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Magnetron sputtered Ti thin films deposited on glass substrates under varying deposi-
tion parameters were characterized by X-Ray Diffraction, Scanning Electron Microscopy
and Atomic Force Microscopy. The textures of the Ti films characterized by X-ray diffrac-
tion revealed the initial (100) preferred orientation but it transformed in to (002) and
(101) orientation with increase in sputtering power and substrate temperature, respec-
tively. The preferred orientations of (002) and (101) were observed for the films deposited
with the sputtering pressure of 5mTorr and 20mTorr, respectively. The average sur-
face roughness of the Ti films showed an increasing trend with power, pressure, and
temperature from the Atomic Force Microscopy analysis. The dense film morphology
was observed in the Scanning Electron Microcopy images of Ti thin films deposited
with higher substrate temperature (500°C). X-ray diffraction analysis revealed that the
grain size of the Ti thin films exhibits an increasing trend with varying deposition

parameters.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Ti thin films are used in biomedical and diffusion barrier
applications due to their superior strength, excellent ther-
mal and chemical stability (Boyer, 1996; Textor et al., 2001;
Shoesmith et al, 1997a,b). The microstructural characteris-
tics such as grain size, morphology, density and textures of
the grains strongly influence the structural and functional
properties of Ti thin films. Therefore, it is very essential
to understand the influence of process parameters on the
microstructural characteristics of the Ti thin films to fur-
ther enhance their properties in the actual applications (Cai
et al., 2005; Jeyachandran et al., 2006; jung et al., 2003).
Ti thin films with the enhanced strength, biocompatibil-
ity and adhesion behavior could be better substitute for
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Ti-based nitride coatings used in the biomedical applica-
tions.

The chemical and structural characteristics of Ti coat-
ings were investigated in the earlier work (Ogawa et al,,
1991; lida, 1990). Jeyachandran et. al (Jeyachandran et al,
2006) have investigated the properties of Ti-films deposited
by DC-magnetron sputtering and reported the formation of
amorphous and crystalline films under different processing
conditions. The films were uniform and densely packed with
smooth surface roughness as well as shown the potential
of DC-magnetron sputtering technique to prepare metallic
and crystalline Ti films at a base pressure of 4 x 10~ Pa,
cathode power in the range of 125-150W and sputtering
pressure ranging from 1.1Pa to 2Pa. The Ti thin films pro-
cessed by magnetron sputtering and grid attached magnetron
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sputtering were investigated and reported the formation of
(100) and (002) preferred orientation of the grains in the
Ti films, with increase in bias voltage, in these two sput-
tering techniques (Jung et al., 2003), respectively. The films
deposited using grid attached magnetron sputtering resulted
in dense structure with a smooth, specular reflecting surface
with increased flux of Ti ions. Godfroid et al. (2003) have stud-
ied the growth of ultra thin Ti films deposited on SnO; by
magnetron sputtering. The growth mode of Ti thin films has
changed from Volmer Weber mode for a low deposition rate
to a pseudo Frank van der Merwe mode with the increase in
deposition rate. Siva Rama Krishna and Sun (2005) have inves-
tigated the influence of thermal oxidation conditions on the
tribological behavior of Ti films on stainless steel and con-
cluded that the films transforms into Rutile (TiO,) resulting
in three layer hybrid structures. The nanostructured Ti thin
films on (001) Si substrate were deposited by ion beam sput-
tering technique and shown (Muraishi et al., 2004) that as
deposited films exhibited hcp structure with [0001] textured
grains. Pulsed magnetron sputtering has been used to deposit
Ti and TiO; films, in the literature (Henderson et al., 2003),
and found that the films exhibited improved adhesion and
surface roughness as compared to DC sputtering. Martin et al.
(1998) have investigated the effect of bias power on Ti films
prepared by RF magnetron sputtering. AFM analysis of the
Ti films in their work revealed a change in surface topog-
raphy of the films and reduction of surface roughness and
erosion process with increasing bias power treatment. Ko et
al. (1999) have investigated the microstructural features of Ti
films formed, on p-type (001) single crystal Si wafer, by the
ionized sputtering process and revealed the formation of the
less strong (002) textures in the films, without the substrate
bias, when compared to collimated sputtering. The residual
stress and structural characteristics of Ti films on glass sub-
strates deposited by planar magnetron sputtering were carried
out by Savaloni et al. (2004) and they reported that the grain
size increase was dependent on the substrate temperature
and film thickness. The films exhibited (100) preferred ori-
entation as observed in their work. The surface structure and
composition of flat Ti thin films, deposited by e-beam evap-
oration technique, on glass substrate were characterized by
AFM and XPS, respectively (Cai et al., 2005). A direct linear rela-
tionship between surface roughness and evaporation rate was
observed using AFM characterization. The films with larger
grains are correlated with root mean square surface rough-
ness. Vijaya et al. (1996) have characterized the bias assisted
magnetron sputtered Ti films on glass substrates by XRD and
TEM and observed the reduction in grain size of the films with
increasing bias voltage. They observed the fcc phase trans-
formation in Ti thin films from its SAED patterns and it was
attributed to the formation of oxide phase due to presence of
trace amounts of water vapor or residual gases during depo-
sition.

The systematic investigation and quantification of the
influence of each of the process parameters on the microstruc-
tural features of Ti thin films are essential for enhancing its
strength and adhesion in biomedical and microelectronics
applications. Owing to these facts, the present work has been
focused to deposit Ti films on glass substrate by DC Magnetron
Sputtering and characterize their microstructural features by

XRD, FE-SEM, and AFM. The influence of process parameters
such as sputtering power, substrate temperature and sputter-
ing pressure on the texture of Ti films has been investigated
in the present work.

2. Experimental details

2.1.  Processing of Ti films

The Ti films were deposited by DC magnetron sputtering
onto glass substrates using a 99.99% pure titanium target
(2in. diameter and 5-mm thick). The substrates were cleaned
by rinsing in ultrasonic baths of acetone and methanol and
dried under nitrogen gas. The base pressure was better than
2 x 10~% Torr and the sputtering was carried out in an Argon
atmosphere. The deposition time was kept constant while
sputtering power, substrate temperature and sputtering pres-
sure were varied from 50-150 W, 100-500°C and 5-20 mTorr,
respectively. The substrate temperature and sputtering pres-
sure were kept constant at 100°C and 10 mTorr respectively
when sputtering power is varied, while during temperature
variation, sputtering power and sputtering pressure were kept
constant at 50W and 10 mTorr respectively and during sput-
tering pressure variation, sputtering power and substrate
temperature were kept constant at 50W and 100°C, respec-
tively. Before starting the actual experiment, the target was
pre-sputtered for 15 min with a shutter located in between the
target and the substrate. This shutter is also used to control
the deposition time. The target-substrate distance was kept at
50 mm, during deposition.

2.2. Characterization details

The Ti films deposited on glass substrate were first charac-
terized by XRD (Bruker AXS) with Cu Ka X-ray (for the phase
identification, grain size measurement and texture analysis).
The scan rate used was 1° min~!. and the scan range was from
30 to 45°. The grain size of the Ti films was estimated from the
Scherrer’s formula, as given in Eq. (1). The grain size ‘t’ is along
the surface normal direction, which is also the direction of the
XRD diffraction vector.

_ 092
" Bcos#é

(1)

where B (crystallite) is the corrected full-width at half maxi-
mum (FWHM) of a Bragg peak, A is the wavelength of X-ray,
and 0 is the Bragg angle. B is obtained by the equation
B? =By? — B2 rain — C? (Warren and Biscce, 1938), where B, is the
FWHM of a measured Bragg peak, Bgiain =¢ tan is the lattice
broadening from the residual strain ¢ measured by XRD using
cos?a sin?¥ method and C is the instrumental line broaden-
ing. The grain size is measured using the preferred orientation
of XRD peaks obtained for the Ti films on glass substrate.

The surface topographical characterizations of the Ti films
were obtained from FE-SEM (FEI, Quanta 200F) at an accelera-
tion voltage of 20KV. The surface morphology of the Ti films
was also characterized using AFM (NT-MDT, Ntegra) operated
in semi-contact (tapping) mode.



3446 JOURNAL OF MATERIALS PROCESSING TECHNOLOGY 209 (2009) 3444-3451

Fig. 1 - XRD graphs of Ti films on glass substrates as a function of (a) sputtering power (b) substrate temperature and (c)
sputtering pressure.

varying sputtering power may be interpreted on the basis
of stress and strain evolution mechanism. The compressive
stress induced in the films contributes to the development
of (100) orientation and it may have relaxed to tensile
mode at higher thickness favoring the (002) preferred ori-
entation. The micro strain from (100) peak of Ti films
on glass substrate was calculated by the following equa-
tion (Ong et al,, 2002; Singh and Kaur, 2008) and shown in

3. Results and discussions

The XRD graphs of Ti films deposited at varying sputter-
ing power, substrate temperature and sputtering pressure
are plotted in Fig. 1(a)-(c), respectively. In case of varying
sputtering power, it is observed that initially the Ti film
exhibit (100) preferred orientation (Fig. 1(a)) but with increas-

ing power (002) becomes the preferred orientation. However, Table 1
with increase in the substrate temperature, the initial (100)
orientation subsides and (101) orientation emerges as the (o — o0)
preferred orientation. The XRD results of the Ti films with ~ «= """ x 100 2
Table 1 - Influence of deposition parameters on crystallite size, surface roughness, and microstrain of Ti thin films
S. No. Parameters Crystallite size Average roughness Film thickness (nm) Microstrain (1 00)
(XRD) (nm) (AFM) (nm) peak
) 50 Watt 6.4 23.7 3.12 —0.6777
100 Watt 46.4 101.6 4.76 0.0745
150 Watt 52.0 194.9 6.49 0.0895
(I1) 100°C 6.4 23.7 3.12 —0.6777
300°C 30.8 105.1 3.27 —0.4473
500°C 41.8 126.4 3.48 0.0779
(II1) 5mTorr 5.6 13.5 2.14 -
10 mTorr 6.4 23.7 3.12 —0.6777

20 mTorr 39.7 95.6 4.35 0.0474
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where o (a or c) is the lattice parameter of the strained Ti films
calculated from XRD data and o¢ (ap or co) is the unstrained lat-
tice parameter of Ti (a=2.9512 A and ¢=4.6845 A) (Cullity and
Stock, 2001). The lattice parameters ‘a’ and ‘c’ of Ti films were
calculated using the equation (Cullity and Stock, 2001):

1

daz2

(h? +hk+k2) 12

4
-3 a2 + 2 ()

where d is the interplanar distance obtained from the position
of the (100) peak using the Bragg condition, a and c are the lat-
tice parameters (being hexagonal structure c/a = \/8/73) and
h, k and I are planes. It has been observed that with increas-
ing sputtering power, substrate temperature and sputtering
pressure, micro strain was initially negative and then became
positive with a corresponding change in crystallite size as
shown in Table 1. It may be mentioned that with increase in
power, the deposition rate increases, which in turn increases
the thickness of the deposited film (Jeyachandran et al., 2007).
Similarly, the peak change due to the increase in substrate
temperature causes the increase of (10 1) orientation while the
(002) orientation decreased at a higher temperature (Sonoda
et al,, 2004). The higher substrate temperature could facili-
tate the enhanced mobility of adatoms in the film surface
and favored the formation of (101) orientation of grains. It
is evident from the Fig. 1(c) that the (002) peak appeared at
5mTorr has transformed into (101) preferred orientation at

20 mTorr. The competition between strain energy and surface
free energy affecting the textures of the grains are heavily
dependent on the deposition parameters such as substrate
temperature, power and sputtering pressure. The thermal
stress induced in the thin films at higher substrate temper-
ature might have also contributed to the modification of (002)
preferred orientation, favoring the formation of (101) grains.
The thermal stress of Ti thin films deposited on glass substrate
as a function of deposition temperature has been investigated
in our earlier work (Chawla et al., 2008a) by finite element anal-
ysis and observed that the induced thermal stress was due
to the higher substrate temperature and thermal expansion
mismatch between the films and glass substrate. The induced
thermal stress in Ti thin film has also been reported in the lit-
erature (Savaloni et al., 2004; Sonoda et al., 2004; Naoe et al.,
1991).

The texture coefficients of Ti films on glass substrates as a
function of different parameters are calculated from its XRD
peaks using the following formula (Chawla et al., 2008b) and
shown in Fig. 2(a—c).

. I(hkl)
Texture coefficient (T) = [(100) £ 1(002) + {1 01)] (4)

where hkl represents (100) or (002) or (101) orientation. It is
observed from Fig. 2(a) that the texture coefficient of (100)
orientation is high, with the sputtering power of 50W, as

Fig. 2 - Texture coefficients of Ti films on Glass substrates as a function of (a) sputtering power (b) substrate temperature

and (c) sputtering pressure.
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compared to other orientations. However, (101) and (002)
orientations exhibit higher values of texture coefficient with
increasing sputtering power of 100 W and 150 W, respectively.
With varying substrate temperature (Fig. 2(b)), the (100) ori-
entation showed a higher texture coefficient at 100°C as
compared to other orientations. With increasing temperature,
(002) and (101) orientations exhibit a higher texture coeffi-

cients at 300 °C and 500 °C, respectively. It is shown in Fig. 2(c),
with varying sputtering pressure, that the (002) orientation
showed a higher texture coefficient at 5mTorr as compared to
other orientations. With increasing pressure, (100) and (101)
orientations exhibit a higher texture coefficients at 10 mTorr
and 20mTorr, respectively. The process conditions such as
substrate temperature, sputtering pressure and power influ-

Fig. 3 - AFM images of Ti films on glass substrates as a function of different parameters: (I) sputtering power (a) at 50 W (b)
100 W and (c) at 150 W; (II) substrate temperature (d) at 300 °C and (e) at 500 °C; (III) sputtering pressure (f) at 5mTorr and (g)

at 20 mTorr.
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Fig. 4 - FE-SEM images of Ti films on glass substrates as a function of different parameters: (I) sputtering power (a) at 50 W,
(b) at 100 W and (c) at 150 W; (II) substrate temperature (d) at 300 °C and (e) at 500 °G; (III) sputtering pressure (f) at 5mTorr
and (g) at 20 mTorr.
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ence the surface energy and strain energy of grains formed
in the thin films. The competition between surface energy
and strain energy during film growth might contribute to the
changes in texture of the grains as observed in the present
work. The influence of substrate temperature on the micros-
trains of the Ti thin films is evident from the Table 1. For
sufficiently thin films, surface and interface energy minimiz-
ing textures are favored but for the thicker films with higher
elastic strains, strain energy minimizing textures are formed
as reported by Thompson (2000).

The AFM images of Ti films deposited at varying sput-
tering power are in Fig. 3(a—c). The images of Ti films were
acquired in a 10 pm x 10 pm area. It is observed the grain size
and surface roughness of Ti films increases with increase in
sputtering power. The AFM images of Ti films deposited at
varying substrate temperature are shown in Fig. 3(d-e). With
increase in substrate temperature, the grain size and sur-
face roughness increase and the morphology of the grains
become more crystalline. Fig. 3(f-g) shows the AFM image
of the Ti films deposited at sputtering pressure of 5mTorr
and 20 mTorr, respectively. The regular hexagonal crystals are
observed for the films deposited at 20mTorr. The surface
roughness exhibits an increasing trend with the sputtering
pressure. The crystallite size and surface roughness of Ti thin
films deposited with varying power, substrate temperature
and sputtering pressure are shown in Table 1. The increase in
surface roughness of Ti thin films with higher substrate tem-
perature is due to growth of grains with preferred orientations
dictated by surface and grain boundary diffusivity, adatom
mobility, film thickness and induced thermal stress (Naeem
etal., 1995; Savaloni et al., 2004). The effect of sputtering pres-
sure can be explained by the relationship of the mean free
path, A (cm), with the molecular diameter of the sputtering
gas as given by

2 =2330x 100 _L_ (5)
(Ps%)

where T (K) is the temperature, P (Torr) is the sputtering pres-
sure and §m, (cm) is the molecular diameter (Maissel and Glang,
1970; Chandra et al., 2005). According to above equation when
sputtering pressure is high, the mean free path is less so
that the sputtered atoms undergo a large number of collisions
as a result, the sputtered atoms have a higher probability of
agglomeration, i.e. increasing in particle size before arriving
at the substrate surface and hence increase in surface rough-
ness of Ti films. With increase in sputtering power, adatom
mobility and the deposition rate increases, contributing to
growth of crystallite size and higher surface roughness of Ti
thin films.

The FE-SEM images of Ti films deposited at varying
sputtering power (50 W, 100 W and 150 W), fixed substrate tem-
perature 100°C and sputtering pressure 10 mTorr are shown
in Fig. 4(a—c). With increasing power, the density of the film
has increased with lesser fraction of voids due to the higher
adatom mobility. Fig. 4(d-e) shows the FE-SEM images of Ti
films deposited at varying substrate temperature. The sput-
tering power and pressure were kept constant at 50W and
10mTorr when the substrate temperature was varied from
100°C to 500°C. It is evident that with the increase in sub-

Fig. 5 - Cross-sectional FESEM image of Ti film on glass
substrate.

strate temperature, the morphology of grain changes and
becomes denser due to the higher surface and bulk diffusivity
of sputtered atoms. The Ti films deposited at 5mTorr (Fig. 4f)
revealed fine grain morphology as compared to the columnar
grains with voids observed for the films deposited at 20 mTorr
(Fig. 4g). The morphology of Ti thin films deposited under vary-
ing sputtering power, substrate temperature and sputtering
pressure are in accordance with the structural zone models
discussed in the literature (Thornton, 1977). For example, Ti
films deposited with Ts/Tm ratio 0.06 showed a less dense
morphology (Zone I) with the voided grain boundaries (Fig. 4b
and g) but with Ts/Tm ratio of 0.3, density of the films have
increased (Fig. 4e). As discussed in Savaloni’s work (2004), the
increase in substrate temperature (Ts/Tm >0.3) may lead to the
denser film.

The thickness of the Ti films was measured by taking cross-
sectional view of Ti films by FE-SEM and image is shown in
Fig. 5 and the thickness data of all Ti film samples are given in
Table 1.

4, Conclusion

The effects of sputtering power, substrate temperature and
sputtering pressure on the microstructural morphologies of
the Ti films deposited by DC-Magnetron sputtering were inves-
tigated in the present work. XRD analysis of the textures of
the Ti films, deposited under different conditions, revealed the
initial (100) preferred orientation but the (002) and (101) ori-
entations were observed with the increasing sputtering power
and substrate temperature, respectively. The development of
(100) orientation was due to the compressive stress induced
in the films but it transformed into (0 0 2) preferred orientation
at higher thickness. The (002) and (101) preferred orienta-
tions were observed for the films deposited with the sputtering
pressure of 5mTorr and 20 mTorr, respectively. The textures
of the films were affected due to the competition between
strain energy and surface free energy during deposition of thin
films under various process conditions such as substrate tem-
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perature, power and sputtering pressure. The thermal stress
induced in the thin films at higher substrate temperature has
also contributed to the formation of preferred (101) orienta-
tion. The microstrain of Ti films was initially negative and then
changed to positive value with increasing sputtering power,
substrate temperature, and sputtering pressure. The crystal-
lite size has increased with increase in microstrain in the
films. The average surface roughness calculated from the AFM
images of the films has shown an increasing trend with vary-
ing deposition parameters. The increase in surface roughness
of Ti thin films with higher substrate temperature was due
to growth of grains with preferred orientations dictated by
surface and grain boundary diffusivity, adatom mobility, film
thickness and induced thermal stress. The calculated grain
size of Ti thin films using XRD results revealed an increas-
ing trend with varying deposition parameters. The uniform
and dense morphology of the Ti films were observed with
the higher substrate temperature and sputtering pressure as
observed from the FE-SEM characterization. The denser mor-
phology of grains observed at higher substrate temperature
is due to the higher surface and bulk diffusivity of sputtered
atoms.
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