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Abstract 
The applications of microelectronic devices based on TiN compound require superior quality of film growth. In this work the thickness uniformity, 

stress modulation, as well as transport behavior of TiN thin films have been studied systemically. The films were grown on monocrystalline silicon 
by magnetron sputtering. The effects of sputter power, argon/nitrogen ratio and sputter pressure on the formation of thin films were investigated 
by using X-ray fluorescence spectrometer, X-ray diffractometer, stress measuring instrument, and four probe technique. The results showed that the 
sputter power may play an important role on the crystal orientation of the film. The argon/nitrogen ratio and sputter pressure could also affect the 
properties of grown TiN films. By optimizing the preparation parameters, uniform TiN films with high compressive stress and high resistivity were 
obtained, which is promising for wide applications in microelectronic devices and sensors.
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Introduction

Titanium nitride (TiN), a member of the group IV transition 
metal nitrides, possess a NaCl face-centered cubic crystal structure. 
In the TiN structure, the orbital energy level of N is lower than Fer-
mi level. It makes the movement of free electrons being similar to 
that of electrons in metal orbitals. TiN is formed by the combination 
of covalent and metallic bonds. Thus, it may show the characteris-
tics of both covalent and metallic crystals, like high hardness, high 
melting point, excellent thermal and electrical conductivity, high 
temperature chemical stability, biological compatibility, corrosion 
resistance, etc. TiN coatings have been widely used in high tem-
perature ceramics, bearing gears, optical components, capacitors, 
integrated circuits, aerospace and other fields [1-3]. In practical 
industrial applications, TiN thin films are often prepared by phys-
ical vapor deposition (PVD) and chemical vapor deposition (CVD).  

 
Compared with CVD, the PVD process only consists of phase trans-
formation without chemical reaction. The advantages of PVD, such 
as low deposition temperature, wide selection of substrate and 
deposition materials, make it become one of the widely used tech-
nologies in industry [4]. According to the different particle emis-
sion modes in the deposition process, PVD can be divided into mag-
netron sputtering, plasma spraying, electron beam evaporation, arc 
particle plating, etc. Among of them, magnetron sputtering has the 
advantages of uniform and controllable film thickness, compact 
film formation and good consistency, low cost, simple operation, 
and automatic process control, etc. Therefore, it has been widely 
used in the preparation of TiN films [5].

Generally TiN films prepared by magnetron sputtering use high 
purity titanium (Ti) as the target and nitrogen (N2) as the reaction 
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gas. The principle is that argon (Ar) is ionized into Ar+ and then 
bombards the Ti target under the action of electric field. Ti particles 
are sputtered with certain kinetic energy. When the Ti particles are 
deposited on the substrate, TiN film is formed in situ and deposited 
on the substrate surface by reacting with N2 with its own energy 
[6]. Therefore, the film preparation process is an important factor 
to determine the quality of the film. J.C. Oliveira et al. [7] studied 
the effect of Ar/N2 ratio on the discharge deposition process of TiN 
film prepared by DC magnetron sputtering. They found that Ar/N2 
ratio had a great effect on the preferred orientation, stress and par-
ticle size in the formed TiN film. TiN film has higher compressive 
stress and smaller particle size. ShuYan Shi et al. [8] systematically 
studied the effects of substrate bias, working gas and sputter pow-
er on the crystal structure and resistivity of TiN films. The results 
showed that under 200 V substrate bias and 0.3 Pa sputter pres-
sure, TiN film grows along (200) crystal orientation with surface 
roughness of 0.7 nm and resistivity of 38.7 μΩcm. By applying dif-
ferent sputter power, the thin film with high conductivity, smooth 
surface and uniform thickness distribution is obtained. XueRui Li et 
al. [9] prepared different TiN films by changing the Ar/N2 ratio and 
deposition temperature. The results showed that with the increase 
of the Ar/N2 ratio, the TiN morphology changed gradually from tet-
rahedral pyramidal convex structure to columnar crystal accumu-
lation structure, and then to sparse droplet particle structure until 
smooth, dense and uniform. QunChao Ma et al. [10] studied the in-
fluence of deposition temperature on the structure of TiN film, and 
found that with the increase of deposition temperature, the con-
centration of titanium and nitrogen vacancy gradually decreased, 
the grain size of TiN film changed from 15.4 nm to 17.4 nm, and the 
surface became coarser. Researchers have reported that sputtering 
parameters have great influence on the structure and properties of 
TiN films. With the rapid development of semiconductor and micro-
electronic devices, it requires even higher standard for thickness 
uniformity, film stress, resistivity and other properties. In order to 
meet the requirements of TiN film for industrial applications, it is 
necessary to conduct in-depth research on the influence of process 
parameters on the structure and properties of TiN film.

In this paper, TiN films were prepared by reactive DC magne-
tron sputtering. The effects of sputter power, Ar/N2 ratio and sput-
ter pressure on the structure, thickness uniformity (THKU), film 
Stress and resistivity (Rs) of TiN films were studied. Our results 
would provide ideas and references for the optimization of the pro-
cess of TiN films prepared by sputtering.

Experimental

TiN thin films used for this study were fabricated by a DC mag-
netron sputtering system. The sputter system adopts multi-helix 
magnetron. The rotation speed of the magnet is 60 r/min, and the 
highest sputtering power can reach 10 kW. Titanium with purity of 
99.995% was used as the target material. Argon (Ar) and nitrogen 
(N2) with purity of 99.99% were used as working gas and reaction 
gas, respectively. The background vacuum of the sputter system is 
4×10-5 Pa, and P-type (100) monocrystal silicon wafer with a diam-
eter of 300 mm was used as the substrate. The surface of silicon 
was covered with a hot SiO2 oxide layer of 300 nm. The deposition 
took place at room temperature. In order to remove the pollutants 
on the target surface, a pre-sputtered was made for 20s (sputtering 
power is 1 kW).

The curvature radius of silicon wafer before and after coating 
was measured by the film stress measuring equipment (FSM128), 
and then calculated by Stoney formula. TiN film thickness (50 nm) 
and thickness uniformity were measured using a modern X-ray flu-
orescence spectrometer (Wafer X-310). 49 points were measured 
on each substrate. Four probe technology (Napson WS-3000) was 
used to examine resistance. Since the resistivity of film is indepen-
dent with film thickness and related to the crystal structure formed 
in the film only, so we used resistivity to describe the conductivity 
of TiN film. The phase structure of TiN film was examined by X-ray 
diffractometry (XRD) of Bruker AXS D8-FOCUS (XRD, copper target, 
K-α rays). Surface and cross section characterization of TiN films 
were obtained by field emission high resolution scanning electron 
microscopy (FE-SEM, LEO1530).

Results and Discussions

Influence of sputter power 

Figure 1: XRD patterns of TiN films prepared at different sputter powers.
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Figure 1 shows the XRD pattern of grown films prepared under 
different sputter powers. It can be seen from the figure that (111), 
(200) and (220) diffraction peaks of TiN film samples appear at 
2θ=36.90, 42.90 and 62.70, respectively, indicating that the pre-
pared TiN film has a polycrystalline face-centered structure. The 
highest diffraction intensity was obtained at plane (111). When the 
sputter power is 8 kW, the (200) and (220) diffraction peaks are 
strong. In addition, the (311) diffraction peak of Si substrate is also 
observed in Figure 1.

Figure 2(a)-(d) shows the surface topography of TiN films pre-
pared with different sputter powers. It can be seen from the figure 
that the surface topography of TiN films changes greatly. When the 
sputter power was 2 kW, the surface of TiN film contained many 
small particles. With the increase of sputter power, the surface 

grain size of TiN film increased, and the surface grain was rough 
and dense, with tetrahedral structure. When the sputter power 
reached 8 kW, columnar structure grains appeared on the surface, 
and the grain size increased. Actually, the increase of sputter power 
leads a higher growth rate. It means a large number of sputtered 
particles accumulated on substrate surface, causes the formation of 
big grains. When the sputter power is too high, the sputtered par-
ticles carry larger energy, resulting in that the film growth and the 
particle combination take place together, which forms a situation 
of the common growth of grains of different specifications [1]. The 
inset in Figure 2(a) is the cross-section topography of TiN thin film 
at 2 kW sputtering power. It can be seen from the figure that TiN 
thin film has a columnar structure without obvious defect pores. 
The film thickness is 50 nm.

Figure 2: Surface morphology of TiN films made with different sputter powers: (a)2 kW, (b)4 kW, (c)6 kW, (d)8 kW. The inset of (a) shows a 
cross-sectional image of TiN films with 2 kW power.

Figure 3 shows the thickness uniformity (THKU), stress, and 
resistivity of the grown films prepared with different sputter pow-
ers. With the increase of sputter power, the thickness uniformity 
of TIN films decreases from 4.30% to 3.05%, which decreases by 
1.25%. The uniformity is closely related to film thickness and is an 
important index to measure film quality. When sputter power in-
creases, the self-bias of sputtering increases, the energy of sputter 
particles is enlarged also. The bombardment effect of charged par-
ticles on the substrate enhances the migration and diffusion ability 
of surface atoms, resulting in higher atomic diffusion speeds on the 
film surface. It makes the structure of film more dense [8]. It can 
be seen from Figure 3 that the stress of the grown TiN film is com-
pressive. The enhancement of sputter power on the film stress is 
obvious. When sputter power increases, the film stress decreases 
from -418.6 MPa to -652.8 Mpa. T.D. Nguyen et al found that the 
interfacial stress of the thin film was related to the crystal surface 
growth orientation and lattice mismatch in the growing process of 
thin film [10]. Meanwhile, in the process of DC magnetron sputter-
ing, the film stress was related to the bombardment of high-energy 

particles with certain momentum. Bombardment by high-energy 
particles may cause relatively high interfacial stress, which may 
generate two driving forces of surface energy and strain energy, 
thus affecting the orientation and stress performance of (111) and 
(200) crystal planes of TiN film [11]. Therefore, the (200) peak of 
TiN film gradually increased (as shown in Figure 1), and the film 
stress decreased with the increase of sputter power.

The resistivity of TiN films varies significantly with the sput-
tering power, as shown in Figure 3. As the sputter power increas-
es from 2 kW to 8 kW, the resistivity of TiN films decreases from 
420.3 μΩcm to 303.5 μΩcm. Sputtering power affects the intensity 
of electric field between cathode target and substrate in reactive 
magnetron sputter process. Electric fields can directly influence the 
intensity of plasma and kinetic energy of particle, further affecting 
the content of Ti in TiN film and the deposition rate [12]. Therefore, 
with the increase of sputter power, the conductivity of TiN film will 
be improved. In addition, the resistivity of TiN film is also affected 
by the orientation of crystal growth. The (200) crystal surface has 
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a low surface energy. When TiN film grows along the (200) crystal 
surface, the resistivity of TiN film is the lowest, because the atom-
ic density of the (200) crystal surface is low, which would help to 
reducing the scattering of electrons. With the increase of sputter 
power, the diffraction peak strength of (200) increases, and the 

conductivity becomes better [4]. This result is consistent with the 
result reported by J. Freixas et al, they found that the resistivity 
of the film grown along the (200) crystal plane is lower than that 
along the (111) crystal plane [13].

Figure 3: Thickness uniformity, stress, and resistivity of TiN films prepared at different sputter powers.

According to the above discussions, when the sputter power is 
6 KW, the resistivity of TiN film sample is 360.9 μΩcm, which is still 
in the high resistivity range. On the other hand, the thickness uni-
formity (3.43%) and stress (-563.4Mpa) of the film are moderate.

Effect of Ar/N2 ratio

In order to evaluate the influence of the sputter gas, the flow 
rate of sputter gas was kept as 124 sccm and sputter pressure re-
mained at 1.73Pa. The sputter power was set to 6 kW. Different 
ratios of Ar/N2 (103.3sccm, 88.6sccm, 77.5sccm, 68.9sccm and 
62sccm, respectively) were applied. As can be seen from Figure 4, 
the thickness uniformity of TiN film samples gradually increases 
with the increase of Ar/N2 ratio. On the other hand, with the in-
crease of Ar/N2 ratio, the stress (compressive stress) of TiN film 
sample decreases gradually. It can be seen that a moderate reduc-
tion of Ar/N2 flow ratio (increase of N2 gas flow) may result in a 
denser surface structure for TiN film, which is consistent with 
the research results of He Chunlin et al. [14]. When the working 

pressure remained constant and the Ar/N2 flow ratio increased, N2 
partial pressure in the sputtering cavity decreased while Ar partial 
pressure increased, leading to an enhancement of Ti sputter rate, 
the TiN film grew faster. Whereas the Ti particles adsorbed on the 
film surface did not have enough time for surface migration. There-
fore, the density and roughness of TiN film become worse [15]. 
With the decrease of Ar/N2 flow ratio (the increase of N2 gas partial 
pressure), the accumulation of TiN grains becomes more compact 
and neater, which makes a denser surface of the TiN film. It turned 
out affecting the stress in Tin film [16].

The dependence of resistivity (Rs) of TiN films on the Ar/N2 
flow ratios is also shown in Figure 4. As the Ar/N2 ratio increas-
es from 0.2 to 0.8, the resistivity of TiN samples drops from 437.8 
μΩcm to 323.2 μΩcm. However, the resistivity turns out to increase 
to 336.6 μΩcm when the Ar/N2 ratio increases from 0.8 by 1.0. 
Due to the increased the content of Ar gas in the sputter cavity, the 
bombardment of Ar+ ions on the high purity Ti target gets stronger. 
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Many more Ti particles with high energy react with nitrogen atoms 
on the substrate. Meanwhile, the diffusion ability of high-energy Ti 
particles on the surface of the film becomes stronger, which leads 
to more oriented grains and ordered crystallization. It further re-
duces the defect density in grown films and improves the carrier 
concentration and mobility. Thus, it results in an enhanced conduc-
tivity [17]. Since the sputter power remains unchanged at 6 kW, the 
number of Ti atoms sputtered by Ar+ bombardment remains also 
unchanged. When the ratio of Ar/N2 exceeds a certain value (0.8), 
there are extra number of Ar+ ions may collide with the grown film 
as well as substrate. As a result, the structure of TiN film changes 

to a certain extent and the resistivity of TiN film increases [1,17]. 
Therefore, there might be a critical value of Ar/N2 ratio to form a 
more conductive TiN film. Young-Ki Lee et al. [18] believed that the 
adjustment of Ar/N2 ratio could affect the crystallization and distri-
bution state of TiN in the film. With the decrease of Ar/N2 ratio, the 
N vacancy in TiN reduced and scattering of the electron decreases 
correspondingly, which may benefit to improve the mobility of elec-
trons and change the resistivity of TiN film. The Ar/N2 ratio also af-
fects the stoichiometric number of N content in TiNx films. A higher 
ration of N2 may cause target poisoning [7].

Figure 4: Thickness uniformity, tress, and resistivity of TiN films prepared under different Ar/N2 ratios.

G. Lu et al. [19] found that with the increase of nitrogen con-
tent, more N atoms proportionally occupy the interstitial positions 
of TiN lattice, hence increases lattice constant, and decreases the 
thermal diffusion coefficient. It may reache a stable range. Under 
such conditions, TiN film may be formed with a good quality. Our 
results also imply that a low Ar/N2 ratio (i.e. a higher N2 content) 
can help to improve the growth quality, for the sputtered Ti atoms 
can combine with more nitrogen atoms, and fully react with them.
Influence of sputter pressures

Sputter pressure has great impact on the mean free path and 
energy of the gas particles. In this study, we kept the sputter power 

as 6 kW, the Ar/N2 ratio ~0.2, and the gas flow rate ~124 sccm. The 
sputter pressure was regulated by changing the pumping speed of 
the molecular pump. Different sputter pressures (1.47Pa, 1.6Pa, 
1.73Pa, 1.87Pa and 2.0Pa, respectively) were applied to study their 
impact on THKU and stress formed in TiN films. It can be seen from 
Fig. 5 that when we reduced sputter pressure the thickness unifor-
mity of TiN films was improved (from 3.79% to 1.55%), and the 
film stress (compressive stress) changed from -374 Mpa to -490 
Mpa. The sputter pressure can affect the concentration of plasma in 
the sputtering cavity, thus controlling the kinetic energy of particles 
[20]. With the increase of sputter pressure, the number of particles 
in the sputter cavity increases, and the mean free path between par-
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ticles decreases significantly. Ti atoms sputtered out of target could 
reach the substrate surface only after repeated scattering, resulting 
in loss of the energy of gas particles. Many particles even could not 
reach the substrate. The corresponding number of particles partici-
pating in the reaction dropped, and the atomic energy of sputtering 
to the substrate decreases. Its lateral migration and diffusion ability 
got poor. Many more defects such as grain boundaries were formed, 
lead to a rougher surface of the film [18]. Decrease of working pres-
sure could also affect the densification and stress of the film.

It can be seen from the figure 5 that the resistivity of TiN film 
sample gradually increases from 397.3 μΩcm to 512.6μΩcm with 
the increase of sputtering pressure. According to the motion theory 
of gas molecules [8], when the molecular diameter and deposition 
temperature of sputtering gas do not change, with the increase of 

pressure in the sputtering cavity, the mean free path of particles de-
creases, and emission of secondary electrons is enhanced. Multiple 
collisions of Ti particles with gas molecules take place. Meanwhile, 
the increase of the probability of Ti particles colliding with gas mol-
ecules may enhance the scattering degree of Ti particles. It also re-
duces the probability of Ti particles reaching the substrate and in-
creases the interfacial scattering of TiN film particles within a unit 
volume [17]. It further increases the scattering of electrons during 
the motion and the resistivity of grown films [18]. The resistivity of 
grown films also depends film thickness, preferred orientation, de-
fect density, surface roughness and residual stress [19]. The thick-
ness of TiN films prepared in this work is basically the same, and its 
resistivity increases with the increase of sputter pressure. On the 
other hand, the defect density and densification of film tissues may 
rise, which are not favourable to the electrical conductivity [21].

Figure 5: Thickness uniformity, stress, and resistivity of TiN films prepared at different sputter pressures.

According to the above discussions, the quality of the grown 
TiN films can be reasonable if we use the optimized sputter condi-
tions (sputter power ~6 kW, the ratio of Ar/N2 ~0.2, the total flow 
rate of sputter gas ~124sccm, and sputter pressure ~1.6Pa). The 
thickness uniformity, stress and resistivity of TiN film are 2.1%, 
-457.9Mpa and 412.4μΩcm, respectively. 

Conclusion

In this paper, TiN films were prepared on monocrystal silicon 
substrate by DC reactive magnetron sputtering. The effects of sput-
ter parameters (like sputter power, argon/nitrogen flow ratio, and 
sputter pressure, etc.) on the structure, thickness uniformity, film 
stress and resistivity of TiN films were studied. TiN films with good 
quality can be obtained with the optimal process parameters.
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