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1.  Introduction

Titanium nitride (TiN) has found a wide variety of applica­
tions in modern technology due to its distinctive physical, 
chemical and mechanical characteristics such as high hard­
ness and elastic modulus, good wear and corrosion resist­
ance and biocompatibility [1–8]. Because of their excellent 

bio-compatibility and corrosion resistant properties, TiN 
coated materials are often used for medical implants such as 
cement less total hip prosthesis [5–8]. The perspective of use 
of TiN coatings/films for different technological applications 
however is strongly related to their qualities and performances. 
Although, there exist various film deposition techniques, 
plasma deposition is often preferred for its productivity and 
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Abstract
The properties and performance of thin films deposited by plasma assisted processes are 
closely related to their manufacturing techniques and processes. The objective of the current 
study is to investigate the modification of plasma parameters occurring during hydrogen 
addition in N2  +  Ar magnetron plasma used for titanium nitride thin film deposition, and to 
correlate the measured properties of the deposited thin film with the bulk plasma parameters 
of the magnetron discharge. From the Langmuir probe measurements, it was observed that the 
addition of hydrogen led to a decrease of electron density from 8.6 to 6.2  ×  (1014 m−3) and 
a corresponding increase of electron temperature from 6.30 to 6.74 eV. The optical emission 
spectroscopy study reveals that with addition of hydrogen, the density of argon ions decreases. 
The various positive ion species involving hydrogen are found to increase with increase of 
hydrogen partial pressure in the chamber. The thin films deposited were characterized using 
standard surface diagnostic tools such as x-ray photoelectron spectroscopy (XPS), secondary 
ion mass spectrometry (SIMS), x-ray diffraction (XRD), Raman spectroscopy (RS), scanning 
electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS). Although it was 
possible to deposit thin films of titanium nitride with hydrogen addition in nitrogen added 
argon magnetron plasma, the quality of the thin films deteriorates with higher hydrogen partial 
pressures.
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simplicity. Over the last few years there has been a growing 
interest in the use of admixture gases like argon–hydrogen 
(Ar/H2) in plasma deposition techniques. They have been used 
widely in cleaning and etching processes as the combination 
of chemical and physical etching process can lead to much 
higher rates than the single processes [9]. Recently, argon–
hydrogen plasma is being considered in thin film deposition 
processes [10–18]. During the magnetron sputtering deposi­
tion of Al [10], gold [11] and carbon [12–14], argon–hydrogen 
plasma is used to avoid oxidation of the growing metal films. 
Furthermore, the use of hydrogen radicals as reducing agents 
to improve the density and crystallinity of transition metal 
nitrides thin films is reported in literature [15]. In contrast,  
H co-doping in magnetron sputter deposition of TiO2 thin film 
permanently modifies its band structure by introducing Ti3+ 
impurity states while suppressing the formation of intrinsic 
deep defect states with consequences for the photocatalytic 
activity [16].

To study the plasma parameters of magnetron discharges, 
conventional techniques including Langmuir probes and 
optical emission spectroscopy (OES) are widely used [19–21].  
The electron temperature (Te), electron density (ne) and ion 
density (ni) can be measured using a Langmuir probe. By a 
suitable choice of different spectral lines of OES, it is possible 
to characterize different ionization and dissociation processes 
in the plasma. Recent findings speculate that the change of 
plasma parameters due to hydrogen addition in magnetron 
discharge will influence the properties of the deposited films, 
similar to other energetic PVD processes [22]. Therefore the 
diagnostics of the magnetron sputtering discharge deserves 
special attention and it is one of the prime aspects of this 
investigation. Keeping this fact in mind, the aim of the pre­
sent investigation is to probe the modification of plasma 
parameters occurring during hydrogen addition in N2  +  Ar 
magnetron plasma used for TiN thin film deposition and to 
correlate the properties of the deposited thin film with the bulk 
plasma parameters of the magnetron discharge. The nitrogen 
and argon gas partial pressure was kept fixed during the invest­
igation, while hydrogen is added in a controlled manner. By 
keeping the nitrogen and the argon partial pressure constant, 
we eliminate the influence of the so called ‘target poisoning 
effect’ on the plasma parameters evaluation.

2.  Experimental set-up

The experimental system used in this investigation is a ‘Type 
2 unbalanced magnetron’. An unbalanced magnetron is inten­
tionally configured with magnetic pieces or coils that surround 
the central pole piece magnet. The central pole piece has been 
made much stronger than the perimeter pole piece, resulting 
in an additional axial magnetic field. In this case, some of the 
field lines are directed towards the substrate. Consequently, 
the plasma is no longer strongly confined to the target region 
but is allowed to flow out towards the substrate. Figure  1 
shows a schematic diagram of the experimental arrange­
ments for the deposition of TiN films and to investigate the 
plasma parameters as well as plasma species during deposi­
tion. A cylindrical vacuum chamber made of stainless steel 

304 mounted with a planar magnetron was used as the deposi­
tion setup. The chamber act as an anode in the steady state and 
its diameter and length are 350 mm and 400 mm, respectively. 
A water-cooled Ti target of diameter 70 mm was used as the 
cathode of the planar magnetron sputtering system.

The chamber is evacuated with a combination of diffusion 
pump (ULK-06 1000 lps) backed by a rotary pump (ULK-06 
585 l min−1) up to a base pressure of 6.5  ×  10−6 mbar.  
A Baffle valve is provided to hinder the entry of oil vapors from  
the diffusion pump to the chamber during its operation. The Ti 
target was pre-sputtered in pure argon plasma before the depo­
sition process, in order to remove the oxide layer on the target. 
A fall of magnetron bias voltage in the pre-sputtering period 
signifies the removal of oxide layer from the magnetron target. 
It is due to the fact that the magnetron target containing the 
oxide layer has lower value of ion induced secondary elec­
tron emission coefficient than the pure metallic target. Hence,  
a higher value of discharge current is expected upon the removal 
of oxide layer at the same discharge condition. Therefore to 
maintain the input power constant, there is a decrease of mag­
netron bias voltage. This fall of magnetron bias voltage is also 
associated with the change of discharge color. In our existing 
experimental set-up it takes around 10–15 min of pre-sput­
tering in pure argon plasma for the above mentioned changes. 
Although, it is not possible to figure out the exact amount of 
oxygen present in the form of oxide layer on the target, we 
believe that it was removed from the target surface during the 
pre-sputtering treatment. Commercially available one-sided 
mirror-like polished Si (1 0 0) substrates were mounted axially 
at a distance of 10 cm from the magnetron target. To avoid the 
exposure of the substrate to the plasma during the pre-sputtering 
period, a stainless steel shutter was placed in between the 
substrate and the target. The shutter was removed after the 
pre-sputtering period for the subsequent deposition, without 
disturbing the in vacuum conditions. For the deposition of TiN 
thin films on Si (1 0 0) substrate, argon (Ar), nitrogen (N2) and 
hydrogen (H2) were fed into the deposition chamber regulated 
by digital mass flow controllers (DFC 26, AALBORG USA). 
Here, nitrogen plays the role of reactive gas and small amounts 
of hydrogen is added to investigate its effect on the growth of 
TiN thin film as mentioned in the introduction section. A fixed 
argon and nitrogen partial pressure of 0.315 Pa and 0.035 Pa 

Figure 1.  Schematic diagram of the experimental set-up.
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(with a ratio 9:1) was maintained in all the deposition con­
ditions. Hydrogen is then added gradually due to which the 
working pressure increases from 0.35 Pa (without hydrogen) 
up to 0.5 Pa (i.e. with 0.15 Pa H2). The plasma parameters like 
electron temperature (Te in eV), electron density (ne) and ion 
density (ni) were measured by a cylindrical Langmuir probe 
of length 3 mm and diameter 1 mm. The probe was placed in a 
region that was practically free of any magnetic field (  ≅B 0) 
and is at a distance 10 mm above the substrate. The substrate 
holder has a diameter of 3 cm and thickness of 0.2 cm. To esti­
mate the relative contribution of different ions in the plasma 
due to the mixing of different percentage of hydrogen gas in 
the nitrogen added argon plasma by measuring the intensity 
level of specific emission, a 1/2 m digikrom spectrometer 
(CVI Laser Corp, USA. Digikrom Model DK 480) is used. 
The system consists of a photo multiplier tube (PMT: Model 
AD110, wavelength range: 185–930 nm) and a grating with 
1200 grooves mm−1 for detection in the region λ  =  (400–850) 
nm. The entrance and exit slit of the monochromator were 
adjusted at 20 Å to obtain an acceptable spectral resolution 
sufficient to detect the emission lines. The emissions were 
collected by a light collecting system (LCS) through optical 
fiber (F ) that was put on the glass window approximately at 
a vertical distance of 8 cm from the target in the downward 
region and kept in a manner to avoid background radiation as 
well as to detect maximum emission. The LCSF comprised 
of a plano-convex lens (diameter 2 mm, focal length 3 cm) 
and a silica fiber of 1.0 mm core (numerical aperture: 0.22). 
The view subtended by this LCS was parallel to the discharge 
column grazing the vicinity of the substrate and always col­
lected radiations from the fixed location.

We took both the OES and Langmuir probe measurements 
near the substrate while keeping in mind that the electron and 
ion density in the vicinity of the substrate can significantly 
affect the physical properties of the deposited film [23].  
A Crystal Thickness Monitor (DTM-101) manufactured by 
HIND-HIVAC, monitored the deposition rate at the discharge 
conditions. The monitor head was placed at the same hori­
zontal plane as the substrate holder. Addition of hydrogen to 
Ar/N2 magnetron discharge decreases the sputtering rate 
from 2.6 Å s−1 to 2.1 Å s−1 and results in TiN thin films of  
470–380 nm thickness for 30 min of deposition.

The substrates were subsequently investigated under x-ray 
photoelectron spectroscopy (XPS), secondary ion mass spec­
trometry (SIMS), x-ray diffraction (XRD), Raman spectr­
oscopy (RS), scanning electron microscopy (SEM), and 
energy dispersive x-ray spectroscopy (EDS). The surface 
chemistry of the TiN coated substrates was obtained by XPS 
(Physical Electronics systems model 1257) using Al Kα emis­
sion. Binding energies and oxidation states were obtained 
from high resolution scans. The binding energy scale was cal­
ibrated according to the C 1s peak (284.8 eV) of adventitious 
carbon. The time-of-flight SIMS measurements were used to 
obtain the elemental depth profiles using 15 keV 69Ga+ ions 
for the analysis and 2 keV cesium ions for sputter profiling. 
The respective scan areas were 100  ×  100 and 300  ×  300 μm2  
to avoid crater edge effects. The analysis current was about 
2 pA with the sputter current around 100 nA, resulting in 

a surface removal rate of about 0.5 nm s−1 for the selected 
scan size. By measuring the crater depth, the thickness of the 
coated layers was determined by assuming a linear sputter 
rate with no degradation of the profile edges due to sputter 
roughening within the crater. The phase composition of 
the treated samples were studied by using a XRD3000PTS  
diffractometer with the Cu–Kα radiation (λ  =  1.5406 Å) in 
the Bragg–Brentano configuration operated at 40 keV and 50 
mA. Unpolarized visible RS were obtained with a LabRam 
010 instrument from ISA using a He–Ne laser (632.8 nm). 
The SEM studies were performed on a LEO 1420-VP 
Electron Microscopy operated at 20 kV and the EDS analysis 
were performed on an Oxford Instruments INCA X-Sight 
7424 attached to the SEM.

3.  Results and discussions

3.1.  Plasma characterization

With the addition of hydrogen to the nitrogen added argon 
plasma, a decrease of discharge current from 520 mA to 461 
mA was observed. Consequently, an increase of discharge 
voltage for fixed input power of 300 W was noticed. For pro­
cesses operated at a constant power, the observation of an 
increase in target voltage must be accompanied by a corresp­
onding decrease in the ion current or in the secondary elec­
tron coefficient (γse). As the change in the secondary electron 
coefficient (γse) as a function of the working pressure is not 
significant, the increase in voltage was consequently compen­
sated by decreasing the ion current Ii, which is related to the 
discharge current Id by [24]

γ= +I I1 .d se i( )� (1)

For most metals, the value of secondary electron coefficient 
(γse) is ~0.05–0.2 for ion energies encountered in magnetron 
sputtering. Hence the dominating fraction of the discharge 
current at the target must be the ion current [25]. The observed 
values of the discharge current and the target voltage at a con­
stant power of 300 W are given in table  1. Nitrogen added 
argon magnetron discharge contains Ar atoms (in ground 
state gs and excited metastable states +Arm at energy 11.2 eV), 
Ar+ ions, several nitrogen species ( + + + +N , N , N , N2 3 4 ), the gs 
N atoms, as well as N2 molecules in gs and in various elec­
tronically excited levels [26, 27]. When hydrogen is added 
to nitrogen added argon plasma, the presence of the several 
hydrogen species including + + +H , H , H2 3  ions; ArH+ ions, the 
gs H atom, gs H2 molecule and various electronically excited 
states of H2 molecules in the plasma is reported [28, 29]. Once 

Table 1.  Current and voltage values in the discharge at various 
discharge conditions.

Working  
pressure (Pa)

Hydrogen partial 
pressure (Pa)

Voltage  
(V)

Current 
(mA)

3.5  ×  10−1 0 580 520

4  ×  10−1 0.5  ×  10−1 592 503

4.5  ×  10−1 1.0  ×  10−1 601 496

5  ×  10−1 1.5  ×  10−1 610 461

J. Phys. D: Appl. Phys. 49 (2016) 225203
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created, all the species of Ar/N2/H2 plasma mentioned above 
undergo different chemical reactions with different rate con­
stants and relative cross sections. The important reactions with 
their respective rate coefficient that can influence the density 
variations in the plasma are given in table 2.

Electron impact ionization of Ar and H2, and electron 
impact dissociative ionization of H2 are the main production 
channels of Ar+ and hydrogen related ions in the plasma. The 
loss of ions in the plasma occurs by ambipolar diffusion, but 
the removal by electron ion recombination (equations (2)–(4) 
in table 2) is also very important for molecular ions. For typ­
ical low pressure plasma with density 1015 m−3 and electron 
temperature greater than 2.5 eV, the recombination rate for 
molecular ions [30, 31] is indeed comparable with the diffu­
sion loss rate [32, 33]. For the density values of ArH+ and 
hydrogen ions, the values of recombination reaction rates turn 
out to be 7.6  ×  107 s−1 and 1.19  ×  107 s−1, respectively. But 
for atomic ions, the probability of electron ion recombination 
is very low. For example, the reaction rate coefficient of Ar+ 
ion recombination is only (1–0.01)  ×  10−10 cm3 s−1. Smith 
and Cromey [32] have measured ambipolar diffusion coeffi­
cient of Ar+ in the background of argon plasma and its value 
was 55 cm2 s−1 Torr. Using this value of ambipolar diffusion 
coefficient the loss rate for Ar+ ion in our case is found to 
be 1.834  ×  108 s−1, which is much higher than the recom­
bination rate for Ar+ ion (1.834  ×  104 s−1). It is not always 
easy to find out the diffusion coefficient of ArH+ ion in the 
background of such multi-component plasma. Therefore if we 
make quick order of magnitude estimate, the rate of recombi­
nation for ArH+ ion (≈ −10 s7 1) is certainly comparable with 
its diffusion loss rate (≈ −10 s8 1). The recombination rate for 
+H3  ion (1.19  ×  107 s−1) is also comparable with its diffusion 

loss rate (2.92  ×  107 s−1) [32]. Additionally, the diffusion pro­
cess for Ar+ and ArH+ in such plasmas gets slowed down in 
the presence of their parent gas because of the resonant charge 
transfer (Ar+/Ar) or symmetrical proton transfer (ArH+/Ar) 
(equations (5)–(6) in table 2) [28, 34]. Thus the loss of atomic 
ion due to diffusion is greater than the recombination loss rate 
but in case of molecular ions the diffusion loss is comparable 
with the recombination loss.

The reduction of density of Ar+ ion due to addition of 
hydrogen has been observed by several authors [29, 35, 36]. 
Although the discharge conditions vary from one to another, 
the lost ionization was attributed to the inducement of fast 

recombination rates of molecular ions by one route or another. 
For example, Meulenbrecks et al [37] proposed that it occurs 
via the ion–molecule reaction to form ArH+ (equation (9) in 
table  2). Since ArH+ has a recombination coefficient many 
orders of magnitude larger than Ar+, it is presumed to be  
rapidly removed from the plasma according to the equation (2). 
The densities of hydrogen related ions such as + + +H , H , H2 3  and 
ArH+ are expected to increase with H2 addition for obvious 
reasons. The effect is most pronounced for + + +H , H , H2 3  ions 
and is slightly less significant for ArH+ ions.

In figure  2 intensity variation of the species of Ar I  
[ ( ) ] → [ ( ) ]s p p s s p p p3 3 2 4 3 3 2  42 5

3/2
0 2 5

1/2
0  at 696.54 nm, 738.39 nm,  

801.47 nm, 811.53 nm; Ar I [ ( ) ] → [ ( ) ]s p p s s p p p3 3 2 4 3 3 2  42 5
1/2
0 2 5

1/2
0   

at 751.5 nm, 763.51 nm, 772.37 nm, 794.81 nm, 826.45 nm, 
840.82 nm, 852.14 nm; Ar II [ ( ) ] → [ ( ) ]s p p s s p p p3 3 4 3 3  42 4 3 2 4 3  
at 434.80 nm, 454.50 nm, 472.68 nm, 476.48 nm, 480.60 nm;  
Hα line (656.82 nm) and Hβ line (487.54 nm); ( → )Σ Σ+ + +B XN u g2

2 2   
at 391.58 nm and ( → )Π ΠC BN u g2

3 3  at 356.85 nm; Ti I line 
at 499.5 nm, and 510.53 nm are visible. Figure  2(b) shows 
zoom-in of the spectra from 340 nm to 500 nm. To a good 
approximation in low pressure discharge, the emission inten­
sity of a particular line of an element can be considered to be 
proportional to the density of that particular species [38, 39]. 
Two neutral excited species of Ar at 751.5 nm and 811.53 nm 
respectively, Ar+ excited ion at 476.4 nm as well as two  
neutral excited species of hydrogen at 656.82 (Hα) and 486.7 
(Hβ) nm have been selected for the qualitative analysis of 
density variation in hydrogen added N2/Ar plasma. The 
impact of hydrogen partial pressure on the intensity (I) ratio 
of the 656.8 nm hydrogen atomic line to 751.5 nm argon 
line is shown in figure 3. The intensity ratio of the lines of 
excited species of Ar+ to Ar (751.5 nm) is also given in the 
figure 3. The variation in the ratio of excited species of Ar+ to 
Ar represents the trend of modulation of Ar+ ion concentra­
tion in such plasma. It is clear that with increasing hydrogen  
partial pressure, the Ar+ ion density decreases. Excited neu­
tral hydrogen atoms (H*) in such a plasma are produced by  
various recombination processes of hydrogen-related ions 
(equations (3) and (4) in table  2) and the electron impact 
excitation of hydrogen or dissociative excitation of H2 
(equations (7) and (8) in table 2) [28, 40]. But for such low 
pressure plasma the degree of dissociation of hydrogen for  
DC discharges is less than 0.01 percent and therefore, its dis­
sociative excitation rate is much slower compared to recom­
bination excitation [41, 42]. Thus, Hα characteristic emission 
line at 658.6 nm could be used as a representative of relative 
density of hydrogen related ions in such plasma. With addition 
of hydrogen, the intensity ratio of the lines of excited species 
of Hα (658.6 nm) to Ar (751.5 nm) increases gradually. This 
clearly indicates an increase of hydrogen-related ions when 
the hydrogen partial pressure is increased.

It is worthwhile to mention that hydrogen addition in 
N2  +  Ar plasma leads to changes in the I–V plot obtained from 
Langmuir probe measurements, and thus the plasma para­
meters obtained from the I–V characteristics begin to change. 
The electron density and electron temperature are plotted as a 
function of hydrogen partial pressure. Addition of hydrogen to 

Table 2.  Rate coefficients of different reactions in the plasma.

Equation no. Reaction
Rate coefficient  
(cm3 s−1)

2 e ArH Ar H→+ +− + 1.0  ×  10−7

3 e H H H H3 →+ + +− + 1.9  ×  10−8

4 e H H H2 →+ +− + 1.0  ×  10−7

5 + ++ +Ar H Ar fast H2 2→ ( ) 8.0  ×  10−11

6 ArH H Ar fast H2 3→ ( )+ ++ + 1.5  ×  10−9

7 + +− − ∗e eH H→ 4.3  ×  10−8

8 + +− − ∗e eH 2H2 → 4.9  ×  10−8

9 Ar H ArH H2 →+ ++ + 6.0  ×  10−10

J. Phys. D: Appl. Phys. 49 (2016) 225203
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nitrogen containing argon plasma leads to a decrease of elec­
tron density from 8.6 to 6.2 (×1014 m−3) and a corresponding 
increase of electron temperature from 6.30 to 6.74 eV (see 
figure 4). It is interesting to mention that increase in electron 
temperature can be accounted for the reduction of the electron 
density in this regime. As the Ar/H2 plasma contains various 
ion species ( + + + + + + + + +Ar ,ArH ,N , N , N , N , H , H , H2 3 4 2 3  etc), it is 
not possible to determine the density of each ion individually 
using the Langmuir probe. Moreover, due to the presence of 
these ionic species, the use of argon ion mass in the ion density 
calculation is not valid. As the partial pressure of N2 is lower 
than argon partial pressure, we have not included the contrib­
ution of nitrogen containing ions ( + + + +N , N , N , N2 3 4 ) in the 
ion density calculation. Then, we can classify the remaining 
ions into two groups. A heavy group of mass 40 amu that 
consists of Ar+ and ArH+ ions, and a light group of mass 2 
amu which consists of hydrogen related ions ( + +H , H2 , and +H3  
ions). Following the mean ion mass procedure as developed 
by Laidani et al [43], we have calculated the density of each 
group of ions and are shown in the figure 5. It is interesting 

to note that while the heavy ion density in the discharge is 
inversely proportional to the hydrogen enrichment in the 
feeding gas, the hydrogen related ion density scales linearly 
with it.

3.2. Thin film analysis

Figure 6 shows XPS spectrum of broad energy scan obtained 
from a TiN coated substrate with hydrogen partial pressure 
of 0.05 Pa. It is to be mentioned here that no major differ­
ences are detected in the spectra obtained from the coated 
substrates with and without the presence of H2 (not shown 
in the figure). All the spectra show photoelectron and auger 
signals from Ti (Ti 2s, Ti 3s, Ti 3p, Ti LMM), Nitrogen (N 1s, 
N KLL), oxygen (O 1s, O KLL) and spurious carbon (C 1s). 
The presence of oxide on the deposited TiN film is most likely 
due to the presence of oxygen in the deposition chamber. Also 
when the coated substrates were taken out from the deposition 
chamber and exposed to air, passivating layers of native oxide 
may grow on the thin film.

Figure 2.  (a) Spectral emission lines collected for the hydrogen added nitrogen containing argon plasma at three different working 
pressures; (b) zoom of the spectra from 340 nm to 500 nm.

Figure 3.  Influence of hydrogen partial pressure on the intensity  
(I ) ratio of the 656.8 nm hydrogen atomic line to the 751.5 nm argon 
line and the 476.48 nm argon ion line to the 751.5 nm argon line.

Figure 4.  Influence of hydrogen partial pressure on electron density 
and temperature.

J. Phys. D: Appl. Phys. 49 (2016) 225203
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Figure 7 shows high resolution XPS spectrum of the Ti 
2p3/2 signal acquired from coated substrates at a hydrogen 
partial pressure of 0.05 Pa. Similar spectra were observed 
without and with H2 (not shown in the figure). All Ti 2p3/2 
spectra reveal a shoulder with a binding energy (BE) around 
455.0 eV attributed to the formation of TiN and a well-defined 
peak with a BE around 458.4 eV attributed to the presence of 
a oxide layer of type TiO2 (Ti(IV)–O bond). These binding 
energy values are close to the reported ones in the litera­
ture for TiNxOy and TiN [29, 34]. The dotted line in figure 7 
around 454.0 eV reveals the BE value of metallic Ti as a ref­
erence. Therefore, the shift to higher energies indicates the 
formation of the TiN coating on the substrates. However, no  
significant changes of binding energy are detected in the  
Ti 2p3/2 spectra of the samples deposited at different hydrogen 
partial pressures.

Figure 8 shows the intensity ratios between the main pho­
toelectron signal of N (N 1s) or Ti (Ti 2p3/2) to O (O 1s) as 
well as the intensity ratios between the signals of Ti to N. In 

general, figure 8 shows similar intensity ratios among the sam­
ples revealing that no significant changes of surface chemical 
composition are obtained between the samples grown without 
hydrogen, (1) and (2), and the ones grown with hydrogen 
addition in the N2/Ar plasma. Only sample (3), grown under 
a H2 partial pressure of 0.05 Pa, showed a chemical change 
slightly more evident. The value of the intensity ratio of Ti to 
N (framed with a circle in figure 8) for this sample is slightly 
more significant compared to the values obtained from the 
other samples. The values of the N/O ratios (between 0.3 and 
0.5) are less than the values of Ti/O ratios (between 0.9 and 
1.1) corroborating the presence of a titanium oxide layer on 
the TiN coating, as revealed in figure 7. For the same reason, 
the Ti/N ratios of all the samples have values higher than 1. 
The presence of oxide on the TiN coating was also corrobo­
rated by the curve fitting results obtained from the high resolu­
tion XPS spectra of O 1s signal.

Figure 9 shows the comparison of the x-ray diffraction 
patterns of the coated substrates without and with hydrogen 
partial pressure of 0.15 Pa for two different deposition times 
i.e. 30 min and 60 min. All the diffraction patterns show peaks 
with 2θ at 33°, 36.6°, 42.7° and 61.4°. The diffraction peak 
at around 2θ  =  33° belongs to the silicon substrate and the 
peaks at 2θ  =  36.6°, 42.7° and 61.4° correspond, respec­
tively, to the (1 1 1), (2 0 0) and (2 2 0) planes of TiN thin film.  
At 61.4° the TiN (2 2 0) is overlapping with the Cu Kβ radiation 
scattered at the Si (4 0 0) substrate reflections. Additionally, 
Ti2N and rutile TiO2 are present for some samples while no 
anatase or metallic Ti has been observed. It is observed that 
the diffraction peaks of (2 2 0) is shifted slightly toward the 
higher angle for the substrates deposited with the addition of 
hydrogen as shown in the insert of the figure 9. It indicates a 
decrease of compressive stress as compared to the reference 
sample (deposited without hydrogen). This is probably due 
to lowering of ion bombardment on the growing thin film 
[44]. In order to establish this result, the total ion current to 
the substrate was measured at various deposition conditions. 

Figure 5.  Effect of hydrogen partial pressure on the density of 
heavy and light ions in the discharge

Figure 6.  XPS spectrum of broad energy scans from a coated 
substrate under a hydrogen partial pressure of 0.05 Pa.

Figure 7.  High resolution XPS spectrum of the Ti 2p3/2 signal from 
a coated substrate under a hydrogen partial pressure of 0.05 Pa.
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For this, the substrate holder was used as a planar Langmuir 
probe and biased at  −30 V to obtain the ion saturation  
current. The measured value of ion current density to the sub­
strate decreases from 1.27–1.12 Am−2 as the hydrogen par­
tial pressure increases from 0–0.15 Pa. The measured value 
of ion current density is typical of DC planar magnetron dis­
charge (<1 mA cm−2) [23]. It is also interesting to note that, 
the intensity of TiN (1 1 1) and TiN (2 0 0) peaks in the pres­
ence of hydrogen is less than that of the reference sample. 
This change is expected as the deposition rate decreases with 
the addition of hydrogen in nitrogen added argon discharge, 
resulting thinner TiN films.

Figure 10 shows Raman spectra of the coated substrates 
in different gas mixture for different deposition times. It is 
believed that the deposited films contain microscopic defects 
i.e. vacancies in sub-lattices (metal ions) including vacan­
cies due to deficiency of nitrogen ions. This defect induces 
first order Raman scattering indicating that the perturbed 

projected phonon density of states can be obtained from the 
three Raman-active modes [45, 46]. The Raman spectrum of 
TiN films can be fitted to four Gaussian–Lorentzian peaks at 
about 235, 320, 420 and 560 cm−1. It was reported that the 
dispersion curves lead to a group of bands due to the acoustic 
transition in the 150–300 cm−1 region and another set of 
lines due to optical modes in the 400–650 cm−1 region [46].  
In our case the peaks at 235, 320 and 560 cm−1 arise from first-
order transverse acoustic (TA), longitudinal acoustic (LA), 
and transverse optical (TO) modes of TiN films, respectively. 

Figure 8.  The intensities ratio between the main photoelectron 
signals of N (N 1s) or Ti (Ti 2p3/2) and O (O 1s) as well as the 
intensities ratio between the signal of Ti and N from each sample. 
(1) Ar/N2, 30 min (2) Ar/N2, 1 h (3) 0.05 Pa H2 (4) 0.08 Pa H2  
(5) 0.1 Pa H2 (6) 0.15 Pa H2.

Figure 9.  XRD patterns of the coated substrates without and with 
hydrogen partial pressure of 0.15 Pa for two different deposition 
times.

Figure 10.  Raman spectra of the TiN coated substrates deposited 
without and with different hydrogen partial pressures (PH2).

Figure 11.  Depth profiles of nitrogen content in the coated 
substrates under a hydrogen partial pressure of 0.05 Pa for two 
different deposition time: 30 min (blue curve) and 60 min (red 
curve).
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The peak at around 420 cm−1 arises from the second-order 
acoustic (2A) mode. This second order peak was observed 
on the coated substrates with H2 partial pressure higher than 
0.1 Pa.

It is proven that the scattering in the ion acoustic region is 
primarily determined by the vibration of the heavy titanium 
(Ti) ions and in the optic range by the vibration of the lighter 
nitrogen (N) ion [46]. However, the influence of the H2 addi­
tion on the intensity variation pattern of the acoustic and the 
optical modes is not found to be significant. The intensity 
variation of the Raman peaks for TiN films is mainly attrib­
uted due to the variation of Ti/N ratio, as shown in figure 8. 
According to Spengler et  al [46], decreases in deviation 
from the stoichiometry (N/Ti) ratio leads to the increase in 
the intensity of the Raman peaks. With the introduction of 
hydrogen in the nitrogen containing argon discharge, we 
observed a gradual decrease of the electron density as well as 
the degree of ionization which in turn reduces the sputtering 
rate. As such, a gradual decrease of both the Ti+ and N+ ion 
density are expected with increasing hydrogen content in the 
discharge. Therefore, it is reasonable to expect that the N/Ti 
ratio will not vary significantly due to hydrogen addition.

Rutile (TiO2) has very prominent Raman modes including 
Eg and A1g at 447 and 612 cm−1, respectively [47]. Additionally, 
a broad, disorder induced mode around 250 cm−1 is often 
observed for nanocrystalline materials [48]. Using this inter­
pretation, a transition towards TiO2 containing films at high 
hydrogen partial pressures could be explained. Additional 
investigations using time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) have been performed to clarify this 
situation. While the existence of a TiO2 could be proven in 
this way, no information about the existence or absence of TiN 
within this film can be provided as the mode intensity is highly 
non-linear for the second order Raman process. However, the 
TiO2 should be at least some kind of microcrystalline struc­
ture (to be differentiated from nanocrystallites which yield a 
different Raman signal) and it may not be buried below a non-
transparent surface layer as both the exciting and scattered 
radiations would be absorbed within such a layer.

Hence, additional investigations by ToF-SIMS were car­
ried out using reference TiN and TiO2 samples produced by 
vacuum arc deposition [49] with typical nitrogen depth pro­
files and are shown in figure 11. However, the existence of 
very strong matrix effects deriving from the varying hydrogen 
addition (which was not present for the reference samples) 
may falsify these results. Thus, any absolute quantification 
of the results has to be regarded cautiously. Nevertheless, 
a relative comparison of the TiN layer thickness at two  
different deposition times is possible. It was observed that for 
30 min deposition substrate the TiN layer thickness is around 
400 nm while a layer thickness of 700 nm was observed for 
one hour deposited substrate as shown in figure 11. The thick­
ness observed by SIMS measurements is well agreed with the 
results obtained from the Crystal Thickness Monitor men­
tioned in the experimental set-up. This slight implied time 
dependence of the deposition rate may actually point towards 
time dependent plasma effects, e.g. from a partial etching of 
the chamber walls after the transient addition of hydrogen.

Figure 12.  SEM micrographs of the coated substrates deposited using (a) admixture of N2 and Ar for 30 min, (b) admixture of N2 and Ar 
for 1 h, (c) with hydrogen partial pressure of 0.05 Pa for 1 h, and (d) with hydrogen partial pressure of 0.08 Pa for 1 h duration.
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SEM micrographs of the coated substrates using only 
an admixture of N2 and Ar for different deposition time are 
shown in figures 12(a) and (b). The substrate coated for 1 h 
(figure 12(b)) shows a smooth surface compared to that with 
30 min (figure 12(a)). A close view on the substrate surface, 
coated for 1 h reveals formation of nanostructures with uni­
form distributions. While comparing the EDS results, it 
is observed that the atomic percentage of titanium on the 
substrate coated for 1 h is much higher than for 30 min, the  
difference is 24.2%, whereas the difference in nitrogen con­
tent is only 9.3%. However, there is a strong peak overlap of 
nitrogen-K (392 eV) and titanium-Ll (395 eV) which cannot 
be separated using standard detectors with an energy reso­
lution between 50 and 100 eV. Thus, the partitioning of the 
‘Ti  +  N’ signal into Ti and N component is incurring a large 
error. On the other hand the silicon percentage is almost half 
in the case of the substrate coated for 1 h. This observation 
indicates that the substrate coated for 1 h is covered by a thick 
TiN layer compared to that of the 30 min, which is expected 
and correlates well with the SIMS results.

SEM micrographs of the plasma coated substrates for 
one hour in two different partial pressure of H2 are shown 
in figures 12(c) and (d). While adding H2 (at a partial pres­
sure of 0.05 Pa and above) worm like structures are appeared 
in some zones (shown in figure  12(c)) on the surface. The 
atomic percentage of nitrogen decreases from 35.4% to 
27.16%, whereas silicon percentage increases as a function 
of hydrogen addition. This probably indicates that the coated 
TiN film is thinner compared to the one without addition of 
H2. Further increase in H2 flow rate shows poor adhesion of 
the coatings to the substrate. In this case, we observed that in 
some zones the TiN layer is peeled off (at a partial pressure of 
0.08 Pa) which can be seen in the SEM micrograph presented 
in the figure 12(d). Thus we observed that the H2 addition in 
the N2  +  Ar magnetron plasma at the higher working partial 
pressures used in this research did not contribute to grow a 
higher quality TiN film.

As revealed by XPS results (figure 8), the H2 addition did 
not reduce significantly the oxygen amount of the oxide layer 
formed on the TiN film and only led to deteriorate the film, 
as shown by aforementioned SEM images. It is known that 
in metals the hydrogen diffuses mainly into grain boundaries. 
At higher flow rates, the plasma density decreases and thus 
the ion bombardment for ion mixing during the initial depo­
sition phase and the stress relaxation during the film growth 
is reduced [50]. The high H2 presence in grain boundaries 
generates local stresses reducing the ductility of the material.  
It is speculated that in our case we have a similar effect. The 
H2 diffuses mainly into grain boundaries of TiN generating 
stresses not only inside the thin film but also with the Si sub­
strate. These stresses increase the lattice mismatch between 
the grains of TiN and the substrate in the interphase zone, 
reducing the adhesion and/or generating delamination of 
the film. In summary, probably for a better quality and non-
delamination of the coating to the substrate a smaller but finite 
percentage of hydrogen is required. More investigation needs 
to be carried out even with lower hydrogen partial pressure 
(less than 0.05 Pa) to clarify the effect.

4.  Conclusions

The effect of hydrogen addition to the nitrogen containing 
argon plasma on the bulk plasma properties and structural 
properties of the deposited TiN thin film is discussed. The 
Langmuir probe and the OES study reveal a gradual decrease 
of electron density (8.6  ×  1014–7.5  ×  1014 m−3) and heavy ion 
density (7.6  ×  1014–6.2  ×  1014 m−3) which in turn decreases 
the deposition rate (2.6 Å s−1 to 2.1 Å s−1) as a function of 
hydrogen addition. XPS, XRD and RS confirm the formation 
of TiN films on silicon substrates while other phases may be 
present at certain deposition conditions. Shifting of TiN (2 2 0) 
peaks towards higher diffraction angle indicates the decrease 
of compressive stress upon hydrogen addition to the nitrogen 
added argon magnetron discharge. The spectral intensity of 
the Raman peaks is not found to be varying significantly 
with hydrogen addition. SEM and EDS results shows that the 
thickness of the TiN films decreases and also the films quality 
deteriorates (poor adhesion) while increasing hydrogen partial 
pressure from 0 to 0.15 Pa.
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