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Nitrided surfaces and composition gradients in thin films exhibit interesting mechanical, electrical and optical properties. 
Therefore, silicon (Si) thin films were prepared by electron beam evaporation and nitrided by an inductively coupled rf 
plasma. The effects of successive plasma processing power on structural and optical properties as well as electrical 
resistivity were examined by different characterization techniques. The Si thin films were transformed gradually into nitrides 
compound thin films and the amount of nitrogen in the film increased with increasing the rf processing power. The Si 
nitrided films showed structural, optical and electrical properties that depend on the nitriding power. Increasing the rf plasma 
processing power caused amorphization, reduced the thickness, increased transmittance, increased resistivity and 
decreased the reflectance of the Si films. The electrical resistivity increased about eight orders of magnitude when the 
sample nitrided at 500 W. Different optical band gap were determined indicating the presence of different competing phases 
in the same film. The decrease in refractive index with plasma treatment power is attributed to the possible change in the 
bucking density as well as to the increase in the band gap.  
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1. Introduction  
 
Silicon thin films are currently used in different 

technological areas such as photovoltaic cells [1,2], thin-
film transistors [3], microelectromechanical systems [4], 
and Li-ion rechargeable batteries [5]. On the other side, 
silicon dielectrics are important materials for both 
microelectronics and integrated optics. In particular, 
silicon dielectrics have been considered as an appropriate 
material for fabricating optical waveguides in broadband 
communications (telecom and datacom) [6-8]. 

The effects of ions, electrons, and other energetic 
particles are now widely utilized for substrate cleaning as 
well as to assist and control film growth. Some of the 
particles are not just assisting but they may condense and 
thereby become part of the growing film [9]. The role of 
nitrogen plasma-surface reactions is very important in 
various phenomena of technological interest such as 
corrosion, surface functionalization, and thin film growth. 
Inductively coupled radio frequency (rf) discharges have 
proven technological significance, for surface 
modification, fabrication of modern integrated circuit 
devices, and thin film deposition [10,11]. The great 
majority of fundamental studies involve the interaction 
between nitrogen plasma species and solid surfaces, but 
there is a lack of specific correlation between opto-
electronic properties and plasma parameters.  

Nitriding of silicon has been often produced by using 
electron cyclotron resonance nitrogen plasma [12], heating 
silicon in an atmosphere of nitrogen at elevated 
temperatures [13], ion beam nitridation [14], low energy 
nitrogen ion implantation [15], ion-beam-enhanced 
deposition [16], stable discharging of pure nitrogen 

maintained between two parallel plate electrodes [17], 
inductively coupled nitrogen plasma [18], etc. Nitrides of 
Si carried out by rf plasma nitriding or similar means have 
been contemplated for use as metal-oxide-semiconductor 
field effect transistors [18], oxidation barriers [16,19], gate 
insulators [15], optical coatings [20], and silicon-on-
insulators [21].  

Thus, the aim of the study described herein is to 
plasma nitride silicon thin films using inductively coupled 
rf plasma nitriding and to examine the effectiveness of the 
plasma nitriding process as a function of the nitriding 
variable of rf plasma processing power.   

 
2. Experimental details 
 
Si thin films were prepared by electron beam 

evaporation in an Edward’s high vacuum coating unit, 
model 306A, which had a base pressure of 6.55 × 10-4 Pa.  
The evaporation was carried out from cold pressed Si 
tablet, which had previously compressed from Si powder 
of 99.9% purity (Aldrich Chemicals). The Si powder was 
previously stored in the laboratory and subjected to air 
atmosphere for more than two years. The evaporation 
process was started after achieving high vacuum of 6.55 × 
10-4 Pa. The films were prepared on ultrasonically cleaned 
microscopic glasses and mirror polished polycrystalline 
titanium substrates held at room temperature. The 
substrates had dimensions of 1.2 × 1.8 cm. During 
evaporation, the thickness of the films was controlled 
using digital film thickness monitor model TM 200 
Maxtek to be ~ 1600 nm. The film deposition rate was 4.2 
± 0.5 nm/sec.  
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The effect of rf plasma power was studied at different 
plasma powers of 350, 400, 450 and 500 W. For each 
power, the film was exposed to nitrogen plasma for 10 min 
and then cooled down to room temperature. The rf plasma 
system has been described elsewhere [22]. In brief, the 
system comprises a quartz reactor tube with a 500 mm 
long and a diameter of 41.5 mm. The tube was evacuated 
to a base pressure of 2 Pa by a two-stage rotary pump. The 
samples are mounted on a water-cooled copper sample 
holder (3.6 cm in diameter) located at 4 cm from the rf 
external copper coil. Nitrogen (N2) was introduced to 
establish a gas pressure of 8.4 Pa and measured by means 
of a capacitance manometer. The induction copper coil, 
energized by an rf power generator model HFS 2500 D at 
13.65 MHz via a tuneable matching network, generated 
the discharge. The increasing sample temperature was 
measured during the rf plasma process by a Chromel-
Alumel thermocouple which was attached to the sample 
holder. The temperature of the sample takes up to 2-3 
minutes to attain a steady value for each plasma power 
input.   

The chemical composition and thickness of the of the 
rf plasma nitrided Si films was analyzed for the samples 
prepared on titanium substrates using energy dispersive 
analysis of X-ray (EDAX, Philips XL 30 scanning) and 
Dektak IIA profilometer, respectively. The crystallinity of 
the as-prepared and the nitrided films were examined 
using a Bucker AXS-D8Advance X-ray diffractometer. 
CuKα radiation (λ = 1.5406 Å) was used with normal 
focus. The optical transmittance (T) and reflectivity (R) of 
the as-prepared and the nitrided films were measured using 
a Jasco 570 double beam spectrophotometer in the wave 
length (λ ) range of 200-2500 nm at normal incidence. 
The room temperature resistivity measurements were 
carried out using the two-terminal configuration by 
applying a constant voltage of 10 ± 0.1 V to the sample 
and measuring the flowing current through it using a 
Keithley 614 electrometer. Electrical contacts were made 
by applying silver paste over part of the film surface, in 
coplanar configuration, with a separation distance of 2 
mm. The measurements were performed in dark 
environment and at atmospheric air.  

 
3. Results and discussion 
 
3.1 Structural properties  
 
3.1.1 Film composition and thickness 
 
The chemical compositions of the as prepared and rf 

plasma nitrided films are listed in Table. 1 as functions of 
rf plasma processing power. The chemical composition of 
the as prepared film is SiO0.39± 0.06. The N/Si atomic ration 
increases with increasing the rf plasma processing power. 
However, the oxygen contamination ratio (O/Si) decreases 
slightly, then it remains almost constant. The presence of 
oxygen contamination my arise from the oxidation of 
some the Si powder by air exposure, the residual water in 
the coating unite's jar and the adsorbed oxygen or the 

hydroxyl molecules on the surface of the film after it got 
out of the evaporation chamber or rf plasma reactor tube.  

 
Table 1. The chemical compositions and optical band gap 

 of the as prepared and rf plasma nitrided Si films. 
 

Eg (eV) Rf 
power 
(W) 

Chemical 
composition 

SiOxNy 
Eg1 Eg2 Eg3 

As-pre. SiO0.39  --- --- --- 
400 SiO0.37N0.13 2.56 2.21 3.67 
450 SiO0.36N0.25 2.19 1.88 3.72 
500 SiO0.36N0.49 2.29 2.04 3.85 

 
Nitrogen can be incorporated into Si using nitridation 

by energetic rf nitrogen plasmas [7,18]. This nitridation 
method can be performed at low temperatures ~ 25-500 °C 
[7]. As the surface of the Si film is subjected to nitrogen 
plasma, the nitrogen ions are incorporated into the surface 
region. Some of the nitrogen ions are diffused into the 
bulk of the film. The atomic displacements due to 
collisions may largely improve the nitrogen diffusivity, 
allowing the material to tend rapidly to equilibrium, which 
is the formation of the silicon nitride. As long as the 
plasma exposure power is increased the thickness of the 
nitrided layer increased and the number of the 
uncoordinated Si is decreased.      

Fig. 1 shows the variation of film thickness as a 
function of treatment power. The film thickness is 
drastically reduced from 1610 nm to 1393 nm after 
exposing it to nitrogen rf plasma power of 400 W. By 
raising the treatment power, the thickness gradually 
decreases to 1121 nm for sample treated at 500 W. This 
reduction in thickness can be ascribed to plasma etching. 
The change in thickness depends also on the way of 
density change (in the present case from silicon or silicon 
oxide to silicon nitride or silicon oxynitride).  As the 
density of Si (2.33 g/cm3) is lower than the density of 
silicon nitride (3.44 g/cm3) and under the same area of the 
film, the thickness may decrease due to the increase in 
density. 

 
Fig. 1. The variation of film thickness as a function of 

 rf plasma processing power. 
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3.1.2 XRD examination 
 
Fig. 2 a-d shows the X-ray diffraction patterns for Si 

films nitrided for different plasma powers. All the patterns 
reveal the existence of polycrystalline Si structure (JCPDS 
card no. 41-1111). The as-prepared film (Fig. 2a) has 
diffraction peaks at 34.76º, 36.62º, 40.21º, 42.55º, 47.89º, 
61.82º and 68.60º indicating a polycrystalline structure. 
Upon treating the film with nitrogen plasma at 400 W, the 
yield intensities of peaks around 36.62º, 40.21º, 42.55º, 
47.89º, 61.82º and 68.60º are decreased however; the 
intensity of the peak around 36.62º is increased. The 
further increase in the rf processing power to 450 W then 
to 500 W leads to amorphous structure. It is worthy to 
mention that there are four major effects inherent in the 
plasma surface nitridation treatment. One is the surface 
modification (surface cleaning), the second is surface 
plasma annealing, the third is the surface chemistry 
changing (surface composition change) and the last is ion 
bombardment. The surface plasma cleaning and annealing 
may enhance the crystallinity, however the surface 
chemistry changing and the ion bombardment deteriorate 
the crystallinity. Thus, the observed amorphization at 
higher plasma processing powers is related to the surface 
chemistry changes and to the ion bombardment effects. 
This effect is similar to that of ion implantation at low 
temperature [23].   

 
Fig. 2. The X-ray diffraction patterns for Si films nitrided at 

different plasma powers. 
 
 
 

3.2 Electrical resistivity  
 
The variation of room temperature resistivity with 

treatment power is shown in Fig. 3. It can be seen that the 
as-prepared Si film has a very low resistivity of 1.45 × 10-3 
Ωcm. Upon rf plasma treatment at 400 W, the resistivity 
increased to 2.79 Ωcm. The further increase in plasma 
treatment power to 450 W then to 500 W increases the 
resistivity drastically to 4.28 × 103 Ωcm then to 2.42 × 106 
Ωcm. The increase in resistivity is ascribed to: (i) the 
possible formation of the silicon nitride (that is a dielectric 
material with resistivity in the range 1010-1014 Ωcm 
[24,25]), (ii) the reduction in un-coordinated Si that 
provides the carriers [25], and (iii) the niridation-induced 
lattice defects, which act as electron scavengers.  

 

 
Fig. 3. The variation of room temperature resistivity  

with treatment power. 
 
 
3.3 Optical properties  
 
The wavelength dependence of optical transmittance 

and reflectance spectra of the Si films plasma treated at 
different powers are shown in Fig.4a and 4b, respectively. 
It is observed that the transmittance of the as prepared film 
is almost zero while the reflectance is very high. This low 
transmittance and high reflectance is ascribed to the 
oxidation of some of the silicon atoms and the formation 
of SiOx (with x = 0.39 ± 0.06) which has low 
transmittance [26]. Treating the films at 400 W, reduces 
the reflectance strongly and increases the transmittance. 
The transmittance increases and the reflectance decreases 
with further increase in rf treatment power. The increase in 
transmittance and the decrease in reflectance could be 
related to: the change in the film chemical composition 
(the formation of the highly transparent silicon nitride and 
silicon oxynitride), the reduction of the defect centres via 
plasma surface cleaning, and (iii) the decrease in the films 
thickness.  
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Fig. 4. Wavelength dependence of optical transmittance 
(a)  and  reflectance  (b) spectra of the Si  films treated at  
                          different powers, respectively.   
 
 
The absorption coefficient (α) was evaluated from the 

experimental data of transmittance and reflectance using 
the equation:  

  ⎟
⎠
⎞

⎜
⎝
⎛ −

=
T

R
d

1ln1α   (1) 

 
The α values of all the films are found to be more 

than 104 cm-1. 
 The optical band gap (Eg) values were obtained from 

the plot of 2)( ναh  versus hν . It has been found that all 
the plasma treated films have three direct transitions which 
corresponding to three different energy gaps. The three 
regions of (αhν)2 versus hν are fitted separately with solid, 
dashed and doted lines as shown in  Fig. 5.  The obtained 
band gap values (Eg1, Eg2 and Eg3) are listed in Table 1. 
This indicates that there are mixed phases such as silicon, 
silicon oxynitride and/or silicon oxide and silicon nitride.  

 
 

 
 

Fig. 5. Plot of (αhν)2 versus hν for Si films treated at different  
 rf plasma processing powers. 

 
It is well know that the Eg values of silicon depend on 

the preparation methods as well as preparation conditions. 
However, there exist ambiguities about the band gap of 
nanocrystalline silicon film. The band gap of hydrogenated 
amorphous silicon is in the range 1.65 - 1.78 eV [27,28] 
whereas band gap of polycrystalline silicon has been found 
near to the band gap of crystalline silicon (~ 1.12 eV,  bulk 
value [30]). However, in case of mixed phase of 
crystalline and amorphous, i.e. nanocrystalline phase, band 
gap should lie between amorphous and crystalline 
depending upon the phase fractions [29-31]. In 
nano/microcrystalline silicon, optical properties are greatly 
influenced by ratio of volume fraction of crystalline and 
amorphous phase and also by the hydrogen content in the 
film. Excluding the effect of hydrogen, band gap 
broadening could occur in the materials if quantum size 
effect prevails. Otherwise, many other parameters must be 
looked for the justification of band gap broadening. 
Surface effects may also play role in the band gap 
estimated by transmission and reflection method. Insertion 
of oxygen and/or nitrogen into the silicon matrix could 
produce change the band gap as a result of changing the 
chemical composition (transformation to silicon oxide, 
silicon nitride or silicon oxynitride).  

The optical band gap of SiOx films depend on the x 
value. The optical gap of the SiOx films increased from 1.7 
to 2.5 with increasing x in SiOx from 0.47 to 0.95 [32]. As 
the x increased to reach a value close to 2 the optical gap 
increased to reach values greater than 6 eV [26]. 

Also, the Eg values of amorphous silicon nitride 
depend on the preparation methods, preparation 
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conditions, ratio N/Si, etc. Low Eg values [33] are obtained 
for the films containing higher amounts of Si while Eg 
values close to the bulk value (5.0 eV) are obtained when 
the chemical composition of the silicon nitride films is 
close to the stoichiometric Si3N4 [33,34]. Based on the 
above discussion it can be concluded that the increase in 
Eg3 values with increasing rf plasma processing power 
may be ascribed to the change in chemical composition of 
the films toward the nitride side.   

Fig. 6 shows the variation of refractive index as a 
function of wavelength of films treated at different rf 
plasma processing powers. The variation of n with 
wavelength is very similar to that obtained for the plasma 
nitrided zirconium films [35]. It is observed that the 
refractive index of the films decreases with increasing 
treatment power. The variation of refractive index may be 
attributed to the change in the packing density as well as to 
the increase in the optical band gap with treatment plasma 
power i.e. N/Si atomic ratio [36]. Verlaan et al. [36] have 
recently reported, for more than 13 pervious works, that 
the change in refractive index (at 632 nm) of SiNx cannot 
determine the change in N/Si atomic ratio but the change 
in the optical band gap should be taken, also, into account. 
Thus, the decrease in refractive index with increasing rf 
power is attributed to both the changes in chemical 
composition well as the optical band gap [36].  

 
 

 
 

Fig. 6. Variation of refractive index as a function of wavelength 
for Si films treated at different rf plasma processing powers. 

 
 
The extinction coefficient also decreases with 

increasing treatment power (Fig. 7). The k values are very 
close to zero for the films treated at 500 W. The variation 
of the extinction coefficient is directly related to the 
optical transmittance of the films as shown in Fig. 4a. This 
decrease in the k values with increasing rf processing 
power may be ascribed to the reduction of some defect 
centers which cause absorption and thereby decreasing the 
k values.  

 

 
 
Fig. 7. Variation of extinction coefficient as a function of 
wavelength  for  Si  films  treated  at  different  rf  plasma  
                                 processing powers. 
 
 
4. Conclusions  
 
The effects of nitriding using different rf plasma 

processing powers on the properties of Si thin films, 
prepared by electron beam evaporation, were studied. The 
film thickness decreases due to plasma etching and density 
variation. The incorporation of nitrogen in the Si thin films 
was insured by EDAX and it was found to increase with 
increasing rf processing power. The nitrogen incorporation 
into polycrystalline Si films reduces the diffraction 
intensity at lower treatment powers and causes 
amourphization of the films at higher treatment powers. 
As the nitrogen incorporated in the films the resistivity 
increased drastically. The extinction coefficient and the 
refractive index decreased with rf plasma treatment power. 
The decreasing refractive index with increasing with 
increasing rf plasma processing power is likely to be 
caused by an increase of the band gap (Eg3) as well as a 
change in the bucking density. This study showed that it is 
possible to transform Si thin films gradually into nitrides 
compound thin films, as important materials for both 
microelectronics and integrated optics, by controlling the 
rf plasma processing power.  
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