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Morphology, structure, residual stress, and surface energy of magnetron-sputtered titanium nitride (TiN)
thin films, deposited at 300 °C with a thickness in the 0.5-1.7 pm range, were characterized. Film micro-
structure, the origin of residual stress, and its effect on the surface energy were analyzed. The grain size
increased with the film thickness. X-ray diffraction showed (200) to (111) preferred orientation transitions
with the increasing film thickness. The stress in the TiN films changed from compressive —0.3 GPa to
tensile with the film thickness reaching 0.3 GPa. Larger grain size, initial porosity, and sub-grains gener-
ation are the reasons for significant changes in the residual stress. Surface energy was investigated by
contact angle of water and glycerol droplets, which both show a significant change with the different stress
state and crystal preferred orientation. The TiN films form a contact angle larger than 100° with water as a
test liquid, demonstrating their hydrophobicity. While the residual stress changes from compressive to
tensile, the contact angle reaches 118°, and the corresponding surface energy changes from 38.8 to 24.2 mJ/
mZ. One can expect to achieve a certain desired surface state of TiN films for potential applications.
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varying with grain size. Based on these results, the average

1. Introduction

Thin TiN films deposited by physical vapor deposition have a
wide range of applications in machine components, industrial
tools, computer disk drives, precision instruments, and human
replacement organs (Ref 1-3). TiN has high hardness, good
chemical, and metallurgical stability (Ref 4). However, such
films, when grown on rigid substrates, are generally in a stressed
state, which influences the film’s mechanical performance (Ref
5). Film stress thickness dependence for TiN films was reported,
attributed to lower defect density in thicker films (Ref 6). Janssen
(Ref 5) observed a highly compressive average residual stress for
thinner TiN films, which decreased for thicker films, and proved
that the actual stress in PVD TiN films is a gradient over the
thickness, and that the stress was not relaxed in thicker films.
However, in Ref 6, it was not observed that the stress in the TiN
films undergoes a change from highly compressive to tensile
with increasing thickness. Daniel (Ref 7) and Janssen (Ref 8)
reported that sputtered C1/CrN dual films’ stress state is strongly
affected by the Cr bonding layer, including its thickness and
structure. In Daniel’s (Ref 7) experiment, the effect of the ion
irradiation on the development of the compressive stress was
grain size-, texture- and morphology-dependent compressive
stress, and can be controlled by the growth conditions. Similarly,
the tensile thermal stress varies with the layer thickness, since the
thermal expansion coefficient is a structure-dependent property,
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stress, as a sum of basic competing structure-dependent stress
components, determines the final stress level in the layer.
However, Janssen (Ref 8) showed that the stress in Cr/CrN is not
uniform over the thickness of the film. High tensile stresses are
observed near the substrate-film interface. Lower tensile stresses
are observed further away from the interface. Moreover, it has
been shown that the tensile stress is generated at the grain
boundaries. When the film deposition is accompanied by an ion
bombardment, compressive stress is generated. The tensile and
compressive stresses in these films are independent and additive,
however, these results did not hold for all high melting point
films, notably not for TiN.

Surface properties of TiN have been studied a lot experi-
mentally, focusing on their comprehensive applications in
different fields, such as bio-implants and anti-corrosion coat-
ings (Ref 9-11). However, only surface oxidation, roughness,
morphology, and bio-compatibility were studied. Surface
energy, as the most important factor of TiN films surface
properties, is lacking detailed experimental studies. However,
surface energy studies employing computer simulations have
been reported. Marlo and Milman (Ref 12) used density
functional calculations to investigate the three surfaces of TiN
that occur most commonly: (100), (110), and (111), determin-
ing surface relaxation characteristics, surface energies, and the
adsorption of molecular hydrogen on TiN (100) surface.
Further work of Ciobanu, Tambe and Shenoy (Ref 13), based
on similar calculations, established the step formation energet-
ics and geometries of TiN (100) and (110) surfaces. Binding
and diffusion energies of adatoms, molecules, and small
clusters on TiN (100) and (111) surfaces were studied from
the first principles to isolate the key atomistic processes that
determine the texture evolution during the growth of polycrys-
talline TiN layers (Ref 14). Other studies investigated the
adsorption of different atomic species on TiN surfaces, such as
Au on (100) TiN (Ref 15), O on (100) TiN (Ref 16), and water
monomers on TiN (100), (110), and (111) surfaces (Ref 17). In
this paper, the stress transition from compression to tension and
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preferred crystal orientation of TiN films is discussed, along
with the corresponding mechanism and its effects on the
surface energy.

2. Experimental Details

TiN films were grown by reactive RF-pulsed magnetron
sputter deposition in an industrial PVD system at 300 °C. Single-
crystal silicon substrates (110 crystal orientation, 335-pm thick)
were moved in front of a 76-mm-diameter titanium target.
Nitrogen and argon flow during deposition was 1 sccm and 30
scem, respectively. The base pressure in the sputtering chamber
was below 4.8 x 10~ Pa, while the deposition pressure was kept
at 0.3 Pa. The growing film was ion bombarded by applying a
substrate bias voltage of —80 V; the target power was 300 W,
resulting in a deposition rate of 7.9 nm/min.

Prior to sputtering, substrates were cleaned in acetone and
ethanol for 10 min, respectively, and subjected to 10 min in situ
Ar plasma cleaning at 50 W RF power in order to remove any
contaminants on the substrate surface and to activate the
surface. The target was cleaned using argon (99.99% pure) gas
discharge plasma for 10 min. Initially, an adhesion layer of Ti
metal was deposited for 10 min and kept constant in all
samples, followed by TiN deposition. Film thickness was
controlled by adjusting the deposition time, and ranged from
0.47 to 1.72 pm.

The surface morphological images were characterized using
field emission scanning electron microscopy (FSEM). FESEM
images were obtained using the Carl Zeiss Supra 55 FESEM.
The acceleration voltage of the cathode was set to 10 kV. The

working distance was set to 9 mm. Different areas were
selected for each specimen. The film structure was examined
using Rigalu D/max-RB x-ray diffraction with Cu source
(Acuko = 1.54184 A) with a power of 12 KW. The scanning
range of the 20 diffraction angle varied from 20° to 90° with
0.02° step size, and 2°/min scan speed. Full width at half
maximum (FWHM) and crystal size of the films was obtained
from measured XRD patterns by means of the ANALYZE
program. PDF-2 coupled with Inorganic Crystal Structure
Database was used to analyze the crystalline phase content of
the samples. The film stress was calculated from the substrate
curvature radius change using the Stoney’s equation. The
substrate profile was measured with Veeco Dektak 150 stylus
profilometer. Distilled water and glycerol were used to measure
the surface energy by means of the contact angle test with
different power and time plasma treatment samples. Liquid
droplets (~3.5 pL) were placed vertically from the 3-mm
height with the micro-injector on each sample. Ten measure-
ments were taken, and the average value was reported.

3. Results and Discussion

3.1 Film Structure

FSEM micrographs in Fig. 1 show surface microstructure of
TiN films with different thickness. The morphology of the TiN
films changes significantly with the film thickness. For the
0.47-um-thick film, the grain size is very small (Fig. la),
gradually increase with the film thickness. For the 1.72-um-
thick film, small grains appear at grain boundaries, compared

Fig. 1 FSEM micrographs showing the surface morphology of (a) 0.47-um-, (b) 0.87-um-, (c¢) 1.30-um-, and (d) 1.72-pm-thick TiN films

1186—Volume 24(3) March 2015

Journal of Materials Engineering and Performance



7500 111\ !

0 311222
6000 i

1,110 220

4500 o

3000 4

Intensity, a.u.

1500 o

30 40 50 60 70 80
20,deg

Fig. 2 XRD spectra of different thickness TiN films

45
Jo36

g
=40 S
o B
K {032 &
o ~~
£ 354 . =
g —O— Domain size 40.28 E/
S 5 -8 FwHM °
= =
2 024 =
= 177 &
§ 25 A =
O J0.20

20 T y T

0.3 0.6 0.9 1.2 1.5 1.8
Film thickness,um

Fig. 3 FWHM of TiN films (111) reflections. Trend lines added for
clarity

with thinner films (Fig. 1d). TiN films morphology changed
significantly with increasing thickness, which also affects the
residual stress.

XRD 6/20 scans from reactively magnetron-sputtered TiN
layers deposited with increasing thickness on Si (110) sub-
strates are presented in Fig. 2. The diffraction patterns reveal
the presence of the FCC mono-phase B1-NaCl structure,
showing mainly (111) and (200) reflections. Texture transitions
from (200) to (111) preferred orientation with increasing film
thickness. Films show (111) preferred orientation with increas-
ing film thickness. The big shift of the peak position to higher
20 diffraction angles, with respect to the relaxed structure of
randomly oriented FCC TiN in thinner films, indicates in-plane
compression in the layers. This result is consistent with the
measured residual stress in the films. Figure 3 shows the values
of the FWHM of the rocking curve around the (111) diffraction
peak. FWHM decreased with the film thickness. As seen in
Fig. 3, the FWHM of the 1.72-um film is the narrowest,
revealing the best crystalline structure.

The size of the coherently diffracting domains (D) in the
films was calculated as (Ref 18)

(D) = 0.9M
" BcosH

Here, A is the XRD wavelength and 0 is the Bragg’s angle.
Parameter (D) corresponds to the average length of crystalline

(Eq 1)

Journal of Materials Engineering and Performance

(a)

e e 2
N W
1 1

Tensile stress

e
=
L

Residual stress, GPa
(=]
[«

-0.1 1 Compressive stress

-0.2 1

-0.3 1

-0.4 T T T T T
0.3 0.6 0.9 1.2 1.5 1.8

Thickness, um
0.4
03] ®)

0.2 1

0.1 - Tensile stress

01 ] Compressive stress

-0.2 1
-0.3 1

-0.4 T T T
25 30 35 40 45

Grain size, nm

Residual stress, GPa
(e)
(e

Fig. 4 (a) Average residual stress in TiN films as a function of film
thickness; (b) Average residual stress in TiN film as a function of
grain size

domains in the direction of the diffraction vector, and repre-
sents crystalline regions with no planar defects (Ref 19), while
B is the FWHM value. Figure 3 indicates that (D) initially in-
creased with the film thickness in the 0.47-1.72 pum range.

3.2 Residual Stress in TiN Films

The residual stress in the films, o, was calculated using the
Stoney’s equation (Ref 20):

1 (1 1) E 2
c=-(——— s
6\R, R,/ 1—vt
Here, R, and R, are radii of the substrate curvature before and
after film deposition, respectively, E is the Young’s modulus, v
is the Poisson’s ratio of the substrate, and ¢ and ¢ are the thick-
nesses of the substrate and the film, respectively. Substrate pro-
files were measured using Dektak 150 stylus profilometer.
Profiles corresponding to compressive and tensile stresses have
positive and negative curvatures, respectively
In Fig. 4(a), the average residual stress is plotted as a
function of the film thickness. For the 0.47-um film,
—0.264 GPa compressive stress was calculated, gradually
increasing to —0.34 GPa for the 0.87-nm thick film. Subse-
quently, compressive stress changes to tensile at 1.72 um film
thickness, reaching 0.33 GPa. The residual stress trend
observed in this paper is different from Ref. 5 and 6. This is
likely caused by the adhesive layer and the deposition
temperature.

(Eq 2)
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As seen in Fig. 4(a), the stress in sputtered TiN films can be
either compressive or tensile, depending on the film thickness.
The transition from compressive to tensile stress can be
explained by the following two reasons (Ref 21, 22). First, as
the size of crystals increases, the number of defects decreases
and films become denser, causing a natural tendency of the film
to develop tensile stress with the film thickness. Second,
compressive stresses develop in the film by ‘“atomic shot
peening”, associated with the collision of neutral inert gas
atoms (created in the sputtering process) with the growing film.

Compressive stresses can be understood qualitatively in terms
ofboth the implantation of atoms in the film during deposition and
the micro-plastic deformation, associated with the atomic colli-
sions. Energetic argon atoms become implanted into the film,
resulting in compressive stresses. The excess atoms dilate the
material near the surface, which leads to compressive stresses due
to the constraint of the underlying film. Also, atomic collisions
with the growing surface result in plastic deformation events. Each
surface element can be deformed plastically. This deformation
would occur by incremental dislocations movement in the film, or
other shear processes. Again, the constraint of the underlying film
leads to biaxial compression in the film. The tensile stresses present
inasputtered film depend on the tendency of the film to shrink once
attached to the substrate. Thus, the stresses that develop are
associated with the internal atomic rearrangement or densification
of the film. If the sputtered structure relaxes, then intrinsic tensile
stresses develop in the film.

At the initial deposition stage, the grain size is very small in
the 0.47-0.87 pm film thickness range. Compressive stress
originates from the coating structure with a high density of
point defects. At this stage, attachment to the substrate restrains
lattice expansion, significantly contributing to residual com-
pressive stress. Along with increasing film thickness (controlled
by sputtering time), grain size increases, and the density of
grain boundaries (length per surface area) decreases, which
results in reduced porosity in the films. The lower the grain
boundaries density, the less possibility exists for the extra atoms
to be inserted into the grain boundaries (Ref 23), which, in turn,
decreases the compressive stress, transforming it into tensile
stress. Chaudhari (Ref 23) pointed out that grain boundaries are
less dense than the crystal lattice, so that grain growth
(elimination of some grain boundaries) leads to densification
of the film and thus to tensile stresses in the film.

In Ref. 24, it was indicated that the increase in the residual
stress of the TiN film is caused by the smaller grain size and the
transition of the texture from (200) to (111) preferred orienta-
tion. This conclusion agrees well with our findings. The
relationship between the grain size and the residual stress was
also investigated. In this paper, the grain size is equivalent to
the size of the coherently diffracting domains (D), as shown in
Fig. 4(b). This result indicates that TiN films with grain size
smaller than 35 nm exhibit higher compressive stress and
above 35 nm have a tensile stress. Reference 24 also indicates
that grain growth generally leads to stress relaxation when the
film is under compressive stress. When the initial grain size is
below a critical value, grain growth can occur by normal
boundary migration, and generates tensile stress in the plane of
the film. This result agrees well with our investigation.

3.3 Surface Energy of TiN Films

The static contact angles of water and glycerol on TiN films
surface were determined with a video-based optical system
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OCA 15. Liquid droplet (~3.5 pL) was placed vertically from
the 3-mm height with the micro-injector on each sample. Ten
measurements were taken, and an average value was reported.
The measurements were conducted at room temperature
(25 °C).

Figure 5 shows the contact angles of water on TiN films of
different thickness. There are no obvious changes in the contact
angle for the films between 0.47- and 1.30-um thick, however,
there is a sudden increase with the film thickness of 1.72 pm.
Similar results are also seen in Fig. 6 with glycerol droplets on
TiN films. The exact contact angles are shown in Fig. 7 and 8.
TiN films’ contact angles are 101.3£0.8, 100.7+2.4,
100.7£ 1.3, 118+2.6 with water, and 82+0.5, 814+0.2,
81.5£0.3, 88.3+0.1 with glycerol.

The relationship between the solid surface energy, ysv,
liquid surface energy, viy, solid-liquid interface interaction
energy, Ysr, and the equilibrium contact angle, 0y, in the solid/
liquid/gas three-phase system is known as the Young’s
equation:

Ysv = YsL + YLv cos 0, (Eq 3)

The Owens-Wendt and Kaelble approach (Ref 25, 26) was
used to determine the total surface energy, along with the dis-
persive and the polar components. The thermodynamic work
of adhesion is related to the substrate surface energy as:

L
ol O

Fig. 5 Optical images of contact angle with water droplets on dif-
ferent thickness TiN films: (a) 0.47 um, (b) 0.87 um, (c) 1.30 pm,
and (d) 1.72 pm

.

e

Fig. 6 Optical images of contact angle with glycerol droplets on
different thickness TiN films: (a) 0.47 um, (b) 0.87 pm, (c) 1.30 pm,
and (d) 1.72 pm
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Wa="Ysyv +7YLv — ¥sL (Eq 4)
Combining Eqgs 3 and 4 yields:
Wa =Ly (1 + cosb,) (Eq 5)

The thermodynamic work of adhesion can also be expressed
using dispersive and polar components (Ref 27):

Wa = 2\/Y§LYdLV + 2\/ngng (Eq 6)
Combining Eqs 5 and 6 yields:
Yoy (1+cos0,) = 2\/“/gLYdLv + 2\/ngva (Eq 7)

To determine the surface energy of a coated sample surface
along with the dispersive and polar components of the surface
energy, a proper selection of liquids must be made. This
should include combination of dispersive and polar liquids
with a wide range of surface energy, along with variable and
different dispersive and polar components. Thus, distilled
water and glycerol were used. Table 1 contains the surface
energy data for these liquids.

Surface energy of TiN films can be calculated using the
measured components of water and glycerol in Table 1. The
value of surface energy only changes slightly for the films with

Journal of Materials Engineering and Performance

Table 1 Surface energy components water and glycerol
(mJ/m?)

Yoy Yiv Yiv
Water 72.8 21.8 51.0
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Fig. 9 Surface energy and residual stress change with the film
thickness

the thickness of 0.47, 0.87, and 1.30 um, which corresponds
with 38.8, 40, and 38.7 mJ/m?, however, the value shows a
sharp decrease to 24.2 mJ/m? with the 1.72 pm thickness. The
biggest change in these films is stress, thus the relationship
between stress and surface energy is plotted in Fig. 9. The
surface energy changes quite a bit when the stress changes from
compression to tension. For solids, specific surface energy is
not equal to surface tension, since the atoms in solids do not
move fast enough. Actually, atoms and/or molecules in solids
move extremely slow, such that a solid does not change its
shape rapidly. This is why a thin sheet of paper maintains its
shape for thousands of years in spite of a large surface area and
a high value of the total surface energy. Consequently, a solid
surface may be elastically deformed. The number of atoms and/
or molecules per unit surface area of a solid cannot be treated as
constant, depending on the degree of deformation. The change
in the total surface energy of a solid is due to the change in both
total surface area and deformation. Shuttleworth (Ref 28)
studied surface stress of solids, which has the same units as
surface tension, by modeling a solid surface as a membrane that
is coherently connected with the bulk substrate underneath. He
considered a membrane with the size of o x o. Under biaxial
surface stress, o, the membrane changes its size to (o0 + dor) X
(o0 + da), while changing its area by A = 2ada. The work
done by the biaxial surface stress is 60A, and the change in the
surface energy is YOA + Ady. From energy conservation, one
has o0A = y3A + Ady. Thus, the surface stress in a solid is
defined as:
v
c=v+5, (Eq 8)
where ¢ = 64/4 denotes the surface strain. A
If the films show compressive stress, the value of 3—Z is
negative, and 7y should be much larger than the tensile stress,
which is consistent with our experimental results in Fig. 9.
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Figure 10 shows the relationship between the preferred
orientation and the surface energy. When the ratio of (111)/
(200) is smaller than 0.8, no obvious changes in surface energy
were observed. However, with the ratio of (111)/(200) increas-
ing to 4, the surface energy shows a sharp decrease. Using the
nearest-neighbor interaction approximation, the binding energy
for one mole of atoms, Ey, in a three-dimensional FCC crystal
is given by

B (N
"Zan,\4)

where N/A is the number of atoms per unit area. For the
(111) plane, (%)(111): a{Lﬁ’ where a is the bulk lattice con-
stant. Thus,

Ey
Y :]VATM

For the (200) plane in the FCC crystal, there are four broken
bonds per atom and the number of atoms per unit area is
%) (200)= = Thus,

A at’
Ey
Y(200) = m

(Eq9)

(Eq 10)

(Eq 11)

From Eqs 10 and 11, it is obvious that the surface energy of
TiN films with the (111) preferred orientation will be lower
than with the (200) orientation, which is consistent with the
experimental results shown in Fig. 10. On the other hand,
with the film growth, the natural driving force is to minimize
the surface energy, so the surface energy dominates the pre-
ferred orientation. Accordingly, the preferred orientation is
determined by the critical competition between the strain and
the surface energy. One can expect to be able to fabricate
TiN films with desired surface states for certain applications.

4. Conclusions

In this work, film structure, the origin of residual stress and
the effect of residual stress on surface energy were studied in
sputtered TiN films of different thickness. Grain size increases
with the film thickness, while thick films are porous. For the
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1.72-pum thick film, sub-grains appear at grain boundaries, and
structure gets denser. The stress in the TiN films undergoes a
change from compressive (—0.264 GPa) to tensile (0.33 GPa)
with increasing film thickness. The development of compres-
sive stress in the film at the initial stage by “atomic shot
peening” is associated with the collision of neutral inert gas
atoms (created in the sputtering process) with the growing film.
However, tensile stresses developed in sputtered films at a later
stage, and depend on the tendency of the film to shrink once it
is attached to the substrate and cooled down to room
temperature. Surface energy shows a significant change with
the different stress states and preferred crystal orientation. The
TiN films form a contact angle larger than 100° with water as a
test liquid, which demonstrates that the TiN film surface is
hydrophobic. When the residual stress changes from compres-
sive to tensile, the contact angle goes up to 118°, corresponding
to the surface energy change from 38.8 to 24.2 mJ/m”. When
the ratio of the (111)/(200) intensities is smaller than 0.8, there
are no obvious changes in the surface energy. However, when
the ratio of the (111)/(200) intensities increases to 4, the surface
energy shows a sharp decrease, which means that preferred
orientation and stress may influence the surface energy to an
expected value for certain applications.
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