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Abstract. Thin films or a coating of any sort prior to its application into real world has to be studied for the
dependence of process variables on their structural and functional properties. One such study based on the influence
of substrate conditions viz. substrate-bias voltage and substrate temperature on the structural and morphological
properties, could be of great interest as far as Ti thin films are concerned. From X-ray texture pole figure and
electron microscopy analysis, it was found that substrate bias voltage strongly influence preferential orientation and
morphology of Ti films grown on Si (100) substrate. Deposition at higher substrate temperature causes the film to
react with Si forming silicides at the film/Si substrate interface. Ti film undergoes a microstructural transition from
hexagonal plate-like to round-shaped grains as the substrate temperature was raised from 300 to 50 ◦C during film
deposition.
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1. Introduction

Titanium based coatings owing to their remarkable proper-
ties like wear and corrosion resistance, thermal and chemical
stability, high specific strength have gained much atten-
tion as diffusion barrier layers, interlayers in semicon-
ductor device and orthodontic applications (Boyer 1996;
Martin et al 1998; Jeyachandran et al 2006; Song et al 2007).
Ti interlayer of ∼4 nm thickness introduced between gold
thin film and quartz is reported to improve the adhesion
properties of gold electrode to the substrate (Hoogvliet and
Bennekom 2001; Aouani et al 2009). Particularly, ultra thin
Ti is known to act as protective sacrificial layer between
metallic silver (Ag) and dielectric layers (SnO2) by prevent-
ing the latter from oxidizing with dielectric layer (Godfroid
et al 2003). Recently, thin layer of Ti is considered to be
a good candidate for nuclear micro batteries due to higher
tritium storage capacity (Lee et al 2009). Over the years,
there was an immense focus into the development of ohmic
contacts, schottky barriers and local interconnectors for very-
large-scale integrated systems (VLSI) due to low resistivity,
thermal stability and chemical compatibility of titanium
silicides (Wan and Wu 1997; Sakta et al 2006). Si is known
to be the primary diffusion species in Ti/Si system, therefore,
at temperatures below 700 ◦C TiSi and TiSi2 are formed. For-
mation of titanium silicides follows a series of intermediate
steps leading to the formation of metastable C49 phase of
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TiSi2 at a temperature of 450–550 ◦C, whereas a stable C54
phase of TiSi2 above 650–700 ◦C (Pérez-rigueiro et al 1997).
Therefore, Ti layer purity and its thickness on Si substrates
decide the final thickness of titanium silicides and its sheet
resistance (Sakta et al 2006).

Based on extensive literature review, various research
groups had employed electron beam heating (Bunshah
and Juntz 1973), conventional direct current (dc) mag-
netron sputtering (Jung et al 2003; Savaloni et al 2004;
Jeyachandran et al 2007; Chawla et al 2008; Zhang et al
2009; Jin et al 2009; Chang et al 2010), pulsed d.c. and
radio frequency (rf) magnetron sputtering (Oya and Kusano
2009), facing target sputtering (FTS) (Naoe et al 1991),
filtered arc evaporation (Bendavid et al 1996), ion-beam
sputtering (Yu and Wang 1997), triode magnetron sputtering
(Fontana and Muzart 1998) and pulsed magnetron sputtering
(Henderson et al 2003) for deposition of Ti thin films. It
is well acknowledged that the structural and physical
properties of deposited thin films are greatly influenced by
the processing condition irrespective of the deposition tech-
nique employed (Ohring 2006).

Song et al (2007) observed that the substrate and substrate
to target distance had influenced the preferential orientation
and roughness of Ti grains grown by rf sputtering. Recently,
Dasgupta et al (2011) studied growth of Ti films on Cu, glass
and Si substrates. Polycrystalline films with fine Ti grain
size were found to grow on Cu substrates. While textured Ti
films with coarse grains was observed when deposited on Si
and glass. Yet another important parameter, deposition power
influences the grain size, morphology, crystallinity and prefe-
rential orientation of Ti grains as a result of increase in
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deposition rate and atomic mobility on the growing surface
(Jeyachandran et al 2007; Chawla et al 2008; Jin et al 2009).

Savaloni et al (2004) observed change in the nature of
stress from tensile to compressive for lower Ti film thickness.
Beyond a critical thickness of ∼330 nm, stress reversal from
compressive to tensile stress is observed with increase in
film thickness. Further, Jeyachandran et al (2007) observed
increase in Ti film thickness on the sheet resistance, which
was found to decrease from 14·3 to 3·6 �/m and increase
in temperature co-efficient of resistance value from 0·14 to
0·20% K−1, possibly due to the development of stress which
was found to shift the preferential orientation from (002) to
(100).

Deposition pressure is one of the crucial process param-
eters which decides the microstructural properties of grow-
ing thin film thereby affecting device properties. In case
of Ti thin films deposited by FTS method (Bendavid et al
1996), reduction of Ar gas pressure deteriorated the crys-
tallinity and (002) preferred orientation, instead it produced a
smooth surface and dense morphology. Whereas, increase in
Ar gas pressure Ti film showed improvement in (002) orien-
tation along with coarse grain morphology. To have advan-
tages of above two cases, Ti films were deposited initially
at high pressure and later the pressure was lowered lead-
ing to epitaxial Ti layer having (002) orientation and smooth
dense morphology. Chawla et al (2008) investigated Ti films
under the action of increased Ar gas pressure which lead to
change of preferential orientation from (002) to (101) in con-
junction with increase in grain size and surface roughness.
This was due to a large number of collisions between target
atoms and Ar ions, which resulted in higher probability of
agglomeration before arriving at the substrate. Jeyachandran
et al (2006) observed an increase in background pressure
leading to the development of amorphous Ti films with incor-
poration of residual impurities leading to complete oxidation
at surface of Ti films. Further same group investigated the
effect of increase in Ar gas pressure during deposition result-
ing into complete oxidation at the bulk of Ti film, which
resulted in degradation in (002) film crystallinity. Recently,
Oya and Kusano (2009) deeply investigated the effect of
deposition pressure on the structure and properties of Ti films
deposited using different sputtering sources. They found that
irrespective of deposition method employed for growing Ti
films, higher Ar gas pressure are found to increase rough-
ness of the films thereby reducing the reflectance and thereby
increasing Ti film resistivity. In addition, internal stresses in
Ti films were found to change from compressive to tensile
mode with increase in the deposition pressure along with
morphological evolution from smooth to rough surface.

According to Thornton’s structural zone model (SZM) for
sputtered thin films, Ar gas pressure and Ts/Tm (ratio of sub-
strate temperature to melting temperature of target species)
are two prime parameters which determine the microstruc-
ture of deposited thin films dictated by adatom mobility
(Thornton 1974, 1986). Thin metallic films deposited sub-
strate held at room temperature usually shows zone I type
of microstructure with fine-columnar grain morphology due

to insufficient adatom mobility. The rate at which the sur-
face diffusion of adatoms takes place on the substrate con-
trols the microstructure of the resulting films, which are sub-
jective to substrate temperature and substrate bias voltage
applied during deposition. Change in preferential orientation
of Ti grains, improvement in crystallinity, grain growth with
smooth and dense columnar microstructure, morphological
evolution in Ti grains takes place when Ti films are deposited
at elevated substrate temperature (Naoe et al 1991; Chawla
et al 2008, 2009). Residual stress was also found to change
from compressive to tensile with increase in Ts/Tm for Ti
films (Savaloni et al 2004). Yet another report by Chang
et al (2010) states that the residual stress decreases as the
substrate temperature increases, in which the stress changes
from tensile to compressive when the substrate temperature
increases.

Introduction of substrate bias voltage in FTS of Ti films
showed degradation in crystallinity by encouraging prefer-
ential growth of (010) and (011) instead of (002) Ti grains
and further increase of bias voltage lead to re-sputtering of Ti
adatoms from growing film due to enhanced Ar ion bombard-
ment (Chang et al 2010). Ljungcrantz et al (1993) reported
stress variation from tensile to compressive upon increasing
the bias voltage from 0 to −300 V in Ti films. Increase of
substrate bias voltage from 0 to −150 V shows the change in
preferential orientation of Ti grains from (002) to (100) and
lead to densification (Jung et al 2003). A great deal of work
on Ti films is limited to d.c. magnetron sputtering technique.
However, earlier report by Martin et al (1998) described
the effect of r.f bias power on the growth morphology of
Ti films prepared by rf magnetron sputtering and observed
the cleaning action, knocking, and re-sputtering leading to
densification as well as decrease in deposition rate.

Sputtering process involves the formation of crystals from
vapour state due to high cooling rate of 1012 k/s. This enor-
mous quench rate is known to produce amorphous thin films
in which the mobility of metal atoms is suppressed by rapidly
freezing of adatoms on the substrate surface. However, the
fact is that it is practically not possible to restrict the adatom
mobility even at room temperature due to random vibrational
frequency (ν). The jump or hopping rate (�) defined by

� = ν exp

[−Ediff

kBT

]
, (1)

where Ediff is the potential energy barrier to diffusion, kB

Boltzmann constant and T the temperature. The above equa-
tion decides the morphological and structural properties of
growth layer by aiding surface diffusivity of adatoms. There-
fore, our interest is based on simple fact that the sub-
strate temperature and ion-bombardment reduce the poten-
tial energy barrier to diffusion thereby aiding surface diffu-
sion of Ti adatoms. Henceforth, the present work is intended
to carry out based on the fact that the substrate temperature
and ion-bombardment during deposition has a role to play in
aiding surface diffusion and modifying the properties of rf
magnetron sputtered Ti thin films on Si substrates.
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2. Experimental

2.1 Deposition of Ti films

Titanium films were deposited using a RF magnetron sput-
tering system (KVT Ltd., Korea) with three gun ‘sputter-
down setup’ details of which described elsewhere (Geetha
Priyadarshini et al 2011). The sputter chamber was evac-
uated to a base pressure lower than 3 × 10−6 Torr using
turbo-molecular pump driven by rotary pump and was mea-
sured by ion-gauge. 99·9% pure Ti with a diameter of 3′′ was
employed as the sputter target and rf matching was controlled
to fix the power. Argon gas of 99·99% purity was used as
sputtering gas with constant flow rate of 50 sccm. Argon gas
pressure was controlled by the throttle valve and was mea-
sured using MKS Baraton pressure gauge. Titanium films
were deposited onto 3 × 3 cm p-type Si (100) substrates,
which were ultrasonically cleaned with acetone and alcohol.
Prior to deposition, substrates were etched with 2% HF solu-
tion in order to remove native oxide layer on the surface. To
ensure purity of deposited films, pre-sputtering of titanium
target for about 5 min was done to remove surface oxides. In
order to maintain uniformity in film thickness, the substrates
were rotated at 10 rpm for all the depositions. The details of
deposition parameters employed are tabulated in table 1.

2.2 Characterization of Ti films

2.2a Field-emission scanning electron microscopy: Stud-
ies on microstructure and nature of film growth were done on
both planar and cross-sectional titanium films by Carl Zeiss-
SUPRA40 field-emission gun scanning electron microscope
with an acceleratized voltage of 5 kV and a magnification
upto 200 kX.

2.2b X-ray diffraction and thin film texture analysis: X-ray
diffraction (XRD) studies were performed on a PANalytical
High Resolution PW 3040/60 diffractrometer, with CuKα

radiation. Conventional θ–2θ and grazing incidence geome-
tries were employed to study crystallinity of the films. In con-
ventional geometry, the scan range was kept at 2θ = 31 – 41◦
with a scan step size of 0·016. In grazing incidence geome-
try, the tube was set to an accelerating voltage of 40 kV at a
current of 30 mA and the grazing angle (α) was fixed at 0·5◦
with a scan step size of 0·05◦ over an angle range of 2θ = 30
– 50◦. Thin film phase analysis by GIXRD was carried out
in asymmetric configuration by using beam-selective tech-
nique of parallel beam optics. A combination of very small
divergence slit together with a parallel plate collimator is
used in the quasi-parallel beam geometry. A programmable
divergence slit module and anti-scatter slit was employed to
fix the adjustable divergence slit to an angle 1/4◦. This con-
trols the divergence in equatorial plane. Soller slit of open-
ing dimension of 0·04 radians was used to control the diver-
gence in axial plane. For line focusing, incident beam mask
was employed with a size 10 mm of the opening to com-
pletely accept the incident X-ray beam by the sample. In the
secondary side, diffracted beam is collimated through paral-
lel plate collimator (PPC) which comprises of set of parallel
plates, which are perpendicular to diffraction planes. The dis-
tance between the plates inside the collimator and the angle
between the diffracted beam and the sample surface define
length of the sample. This is used in combination with an
incident beam optical module providing X-ray beam with
very low divergence by divergence slit. PPC defines the equa-
torial acceptance of 0·18◦ which is half-angle opening. In
the diffracted path of the parallel beam geometry, Soller slit
is used to control the axial acceptance. PreFix PPC module
was interfaced to the proportional detector which is mounted
on PPC.

Thin film texture measurements were carried out in a
PAN-alytical X’pert MRD diffractometer equipped with par-
allel beam optics and an Eulerian cradle. The system allows
the cradle to rotate around the axis normal to the sample (φ)
and to tilt the sample parallel to the substrate (ψ). Pole figure
measurements were recorded for (100) and (101) reflections
of Ti thin films using CuKα.

Table 1. Deposition details of titanium thin films.

Ar gas Substrate- Substrate
pressure WDTS bias temperature Deposition Thickness
(mtorr) (mm) Power (W) voltage (V) (◦C) time (min) (nm)

Set 1
10 150 300 −10 30 10 90 ± 0·5
10 150 300 −30 30 10 80 ± 0·1
10 150 300 −50 30 10 80 ± 0·1
10 150 300 −70 30 10 70 ± 0·5
10 150 300 −90 30 10 60 ± 0·5

Set 2
20 150 300 Unbiased 30 30 250 ± 1
20 150 300 Unbiased 300 30 250 ± 1
20 150 300 Unbiased 500 30 250 ± 1
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3. Results and discussion

3.1 Film morphology

When negative bias voltage is applied to substrate, low
energy Ar ions from the plasma are attracted near to the sub-
strate end acting as a secondary target. Table 1 shows that the
film thickness decreases steeply with increase in bias voltage
from 0 to −30 V and thereafter, there is a gradual decrease
in film thickness, which is expected to affect various proper-
ties. Onset of deposition in the presence of negative substrate
bias causes Ar ions to be attracted towards the substrate and
these ions scatters-off Ti adatoms subsequently leading to the
lowering of deposition rates as observed in figure 1.

The rate at which ions are bombarded increases with
increasing substrate-bias voltage and this was found to affect
the physical structure of films similar to that of increas-
ing the gas pressure during deposition. Upon introducing
ion-bombardment, the jump diffusion rate (�) is modified
as:

� = ν exp

[−(Ediff − Ei)

kBT

]
, (2)

where Ediff is the activation energy for diffusion due to trans-
fer of the energy (Ei) and momentum to the surface atoms
by ion (Makeev and Barabasi 1997). Planar FE–SEM images
and corresponding cross-sectional FE–SEM images as inset
at varying substrate bias voltage (−10, −50 and −90 V)
during Ti depositions are shown in figure 2(a–c). From cross-
sectional FE–SEM images (inset of figure 2(a–c)), film thick-
ness was observed to reduce from ∼100 to ∼60 nm with
increase in bias voltage from –10 to −90 V and agrees
well with the data obtained from surface profiler (table 1).
At −10 V, Ti films exhibit disintegrated columnar structure
accompanied with porous structure. As the bias voltage was

Figure 1. Deposition rates of Ti films at different substrate-bias
voltages.

increased to −50 V, the columnar structure changed to dense
smooth-continuous structure which is the consequence of
increased surface diffusivity of Ti adatoms to occupy nearby
low potential sites. However, with increase in the bias voltage
upto −90 V, Ti grains were found to reduce in size suggesting
that higher ion bombardment not only delivers sufficient
energy to adatom for surface diffusion but also shows tendency
towards re-sputtering from growing film surface leading
to smoothening of surface features. Disruption of dense-
continuous structure due to enhanced re-sputtering from Ti
film surface was observed at a high bias voltage of −90 V
(figure 2c). Re-sputtering process tends to increase defect
sites, i.e. heterogeneous nucleation sites during deposition.
Therefore, numerous grains nucleate simultaneously on the
substrate and hence, face difficulty to grow in size as their
mobility is restricted by encountering with new neighbouring
grains. This increase of nucleation sites accompanied with
hindrance caused during film growth facilitates the formation
of fine-grained Ti films.

Figure 2. Planar and cross-sectional FESEM images of Ti films
deposited at (a) −10 V, (b) −50 V and (c) −90 V substrate-bias
voltages (inset shows corresponding cross-sectional images).
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Figure 3(a–c) reveals planar and cross-sectional FE–SEM
images of Ti films at varying substrate temperature (30,
300 and 500 ◦C). It is clearly observed that the increase
in deposition temperature leads to the growth of Ti grains
with increase in grain size due to higher driving force
associated with grain boundary free energy at higher sub-
strate temperature. Further, Ti films deposited at 300 ◦C
exhibit 2d-hexagonal plate-like structures. Upon increas-
ing the substrate temperature to 500 ◦C, Ti films comprise
of 3d-spherical-like grain morphology with uniform grain
size distribution. At high deposition temperature, additional
bulk diffusion with grain boundary migration might lead
to increase in size and change in shape of grains. Similar
type of morphological change at different substrate temper-
atures for d.c. sputtered Ti films was observed by Chawla
et al (2008, 2009). Change in the morphology of grains
from 2d-hexagonal to 3d-spherical type could be possi-
ble due to change in the preferential orientation, which
would be explored in detail in forthcoming sections. The

Figure 3. Planar and cross-sectional FESEM images of Ti films
deposited at (a) 30 ◦C, (b) 300 ◦C and (c) 500 ◦C substrate temper-
atures (inset shows corresponding cross-sectional images).

cross-sectional micrographs show fibrous columnar which
are not well-defined for films deposited at high tempera-
ture. According to SZM for sputtered films, microstructure
of films are governed by the ratio of Ts/Tm which enhances
the surface diffusion of adatoms. In the present case, Ti films
exhibit zone T-type (Ts/Tm > 0·3) of microstructure which
tends to show fibrous columnar morphology.

3.2 Film crystallinity and texture

The prominent Bragg peaks in XRD patterns could be
indexed to Ti hcp structure (a = 0·2944 nm and c = 0·4679
nm). From XRD profiles, it is evident that Ti grains are pre-
dominantly oriented in (10 * 0) plane centred at 2θ = 34·5◦.
Figure 4(a) shows GIXRD pattern for Ti films deposited at
varying negative substrate bias voltage for constant Ar gas
pressure of 10 mtorr and deposition time of 10 min. Ti films
tend to show degradation in film crystallinity irrespective of
increase in the ion-bombardment energy. Ti films deposited
at −90 V bias voltage show degradation in the crystallinity
due to enhanced re-sputtering of Ti adatoms from the
growing film surface. The nucleation or defect sites might
increase in number due to enhanced Ar-ion bombardment

Figure 4. (a) GIXRD profiles and (b) texture coefficient plots for
Ti films deposited at different substrate-target voltages.
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which causes nucleation of Ti grains. Therefore, with
increase in number of such nucleation sites, Ti grains face
difficulty to grow thus, leading to finer grain structure.
In addition, the grain size could also be affected by the
substrate-bias voltage, which strongly influence the preferen-
tial orientation of rf magnetron sputtered Ti films. The tex-
ture coefficients (T ) of Ti films deposited on Si substrates are
calculated from GIXRD peaks using the following formula:

T = I (hk ∗ l)

I (10 ∗ 0) + I (00 ∗ 2) + I (10 ∗ 1)
, (3)

where (hkl) are (10 * 0), (00 * 2) or (10 * 1) orientations and
I the relative intensity (Chawla et al 2009). The texture coef-
ficient is slightly affected by argon gas pressure as shown in
figure 4(b). From the texture coefficient plot (figure 4b), it is
clearly demonstrated that the substrate-bias voltage greatly
influences orientation of the film.

In order to estimate the preferential orientation of Ti
crystallites, films deposited at −10 and −70 V were selected

for XRD pole figure texture analysis, because there has
been a complete change in preferential orientation as evident
from XRD profiles. Figure 5(a and b) shows 3-D {10 * 0}
pole figure at 2θ = 35◦ for Ti films deposited at −10 V.
A tilt angle of ψ = 0◦ and rotation angle of φ = 0◦
shows maximum intensity suggesting that Ti surface normal
of (10 * 0) crystallites are nearly parallel to the film surface.
In addition, intensity vs tilt angle plot, shown in figure 5(c),
suggests that (10 * 0) intensity is maximum at a tilt angle
of 	 = 0◦. However, {10 * 0} pole figure for Ti films
deposited at −70 V, shows maximum pole density at
ψ∼30◦ suggesting that surface normal of {10 * 0} is now
oriented parallel to surface normal of {10 * 1} orienta-
tion of Ti grains. However, the corresponding pole figure
analysis does not show maximum intensity related to (00 * 2)
poles. In addition, intensity is found to be weakly depen-
dent on ψ suggesting that the crystallites are highly mis-
oriented. (10 * 0) intensity is the highest at tilt angle
ψ = 25◦, which complements the above findings from 3-D
pole figures.

Figure 5. {10 * 0} pole figure of Ti films deposited at (a) −10 V (3-D representation), (b) −70 V (3-D representation)
and (c) tilt angle vs intensity plots at different substrate-bias voltages.
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In addition to change in the preferential orientation of Ti
grains, it is observed that the peaks appearing in GIXRD pro-
files are slightly shifted to either higher or lower 2θ angle
side suggesting shift in the lattice parameter. Lattice dis-
tortions viz. macro strain, micro strain and pseudo-macro
strain are likely to be introduced due to the presence of inter-
nal stress present in a thin film which varies either with
substrate material or with coating thickness (Rickerby et al
1989). Therefore, line shift due to the amount of macro
strain present within the crystal lattice can be deduced from
XRD patterns. The thermal expansion coefficient mismatch
between film and substrate could lead to the origin of ther-
mal strain in the film. Intrinsic strain (εi) may develop due to
the lattice mismatch between substrate and film, high depo-
sition rates and presence of impurities. The intrinsic strain
strongly depends on the deposition parameters and substrate
material. Therefore, the total strain ε (macro strain) in film is
represented as shown in (4) (Guo and Alam 1992):

ε = εi + (αf − αs)(�T ), (4)

where αf and αs are thermal expansion coefficients of film
and substrate, respectively. �T is the difference between
deposition and room temperature. The macro strain can be
calculated using (5) by obtaining d-spacing of the strained
film (d) from GIXRD pattern (Guo and Alam 1992):

ε = d0 − d

d0
. (5)

If d-spacing values are shifted from their normal position
to either higher or lower value, presence of compressive or
tensile strain in the film is seen. Therefore, the total strain
present in Ti film deposited at different substrate-bias volta-
ges are measured from the shifts in (00 * 2) peak positions
from GIXRD profiles by employing (3) and the correspon-
ding values are tabulated below (table 2). The change in pre-
ferential orientation from (10 * 0) to (00 * 2) at higher applied
negative bias is considered to be developed in order to reduce
the increased strain energy resulting from the more energetic
impinging ions or could be due to decrease in film thick-
ness. Surface and bulk diffusion are two atomic processes
which control the structure evolution during film deposition.
Apart from temperature, energetic particle bombardment
could be other possible reason to affect the atomic processes.

Orientation selection during coalescence stage is more pro-
nounced and is driven by a decrease in the total grain bound-
ary area as well as minimization of interface and surface
energy. Large grains with low surface and interface energy
grow at the expense of smaller or unfavourably oriented
grains.

Texture in thin films is controlled by both nucleation
and growth. Lowering of interfacial energy (between Si and
metal) as well as grain boundary energies (metal–metal) can
be considered as the thermodynamic driving force. During
deposition process, interfacial energy will be lower for cer-
tain orientation(s) compared to other(s) and initial texture
is driven by nucleation. However, as the deposition contin-
ues the growth will occur in such a way that interfacial and
grain boundary energies are reduced. Grains with low free
surface and interface energy density grow faster than grains
in the other orientation and can occupy a large volume frac-
tion of the film. The strain energy can also influence orienta-
tion evolution at film formation stage. However, in thin film
which has high surface to volume ratios, often this term is
neglected taking surface as major contributor to the orienta-
tion change. Due to the same reasons, fcc Ni films readily
show dominant (111) orientation in as-deposited state due to
low surface energy of (111) (γ111 < γ110 < γ100) when com-
pared to other orientation during deposition (Thornton 1974).
However, the kinetics is to be dictated by adatom mobility.
The preference for (111) texture is also possible when appre-
ciable mobility of adatoms is available, which occurs when
bias voltage is higher or temperature is increased. Pelleg
et al (1991) suggested that the preferred orientation of TiN
thin films was caused by the driving force to reduce the over-
all energy of the film which is composed of surface and strain
energies. They predicted that the film would grow towards
the orientation of (200) plane with the lowest surface energy
when surface energy is dominant, and towards orientation of
the (111) plane with lowest strain energy when strain energy
is dominant.

In hcp Ti systems, (00 * 2) are the densest planes which
have the lowest surface free energy. But in the present case, it
is observed that the films show change in texture orientation
with change in substrate bias voltage as film thickness is
reduced. The driving force for change in orientation is the
competition between the surface free energy and interfacial
free energy.

Table 2. Influence of substrate-bias voltage on lattice parameters and macro strain in Ti films.

Peak (hkl) Observed Standard ε (macro εi (Intrinsic
Substrate conditions position (2θ) plane d-spacing (Å) d0-spacing (Å) strain) strain)

Substrate-bias voltage (V)
−10 38·39 (00*2) 2·722 2·3395 −0·163 −0·163
−50 37·77 (00*2) 2·765 2·3395 −0·181 −0·181
−90 37·71 (00*2) 2·769 2·3395 −0·183 −0·183
Substrate temperature (◦C)
300 40·33 (10*1) 2·236 2·240 0·0017 1·87 × 10 −4

500 39·79 (10*1) 2·265 2·240 0·0110 −13·78 × 10 −3
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Further, it is attributed that compressive stresses
induced by the damage created by on-bombardment might
affect development of preferential orientation in Ti film

Figure 6. GIXRD profiles for Ti films deposited at different
substrate temperatures.

(Bull et al 1992). The observed shift in the peak positions
to lower angle side leads to the expansion of d-spacing of
(00 * 2) crystallite and is the consequence of atomic-peening
effect due to energetic ion-bombardment. The expansion of
the film surface takes place in order to accommodate defects
produced during ion (neutrals) impact, which induces com-
pressive stresses in the film. Bull et al (1992) also suggested
‘ion-stuffing’ as another possible reason for inducing com-
pressive strain which lead to the expansion of surface regions
by the inclusion of ions into the film thereby producing point
defect and dislocation loops in the presence of high energetic
ion-bombardment. Further, the shifting of (00 * 2) peaks from
their 2θ position also signifies that there is uniform strain
present in the irradiated volume. It is observed that irrespec-
tive of different process parameters, compressive strains are
induced in all Ti thin films.

Figure 6 shows GIXRD pattern for Ti films deposited at
300 and 500 ◦C substrate temperatures for constant rf power
of 300 W. Distinct crystalline peaks for Ti are found to be
present due to high temperature depositions, which suggests
growth of Ti grains. Three most intense peaks at 2θ = 40·2,
38·35 and 35·23◦ are indexed to (10 * 1), (00 * 2) and (10 * 0)

Figure 7. {10 * 1} pole figure of Ti films deposited at (a) 300 ◦C (3-D representation), (b) 500 ◦C (3-D representation)
and (c) tilt angle vs intensity plots at different substrate temperatures.
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reflections for Ti films deposited at 300 ◦C. A small peak at
2θ = 43·2◦ is assigned to Ti5Si4 (302) peak, which suggests
that Ti reacts with Si–O layer at the interface during high
temperature deposition. Ti film deposition at 500 ◦C leads to
the shifting of (10 * 1) and Ti (10 * 0) peak to lower angle
side and Ti (00 * 2) could not be indexed. This could be
attributed to the nucleation of silicide phases at 2θ = 42·86◦
and 37·55◦, which are indexed to TiSi2 (004) and Ti5Si3
(123) causing lattice strain in Ti film. Interestingly, increase
in the deposition temperature resulted in lowering of com-
pressive strain from −0·161 to −0·009. Which is due to the
difference in co-efficient of thermal expansion between Ti
film (8·5 ×10−6 K−1) and Si (2·6 ×10−6 K−1) substrate and
due to nucleation of silicide phases in Ti interface, therefore,
inducing strain in Ti lattice.

Figure 7(a and b) shows 3-D {10 * 1} pole figures of Ti
films deposited on Si substrates at 300 and 500 ◦C, respec-
tively. Both the pole figures, obtained at 2θ = 40·2◦ corre-
sponding to (10 * 1) planes, resulted in maximum at the cen-
tre, ψ = 0◦, suggesting that (10 * 1) planes are nearly par-
allel to the film surface. Further, it can be noticed that there
is difference in the intensity distribution around the rota-
tion angle (φ) for Ti films deposited at 500 ◦C. As shown in
the tilt angle vs intensity plots, Ti films deposited at 500 ◦C
reveals increase in the intensity at ψ ∼ 54◦ as produced by
(10 * 1) poles (figure 7c), which is due to the nucleation of
titanium–silicide phases.

4. Conclusions

In conclusion, structural and morphological properties of rf
magnetron sputtered Ti films deposited on Si (100) substrates
were investigated as a function of substrate-bias voltage and
substrate temperature. Substrate temperature and substrate-
bias voltage have predominant effect on the film microstruc-
ture and orientation of the grains due to their direct depen-
dence on the surface diffusion of adatoms. Deposition rate
of Ti films is greatly influenced by ion-bombardment energy,
which causes re-sputtering from the film surface. Higher ion
energies were found to cause more roughness due to incor-
poration of surface defects during nucleation and growth
of films. Enhanced ion-bombardment causes change in the
preferential orientation of Ti grains from (10 * 0) to (00 * 2)
and degradation in the crystallinity due to re-sputtering was
observed at higher bias voltage. Further, it causes increase
in nucleation sites which hinder grain growth and facil-
itates the formation of nanocrystalline Ti films. Ti films
deposited at high substrate temperature leads to the formation
of titanium–silicides at the interface and film morphology
was found to be changed from 2D-hexagonal plate-like
to 3D-spherical shaped Ti grains as the temperature was
increased. As-deposited Ti films tend to relax, when
deposited at higher substrate temperature which is gov-
erned by lowering of the magnitude of compressive strains
developed in films.
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