However, the surface roughness of nitrided
layer is comparatively low. A careful investigation reveals that
the surface morphologies of nitrided layers strongly depend on
the Ar concentration. Moreover, highly rough surface is
observed for 60% Ar as clearly shown in Fig. 14 (a), whereas
it is smooth comparatively for 70% Ar concentrations.
Additionally, totally surface appearance is changed for 90%
Ar concentration showing the formation of long nano-rods and
the deposited film is compact in nature. This change in surface
appearance and roughness is due to the difference in
diffusivity of N, along the grain boundary sites and Si lattice.
We hypothesize that the increasing Ar concentration in Np-Ar
plasma enhances the diffusion rate of N, in Si lattice which
increases the ionization and concentration of the active species
and results in the change in surface microstructure.

The SEM cross sectional view of the nitrided layer gives the
information about the film thickness. The film thickness (d) is
used to calculate the diffusion rate of N, with increasing Ar
concentration. Using the thickness data from cross-sectional
image and by using the relation given below, the diffusion rate
can be obtained [34].

Diffusion rate = d*/t 4

where d is the thickness of the nitrided layer, and t is the
treatment time.

Fig. 15 shows the relation between the diffusion rates of N.
It is found that the diffusion rate strongly depends on Ar
concentration.

With increasing Ar concentration, the number of active
species and electron number density increases, which in turn
increases the substrate temperature. This temperature is
sufficient to nucleate the Si;N, around the grain boundaries.
For the samples that are nitrided at 70-90% Ar concentration,
the active species and electron number density reaches
maximum but due to collisions, energy (temperature) of the
particles decreases which in turn decreases the diffusion of N,
species in Si lattice.

G.AFM Analysis

The AFM images of untreated Si and Siz;N, films for
different Ar concentration are shown in Figs. 17-20. The
outlook appearance of the AFM images confirms that the
surface morphology depends on Ar concentration.
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Fig. 11 The optical micrographs (Magnificationx500) of untreated Si Fig. 12 The Opﬁ‘ial microg: aphs (Magoniﬁcation:SOO) of niﬁrided Si
and nitrided Si samples (a) Untreated Si (b) 70%N, + 30%Ar (c) samples (a) 40%N; + 60%Ar (b) 30%N, + 70%Ar (c) 20%N, +

60%N, + 40%Ar (d) S0%N, + S0%Ar 80%Ar (d) 10%N; + 90%Ar
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Fig. 13 The SEM micrographs (x5000 Magnification) of untreated
and nitrided Si (a) Untreated Si (b) 70%N, + 30%Ar (c) 60%N, +
40%Ar (d) 50%N; + 50%Ar

Fig.14 The SEM micrographs (x5000 Magnification) of nitrided Si
(a) 40%N, + 60%Ar (b) 30%N, + 70%Ar (c) 20%N, + 80%Ar (d)
10%N, + 90%Ar
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Fig. 15 Diffusion rate of nitrogen as a function of Ar concentration at
treatment time 4 h

For 30% to 70% Ar concentration, the vertical droplets of
different heights are observed. There is a small change in
droplet heights. Therefore, the nitrided film which is rough is
agreed well with the SEM analysis. The height and
distribution of these droplets depend on the Ar concentration
in N,-Ar plasma.

The size of solid droplet increases with increasing the Ar
concentration which increases surface roughness of the
nitrided layers. The present work highlights that the surface
morphology and surface roughness are associated with Ar
concentration. Moreover, the researchers have pointed out that

the nucleation and growth rate of nitrided layer strongly
depend on Ar concentration [35].

In the present work, the XRD, SEM and AFM analysis
again confirm the nucleation and growth rate of nitrided films
which are attributed with the increase of Ar concentration.
Additionally, for 90% Ar concentration, the nucleation,
growth rate and surface roughness of the nitrided layer are
reduced which is due to higher sputtering rate of the substrate
surface, which provides the smooth growth of nitrided layer.

The variation in surface roughness with increasing Ar
concentration in N,-Ar plasma is shown in Fig. 16.

144 -

124

104

Roughness (nm)

84 -

T T T T \ ] T

30 40 S0 60 70 80 90
Argon Concentration (%)

Fig. 16 The surface roughness of the nitrided Si films as a function of
Ar concentration

Fig. 17 The AFM images of untreated Si and Si3N, films for different Ar-N, plasma. (a) Untreated Si (b) 70%N, + 30%Ar

868



International Journal of Chemical, Materials and Biomolecular Sciences
ISSN: 2415-6620
Vol:10, No:7, 2016

Fig. 18 The AFM images of Si;Ny films for different Ar-N, plasma. (a) 60%N, + 40%Ar (b) 50%N; + 50%Ar

Fig. 19 The AFM images of Si;N, films for different Ar-N, plasma. (a) 40%N, + 60%Ar (b) 30%N, + 70%Ar

Fig. 20 The AFM images of Si3N, films for different Ar-N, plasma (a) 20%N, + 80%Ar (b) 10%N, + 90%Ar
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IV. CONCLUSIONS

The present work highlights that the active species
generations (argon as sputtering gas) play an important role in
the nitriding of silicon using 100 Hz pulsed DC glow
discharge. The XRD results confirm the formation of Si;Ny
films. The intense polycrystalline Si;N, film is formed at 40%
N, and 60% Ar plasma. The FTIR result highlights the
formation of asymmetric Si;N4 film and the bond strength
between Si and N species strongly depends on argon
concentration in N,-Ar plasma. The OM microstructure
reveals the formation of nodules which are associated with the
nucleation and growth of the nitrided layer. The SEM
microstructure results show the formation of hills of nano-
clusters of Si;N, films. The AFM images relate the surface
roughness of the nitrided layers formed for different Ar
concentrations in N,-Ar plasma. The peak—to-valley height
(166.21 nm) is maximum for 60% Ar concentration. It is
concluded that the crystallinity, crystallite size, residual
stresses, bond strength, surface morphology, particle shape
and size, particle distributions, formation of hills of clusters
and cluster of nanoparticles are associated with Ar
concentration in N,-Ar plasma. Up to 60% Ar concentration in
N,-Ar plasma is most suitable for the nitriding of silicon due
to the production of large number of active species and higher
temperatures are achieved.
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