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Abstract: In order to investigate nanomechanical properties of nanostructured Ti metallic material, pure Ti films were prepared by
magnetron sputtering at the bias voltage of 0—140 V. The microstructure of Ti films was characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM). It is interesting to find that
the microstructure of pure Ti films was characterized by the composite structure of amorphous-like matrix embodied with
nanocrystallines, and the crystallization was improved with the increase of bias voltage. The hardness of Ti films measured by
nanoindentation tests shows a linear relationship with grain sizes in the scale of 6—15 nm. However, the pure Ti films exhibit a soft
tendency characterized by a smaller slope of Hall-Petch relationship. In addition, the effect of bias voltage on the growth orientation

of Ti films was discussed.
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1 Introduction

Nowadays, Ti films are widely used in aerospace
engineering, medical instrument and construction
industry because of the superior properties, such as
excellent thermal stability and good corrosion resistance
[1-3]. Magnetron sputtering, which is a well-established
physical vapor deposition technique, has been widely
applied to preparing dense and uniform metallic thin
films [4—7]. The effect of sputtering process on the
microstructure of Ti films has been studied, such as
substrate temperature [4,8], sputtering power [6,9],
discharge pressure and bias voltage [10,11]. Among these
parameters, the bias voltage seriously influences the
microstructures of thin films, such as surface topography,
preferred orientation [11,12], deposition rate [11] and
film density [13]. Recently, ZHANG et al [12] reported
that increasing the substrate bias voltage caused an
increment of lattice constant and a transition of preferred
orientation from (002) to (100) planes of He—Ti films
induced by the implantation of He. The orientation

transition of Ti film trigged by negative bias voltage was
also reported in Ref. [11], which showed the diffraction
peaks of Ti films changed from (111) to (200) planes
with negative bias voltage increasing from 15 to 260 V.
However, the detailed microstructure and effect of
microstructure transition on nanomechanical properties
were less reported. In the present work, the bias
voltage in the range of 0—140 V was applied to
depositing Ti films by magnetron sputtering. A
composite structure of amorphous-like matrix embodied
with nanocrystallines was observed, and the effect of
bias voltage on the crystallization was discussed. The
nanoindentation tests were carried out to explore the
Hall—Petch relationship extending grain size to several
nanometers scales.

2 Experimental

Ti films were deposited on (100) monocrystal
silicon by direct current magnetron sputtering at room
temperature. A pure titanium target (99.995%) with
diameter of 50.8 mm and thickness of 5 mm was used.
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The Si substrates were cleaned with acetone, ethyl
alcohol and deionized water in ultrasonic bath for 20 min,
respectively, before they were fixed in a vacuum
chamber. Bias voltage was applied by 0, 60, 100 and 140
V, respectively. The other detailed parameters are listed
in Table 1. Before the experiment was started, the target
was pre-sputtered for 10 min.

Table 1 Deposition parameters of Ti films on Si (100)
substrates by magnetron sputtering

Background Ar flow/ Work Work  Target- Sputtering
r flow
pressure/ . . pressure/power/ substrate time/
(mL-min ") . .
Pa Pa W distance/mm min
1.5x107° 20 0.5 200 80 20

A Bruker D8 X-ray diffractometer (XRD) with Cu
K, radiation was used to identify the phase structure. The
XRD tests were carried out with a scan rate of 0.02 s/step
and in a scan range of 30°=70°. The surface topography
was observed by FEI Quanta 450 emission scanning
electron microscope (SEM) at the acceleration voltage of
20 kV. The Tecnai G2 F30 transmission electron
microscope (TEM) was used under an operating voltage
of 200 kV. The plane-view TEM foils were ion-thinned
at low temperature. The hardness was measured by nano
indenter (Agilent G200) using the continuous stiffness
measurement technique [14]. The normal force of the
indenter (a Berkovich diamond tip) was applied to the
sample surface increasing from 0 to 1 mN with the
loading speed of 5 nm/s and the track length was about
80 nm. The statistical mean hardness was evaluated from
at least 25 indentations. The atomic force microscopy
(AFM, Shimadzu N9500) was used to determine the
surface roughness under a semi-contact (tapping) mode
with the scan area of 5 umx 5 um. The surface roughness
was expressed by root mean square roughness.

3 Results

3.1 Orientation analysis

The XRD patterns of Ti films deposited at different
bias voltages are shown in Fig. 1. The pure Ti films are
produced in all samples identified by the diffraction
peaks. However, the crystal orientation is changed. The
(002) diffraction peak is the only strongest peak in the Ti
film deposited at 0 V, indicating the obviously (002)
preferred growth. However, when the bias voltage
increases, the polycrystal orientation occurs, and (100)
and (101) planes present the highest intensity at the bias
voltage of 100 V. Nevertheless, (002) orientation
enhances again at the bias voltage of 140 V. The XRD
results show a transition from (002) preferred orientation

to random polycrystalline structure under applied bias
voltages.
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Fig.1 XRD patterns of Ti films deposited at different bias
voltages

3.2 Surface morphology

The surface topography of Ti films deposited at
different bias voltages is shown in Fig. 2. The clusters
with three-dimensional structure (marked by arrows) are
observed at the bias voltage of 0 and 60 V, especially the
Ti film prepared at 60 V, as shown in Figs. 2(a) and (b).
The root mean square roughnesses of the Ti films
deposited at 0 and 60 V are 10 and 12 nm, respectively.
When the bias voltage increases to 100 V, the
three-dimensional clusters disappear, and the surface
becomes uniform, dense and flat, showing the smallest
surface roughness (7 nm) among all Ti films, as shown in
Fig. 2(c). When the bias voltage is 140 V, a relative flat
surface is obtained compared with the Ti films sputtered
at 0 and 60 V, as shown in Fig. 2(d).

The cross-sectional SEM images exhibit that the Ti
films grow in a columnar structure perpendicular to the
Si substrate, as shown in Fig. 3. The diameter of the
columnar clusters is the lowest for the Ti film deposited
at the bias voltage of 0 V (Fig. 3(a)). The compact
density of Ti film deposited at 0 or 100 V is better, as
shown in Figs. 3(a) and (c), respectively. While voids
occur at the center of the Ti films deposited at 60 and
140 V, respectively, as indicated by arrows in Figs. 3(b)
and (d). Coarsening is observed at the cross section of
the Ti film sputtered at 140 V, where columnar clusters
are finer at the bottom and grow up with the increase of
film thickness, as separated by line in Fig. 3(d). The
thickness of Ti films is decreased with the increase of
bias voltage, as marked in Fig. 3, which means the
reduced deposition rate. The average deposition rate is
estimated according to the measured thickness divided
by sputtering time, as shown in Fig. 4. The deposition
rate exhibits a nonlinear decrease with the increase of
bias voltage, which may be originated from the
occurrence of re-sputtering [15].
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Fig. 3 Cross-sectional morphologies of Ti films deposited at different bias voltages: (a) 0; (b) 60 V; (c) 100 V; (d) 140 V
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Fig. 4 Deposition rate of Ti films with dependence of bias
voltage

3.3 Crystallinity

The typical TEM images of the Ti films sputtered at
0 and 100 V are shown in Fig. 5. The Ti film deposited at
0 V is composed of nanocrystallines (NC) and
amorphous zones, as indicated by arrows in Fig. 5(a),
respectively. The nanograins are separated by amorphous
zones. Further evidence of the existence of amorphous
zones is confirmed by the corresponding selected area
electron diffraction (SAED) pattern, as shown in the
inset of Fig. 5(a). The SAED pattern exhibits diffused
and overlapped rings, suggesting a typical amorphous
structure. The presence of an amorphous matrix is not
detected using XRD, since the NC are well dispersed in
the amorphous matrix (Fig. 5(a)). The amorphous-like
topography of Ti film was observed by AFM, verified by
JIN et al [16], and they attributed this amorphous-like
structure to the low sputtering power of 100—150 W.
JEYACHANDRAN et al [17] produced amorphous
structure under the base pressure of 8x10*—13x107*
MPa detected by XRD and they thought that the
amorphous structure was related to the chemical
composition of the pressure.

However, the crystallization is improved for the Ti
film sputtered at 100 V, as shown in Fig. 5(b). The SAED
(inset in Fig. 5(b)) also evidences the crystalline by the
diffraction rings. The lattice spacing is 0.2325 nm
corresponding to the (200) plane (d(200=0.2339 nm), as
marked in Fig. 5(b). The (100) plane of Ti film is also
observed (d(100=0.2574 nm), as shown in Fig. 5(b).
These observations are in agreement with the XRD
results. However, as indicated by arrows in Fig. 5(b),
some amorphous zones still exist in the Ti film. The
average grain size of Ti films estimated from TEM
images ranges from 6 to 15 nm, and the smallest and
largest grains are produced at the bias voltage of 0 and
100 V, respectively, as shown in Fig. 6.

Fig. 5 Bright-field TEM images and corresponding selected
area electron diffraction patterns of Ti films deposited at bias
voltage of 0 (a) and 100 V (b)
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Fig. 6 Dependence of grain size on bias voltage

3.4 Hardness

The hardness was measured by indentation tests. In
order to minimize the measurement error, two factors
should be considered, e.g. the surface roughness and
substrate effect. The surface roughness of Ti thin films
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determined by AFM is 7—12 nm and the film thickness is
1157-1293 nm, as shown in Fig. 3. Thus, the indentation
depth was controlled to be about 80 nm, within 7% of the
film thickness. Figure 7(a) shows that the hardness (H)
of Ti films firstly decreases from 4.75 GPa at 0 V to 3.91
GPa at 100 V and then increases slightly to 4.3 GPa at
140 V; The inset is the curves of nanoindentation tests.
The smaller grain size should result in a higher hardness,
deducted from the Hall-Petch (H—P) relationship
(H=Hi+Kd 2" where K is the H-P slope, and d is the
average grain size). The H-P scaling law is shown in
Fig. 7(b). The data of UFG Ti are originated from
Ref. [18], where the UFG Ti plates with grain size of
168—453 nm were prepared by equal channel angular
pressing. SERGUEEVA et al [19] also reported the
hardness change of UFG Ti with grain size of 40—120
nm produced by high pressure torsion, and the
experimental results are also shown in Fig. 7(b).
Interesting, there apparently are two regions in the H-P
rule, namely UFG and NC regions. However, the two
zones show the different slopes of K, where the Kygg is
0.61 MPa-m"? and Kyc is 0.25 MPa-m"? for the UFG and
NC zones, respectively.

The H-P relationship is influenced by the
microstructure, such as grain size [18—20], compressive
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Fig. 7 Hardness changes with dependence of bias voltage (a)
and grain size (b) (Inset in (a) is typical nanoindentation

curves)

stress, phase segregation [21], element substitution [22],
compactness [23] and amorphous matrix [24]. For the
pure metallic material, grain size is the main factor
considered, and the other factors, such as dislocation,
low-angle grain boundaries and twins, are generally not
taken into account in evaluating H—P relationship.
However, those structures exist extensively within UFG
grains prepared by sever plastic deformation. This means
that the Kygg is likely to be overestimated. The higher
Kyrg was observed in nanostructured Ni and Co by
WANG et al [20]. They explained that the discrepancies
could be due to the preexisting stacking faults and twins
within nanograins or the different sample cutting
methods. Owing to the difficulty of synthesizing truly
NC Ti with d in the range of 0—100 nm, the H—P slope of
Ti has not been extended into the very small d range.
Although the slop, K, extends to the scale of 6—15 nm in
the present work, two factors should be pointed out to
influence the Kyc: 1) The orientation growth of the thin
films might result in a higher hardness than randomly
oriented film [25], thereafter, the higher Kyc should be
expected; 2) It is not a true NC structure in the present
work for the reason of amorphous structure existing in
the nanocryatallines, hence, the hardness might also be
enhanced by the amorphous structure resulting in a
higher Kyc. The composite structure of nanocrystal
grains and amorphous phase can increase the hardness,
which was reported in the Ti—Si—N nanocomposite films
[21,22,24]. For example, CHAWLA et al [24] thought
that the improvement in the hardness of Ti—Si—N films
was due to grain boundary hardening arising from the
two phase structures of TiN nanocrystallites and Si;N,
amorphous matrix. From the two points above, the Kyc
shall be lower than the present calculated value. In other
words, the nanostructured Ti films might show a soft
tendency characterized by a smaller K, which deviates
the H—P relationship of the UFG zone. It should be noted
that the H—P relationship of pure Ti requires further
investigation by scaling the grain sizes in the range of
20—-100 nm.

4 Discussion

The bias voltage mainly influences the
crystallization, crystal orientation, grain size, and surface
morphology of Ti films, as shown from XRD, SEM and
TEM analysis. The bias voltage is related to the ion
energy [26], expressed by Eo<V,/P"? where E, V;, and P
are the ion energy, bias voltage and process pressure,
respectively. The ion energy is proportional to ¥}, which
means that the kinetic energy of the ions increases with
the bias voltage. An increasing kinetic energy makes the
nucleation of a crystalline phase more easy [27],
thereafter, the crystallization is improved compared with
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the case without bias voltage. Since the (002) plane has
the lowest surface free energy among all crystal planes
introduced by CAI et al [28], the (002) preferred
orientation is commonly produced during magnetron
sputtering. However, grains with polycrystal orientation
are formed with the increase of kinetic energy of the
adatoms induced by the bias voltage, as shown in XRD
patterns (Fig. 1) and TEM image (Fig. 5(b)). Thereafter,
the (002) preferred orientation of Ti films is weakened
with the increase of bias voltage. The other influence of
bias voltage is the coarsening of grain size, which might
be induced by the higher kinetic energy to activate the
mobility of adatoms. As a result, the surface becomes
denser and more homogeneous.

The magnetron sputtering has two processes: one is
the deposition of adatoms and the other is secondary
sputtering under the high kinetic energy. When the bias
voltage is further increased to 140 V, the secondary
sputtering effect of the adatoms becomes more obvious.
The significant increase of kinetic energy leads to the
departure of adatoms, which have already deposited on
the Si substrate. The re-sputtering adatoms show a
relative low kinetic energy compared with the firstly
bombarded adatoms, therefore, (002) preferred
orientation is enhanced again, as shown in XRD patterns
(in Fig. 1). At the same time, the grain size and surface
morphology are correspondingly changed. It is also
because of the re-sputtering of adatoms, the deposition
rate is decreased with increasing the bias voltage, and an
accelerated decrease is observed at 140 V, as shown in
Fig. 4.

5 Conclusions

1) A transition from (002) crystal orientation to
polycrystal structure is observed with the increase of bias
voltage within 100 V. While the bias voltage further
increases to 140 V, and the (002) preferred orientation
enhances again.

2) The grain size of Ti films is in the range of 6—15
nm, showing the maximum at the bias voltage of 100 V.
The Ti films exhibit a composite structure of
nanocrystallines and amorphous phase. Meanwhile, the
crystallization is improved with the application of bias
voltage.

3) The change of hardness is consistent with the
grain size. The slop (Kxc) of Hall-Petch relationship is
0.25 MPa'm'? in the scale of 6—15 nm.
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