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Abstract: Modulated pulsed power magnetron sputtering (MPPMS) has the ability to control the ionization rate, energy and

quantity of deposited particles through adjusting the pulsed intensity and duration, thus modifying the nucleation and growth

process of the thin film. Nanocrystalline Ti films were deposited using MPPMS technique in a closed field unbalanced

magnetron sputtering (CFUBMS) system under different peak target power densities of the strong-ionized period (Pg). The

modulated pulse power (MPP) was employed to modify the P4 by varying the pulse lengths and the average target powers. The

results show that the nanocrystalline Ti film with a grain size of 11 nm exhibits a dense microstructure and a smooth surface

(roughness of 11 nm) when the Py is 0.86 kW-cm™. The improved properties of the as-prepared Ti film were also discussed.
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Nowadays, nanocrystalline Ti film is a potential candidate
for the application in aerospace engineering, medical instru-
ments, optical and microelectronic fields due to its superior
mechanical strength, well thermal stability, high wear resis-
tance and intrinsic biocompatibility "'\, Nanocrystalline Ti
film is commonly fabricated using traditional direct current
sputtering  (dcMS)
well-established physical vapor deposition technique for pre-

magnetron technique, which is a
paring metallic or metallic compound thin film at low sub-
strate temperature. And the multi-layer gradient or compound
films with smooth surface can be deposited on the substrates
by multiple targets of different materials and precise control of
target current in the dcMS process ™. Thus, deMS is widely
employed in manufacturing semi-conductive and optical thin
film ! However, the film fabricated by dcMS always exhibits
porous microstructure and poor film-substrate adhesion ! due
to the shadowing effect " and low mobility of the adatoms *
during the deposition process. Therefore, the formation of
nanocrystalline Ti film with dense microstructure, smooth
surface, and well functional properties is an urgent problem to
be solved.

The structure and properties of thin films can be effectively

modified by suitably controlling the energy and ion flux of
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deposited particles in the deposition process. When deposited
particles possess high ionization rate and high energy (5~20
eV), a dense film with favorable film-substrate adhesion can
be achieved ). In addition, the high kinetic energy transferred
from the deposited ions to the adatoms will increase the mo-
bility and diffusivity of adatoms, thus generating a large
number of nucleation sites and decreasing the grain size of the
film. The ion flux and energy of deposited particles are
strongly dependent on the sputtering technique and target
power. Recently, the application of developed modulated
pulsed power magnetron sputtering (MPPMS) technology is
proposed ', which can produce high peak power density (up
to 0.5~1.5 kW-cm™), almost 100 times higher than that of tra-
ditional dcMS technique. Therefore, high ionization rate of the
deposited particles can be obtained. Moreover, the pulse of the
MPPMS avoids overheating of the target material even with

" and reduces the formation of

such a high power density
droplets and macroparticles on the film surface "*. It should
be pointed out that a typical modulated pulse power (MPP)
mode consists of two stages in one pulse. The first step is the
weak-ionized period, in which low power is loaded on the
target to ignite the plasma. Then, the pulse enters the

strong-ionized period with high power. In addition, the
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MPPMS technique can arbitrarily modify the pulsed intensity
and duration to obtain different plasma properties and stable
discharge for different target materials.

In this study, nanocrystalline Ti films were deposited using
MPPMS technique with different peak target power densities
of the strong-ionized period (Py) in a closed field unbalanced
magnetron sputtering (CFUBMS) system. The P, is affected
by pulse length and average target power, which can regulate
the intrinsic properties of deposited particles (energy, quantity,
ionization rate, etc) to improve the microstructure and then
enhance the mechanical and tribological properties of
nanocrystalline Ti films. In addition, the correlations between
the properties of deposited particles generated at different P,
and the resultant microstructure and properties of nanocrystal-
line Ti films were investigated systematically.

1 Experiment

A MPP power source was applied to deposit Ti films from a
metal Ti target (99.95%) in a CFUBMS system, in which four
vertically unbalanced magnetrons were equipped in the cham-
ber wall. And circular Ti target with a diameter of 100 mm and a
thickness of 7 mm was used. The effective sputter area of target
enclosed in the sputter track was 37 cm’, which was used to
calculate the target power density. The substrates (silicon wafer
and 304# stainless steel) were ultrasonically cleaned in acetone
and alcohol for 15 min separately, and then installed into the
sample holder. The substrate was parallel to the target surface,
and the distance between the target and the substrate was 130
mm. The schematic diagram is presented in Fig.1.

A base pressure less than 3.0x10™ Pa was achieved prior
to deposition. As for all depositions, the working pressure
was 0.5 Pa and the Ar flow rate was 60 mL/min. At the first
deposition, the substrate was cleaned by Ar' plasma etching
with a pulsed DC substrate bias voltage of —400 V (40 kHz
and 98% duty cycle, Pinnacle Plus, Advanced Energy Inc.)
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for 15 min to remove the surface contamination. In the fol-
lowing Ti film deposition, the Ti target was powered by a
MPP generator with the substrate bias voltage of —60 V (40
kHz and 98% duty cycle). MPP generated different Py values
by varying the pulse lengths (D) and the average target
powers (P,) in the strong-ionized period. The pulse fre-
quency of MPP was fixed at 50 Hz. The deposition parame-
ter is presented in Table 1.

The crystal structure of the Ti film was characterized by
X-ray diffractometry (XRD-7000S, Shimadzu Limited Corp.)
using Cu Ka radiation (45 kV, 40 mA) in the range of 30°~80°
with 0.02° increments. The thickness and microstructure of
the Ti film were observed by field-emission scanning electron
microscopy (Ultra-55, Zeiss) and transmission electron mi-
croscopy (JEM-3010, JEOL Ltd). The hardness and Young’s
modulus of the Ti film were measured using a nanoindenter
(G200, Agilent Technologies) equipped with a Berkovich di-
amond indenter. The calculation was proposed by Oliver and
Pharr’s method from the load-displacement curve with a 10%
coating thickness as the indentation depth ', The residual
stress of Ti film was measured by an IC flatness and a wafer
stress analyzer (BGS-6341, BJOE technology). Film-substrate
adhesion was evaluated by microscratch tester (WS-2005,
ZKKH Instruments Inc.) at an applied load of 0~60 N. The
scratch track and film failure morphology were observed by
an optical microscope (GX71, OLYMPUS Inc.). The wear re-
sistance of the Ti film was evaluated by a ball-on-disk micro-
tribometer (UMT Tribolab, Bruker Corp.) in an ambient at-
mosphere (relative humidity 20+ 1 RH%, temperature 21+ 1
°C) by sliding against a 1 mm WC-Co ball at a velocity of 25
mm-s™ for 150 m. The load applied on the sample surface was
2 N, which was controlled by a load suspension system. After
the wear test, the wear track was examined by a laser scanning
confocal microscopy (LEXT-OLS4000, OLYMPUS Inc.) to
measure the wear rate.

Table 1 Deposition parameter of MPPMS Ti films

d Dy Dy Pal Po Pyl S/ Py/ L/ Ve  Td I/ T Va 2
Sample ) 5 .
Hz % ms ms kW kW kW cm kW-cm” A A% min A °C nm-min’ nm'min”

A 50 80 8 8 0.3 2.2 5.5 37 0.15 10.0 550 75 0.03 135 143 358
B 50 70 8 6 0.3 2.2 7.3 37 0.20 133 554 75 0.07 147 123 410
C 50 60 8 4 0.3 2.2 11.0 37 0.30 19.5 562 75 0.15 151 99 495
D 50 50 8 2 0.3 22 220 37 0.60 37.8 583 75 023 153 76 761
E 50 50 8 2 0.3 32 32.0 37 0.86 50.0 640 60 0.35 181 81 811

Note: f-pulse frequency, d-duty cycle of pulse power, Dy-pulse length of weak-ionized period, Ds-pulse length of strong-ionized period,

P,,-average target power of weak-ionized period, P,-average target power of strong-ionized period, Pp-peak target power of strong-ionized pe-

riod, S-area of sputter track, Py-peak target power density of strong-ionized period, /,s-peak target current of strong-ionized period, Vp-peak target

voltage of strong-ionized period, 7g-deposition time, I-substrate bias current, 7 -substrate temperature,

Vs-instantaneous deposition rate

Vi-average deposition rate,
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Fig.l1 Schematic of the CFUBMS system and the substrate position

from the top view

2 Results and Discussion

2.1 Ionization rate and deposition rate

Fig.2 shows the thickness ratio and the average deposition
rate (film thickness/deposition time) of samples. The thickness
ratio refers to the ratio between the film thickness on the front
and back of the substrate. A small value of thickness ratio is an
indicator of high ionization rate of deposited particles, because
only the ion can be deposited onto the back of the substrate by
the negative bias voltage. As shown in Fig.2, the thickness ra-
tios of sample D and E are smaller than those of other samples,
suggesting that a higher ionization rate of deposited particles
is obtained under the high P4 condition. Moreover, the average
deposition rate of sample A to D decreases almost linearly as
the P, increases from 0.15 kW-cm™to 0.60 kW-cm™. When P,
increases from 0.6 kW-cm™ to 0.86 kW~cm'2, the average
deposition rate is improved slightly (sample D to E). Although
the sample D and E have lower average deposition rates than
other samples, they exhibit higher instantaneous deposition
rates (film thickness/Ds, Table 1) in the strong-ionized period
due to the low D,.

The decrease in pulse length and the increase in average
target power can achieve high P, in the deposition process.
With the increase of P,, the enhanced ion bombardment not
only transmits high energy to the target but also induces
structural defects with high resistance on the target surface.
The target surface temperature increases significantly due to
the heat accumulation from ion bombardment and Joule-
51 in the target material. When the microarea tem-
perature on the target surface exceeds the critical level of

heating

thermal emission, a large number of atoms and electrons with
high kinetic energy can be emitted from the cathode target.
Consequently, a larger number of deposited ions can be cre-
ated by the high probability of ionization collisions between
the deposited atoms and energetic electrons '* ">, Thus, the
sample D and E exhibit lower thickness ratios than other sam-
ples. However, because the ion can be attracted back toward
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Fig.2 Deposition rate and thickness ratio of samples

the target and be captured by the high negative potential of the
cathode, the average deposition rate of sample A to D begins
to fall under the same average target power condition. In addi-
tion, it is known that increasing average target power will en-
hance the deposition rate of the film "®. Therefore, the
average deposition rate of sample E is slightly higher than that
of sample D.

2.2 Microstructure

The intrinsic characteristics of deposited particles under the
same substrate bias voltage condition significantly affect the
microstructure and properties of deposited Ti films. Fig.3
shows the XRD patterns of samples. All samples exhibit a
hexagonal closed packed (hep) Ti structure with (100), (002),
(101), (102), (103) and (112) reflections based on JCPDS card
44-1294#. The (002) diffraction peak of sample A to E first
increases and then sharply decreases in intensity, and its full
width at half maximum (FWHM) exhibit an increasing trend.
The FWHM of (002) peak was measured using Jade analysis
software. The grain sizes of sample A to E were calculated
from the (002) diffraction peak to be 20, 20, 16, 11 and 11 nm,
respectively, according to Scherrer’s equation ' '*,

In order to further investigate the microstructure of Ti films,
the high-resolution TEM observations were carried out. As
shown in Fig.4a, sample A has a nanoscale crystalline struc-
ture (grain size of 20~30 nm), while the selected area electron
diffraction (SAED) pattern reveals discontinuous hcp rings
with (100), (002) and (101) reflections. However, it is inter-
esting that nanocrystallines (grain size of 5~10 nm) with a
random orientation are dispersed in an amorphous matrix of
sample E (Fig.4b). The existence of amorphous zone was fur-
ther analyzed by the SAED pattern, as shown in the inset of
Fig.4b. It is known that the broad and diffusive rings in the
SAED pattern suggest a typical amorphous structure with
nanoparticle composites '*).

The nucleation process of the thin film is mainly affected by
the deposited particle properties, substrate temperature, and
deposition rate *. The high ionization rate of deposited parti-
cles can be obtained by the MPPMS technique at high P,, and
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Fig.3 XRD patterns of samples

then a large number of ions are accelerated onto the substrate
by negative bias voltage with high kinetic energy. This kinetic
energy transferred from the ion to the adatom on the substrate
surface will increase the adatom mobility, thereby generating a
large number of nucleation sites and decreasing the grain size.
The substrate temperature will be enhanced by increasing the
P, (Table 1), which improves the adatom mobility and diffu-
sivity but reduces undercooling of phase transformation. As a
result, the critical radius of nucleation is increased and the nu-
cleation number is decreased. Thus, an appropriate substrate
temperature is significant to promote the nucleation of the film.
It is noted that the substrate temperature can be controlled by
the MPPMS technique at different target power densities. In
addition, the high instantaneous deposition rate in the transient
strong-ionized period under high P, condition can reduce the
critical radius of nucleation and increase nucleation number.
Therefore, the nucleation rate increases with the increase of Py
due to the predominant effect of high kinetic energy of depos-
ited particles and the high instantaneous deposition rate, while
the nucleation rate changes little when the Py is higher than
0.6 kW-cm™ because of the increase of the substrate tempera-
ture. Consequently, the grain size firstly decreases and then
remains with increasing the P.

Another important feature is a preferred orientation of the
films. As shown in Fig.3, sample A and B exhibit a strong
(101) preferred orientation, which gradually changes to (002)
in sample C. And sample D and E show a (102) preferred ori-
entation. The transition of the preferred orientation is depend-
ent on the competition between strain energy and surface en-
ergy during nucleation ", When the substrate temperature or
target power improves, the increase of deposited ionic energy
will raise the surface mobility of adatoms. Because adatoms
possess higher mobility, they are able to select the lowest sur-
face energy plane ((101) for hcp) as the preferred orientation.
Thus the sample A and B exhibit (101) preferred orientation.
The thermal stress induced in the Ti film deposited at higher
substrate temperature may contribute to the modification of
(002) preferred orientation, which is the lowest strain energy
plane. So the preferred orientation of sample C changes from

Fig.4 High-resolution TEM images and SAED patterns of sample A (a)
and sample E (b)

(101) to (002). Nonetheless, sample D and E show the (102) pre-
ferred orientation, because the high instantaneous deposition rate
restrains the movement of adatoms on the substrate surface.

Fig.5 shows the surface and cross-sectional SEM micro-
graphs of samples. In order to clearly observe the
cross-sectional morphology of the Ti film, different magnifi-
cations were selected in SEM observation. Sample A exhibits
a branched and porous structure. Sample B to E show large
columnar structures throughout the film, and the number of
voids/gaps between the columnar structures gradually de-
creases. Moreover, the columnar structure vertical to the Si
substrate cannot be observed in the cross-sectional SEM im-
ages, and the width of the columnar structure increases firstly
and then decreases. The columnar structure of sample E be-
comes uniform and dense, and its width decreases to less than
100 nm. In addition, the surface roughness of sample A to E is
80, 58, 24, 16 and 11 nm, respectively, measured by the
atomic force microscope (Table 2).

The small ionization rate of deposited particles and the low
substrate temperature can be achieved by the low Py, and they
are not capable of providing sufficient accelerated deposition
process and ion bombardment onto the substrate surface.
Therefore, the adatom is difficult to diffuse on the substrate
surface. As a result, the island formation mode is preferred
during the film growth process according to Thornton’s mi-

[22]

crostructure classification”""". Thus, the morphology of

branched/fibrous structure with some voids of the Ti film is
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Fig.5 SEM images of sample A (a, b), sample B (c, d), sample C (e, f), sample D (g, h), and sample E (i, j)

formed (Fig.5b). Increasing Py can increase the mobility of
adatoms on the substrate surface considerably, resulting in the
transition of the film growth mode from an island formation
mode to a layer-plus-island mode, and giving rise to the for-
mation of a columnar structure. Meanwhile, the compactness
and width of the columnar structure can be gradually in-
creased (Fig.5c~5f). In addition, the higher instantaneous
deposition rate in the film growth process can increase nuclea-
tion sites and restrain adatom diffusion on the substrate sur-
face, which is beneficial for decreasing the width of the co-
lumnar structure (Fig.5g~5j).
2.3 Mechanical and tribological properties

The mechanical and tribological properties of samples are

summarized in Table 2. The H/E ratio (hardness/Young’
modulus, resistance against elastic strain to failure) was
evaluated as an important and valuable parameter for tri-
bological coating performance. A higher H/E ratio of coatings
is expected to allow the redistribution of the applied load over
a large area to delay the failure of the film™!. Sample A has
the lowest hardness of 1.2 GPa and Young’s modulus of 74.1
GPa, resulting in a low H/E ratio of 0.017. The hardness,
Young’s modulus and H/FE ratio are gradually increased to 5.6
GPa, 150.4 GPa and 0.035, respectively, from sample A to E.
The hardness and H/F ratio are influenced by the microstructure,

24,25 . . 26
421 compressive stress, phase segregation

[27] [28]

such as grain size

element substitution'”"', compactness” and microstructure
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Table 2 Mechanical and tribological properties of samples

Grain Residual Roughness/ Hardness/ Young’s Wear rate /<107
Sample size/nm stress/GPa nm GPa modulus/GPa HIE L/N  COF m>N'm!
A 20 0.5 80 1.2 74.1 0.017 1.3 0.83 4.13
B 20 0.5 58 2.0 94.5 0.021 1.8 0.79 233
C 16 0.7 24 34 1304 0.026 2.8 0.75 2.29
D 11 0.3 16 3.7 132.6 0.028 6.5 0.72 1.73
E 11 0.2 11 5.6 150.4 0.035 7.5 0.51 0.26

amorphous phasem]. Based on the XRD, XPS, and SEM stud-
ies, the grain size and compactness are the main factors con-
sidered in this research. The enhanced hardness, Young’s
modulus and H/E ratio of sample D and E can be closely re-
lated to the grain boundary hardening by Hall-Petch relation-
ship®” with decreasing the grain size, the compact micro-
structure, and the intense ion bombardment on the growing
film under high P, condition.

The film-substrate adhesion is evaluated by the critical load
(L) in microscratch test. L. is the instant applied load when
the film firstly cracks, chips or delaminates”". Scratch track
images are presented in Fig.6, which shows the critical film
failure events. The first cracking and chipping of all samples
within the track occur at the low L. (inset of Fig.6), and L. of
sample A to E slightly increases from 1.3 N to 7.5 N (Table 2).
In addition, sample A and B show the massive film delamina-
tion at the edge of the scratch track (Fig.6a and 6b). Both
sample D and E have no delamination at the edge of the track
until the load increases to 60 N (Fig.6d and 6e).

The film-substrate adhesion is primarily influenced by the re-
B2 substrate current (I;) **! and film thickness™*.. It
should be noted that the low L, for all samples is related to the

sidual stress

500 pm

{ —

50 m

presence of residual tensile stress in the present study. Be-
cause the residual tensile stress in the film can be reduced by
the relatively higher substrate temperature®”), the heating de-
vice will be added in MPPMS deposition process in our sub-
sequent study, in order to decrease the residual stress anden-
hance the film-substrate adhesion. Generally, the high 7, will
enhance the film adhesion, because it not only produces a
dense film but also enhances the ion bombardment onto the
substrate surface during the deposition. Sample E has the
highest /; due to the accelerated atom ionization under the
condition of high P, (as shown in Table 1), resulting in a good
film-substrate adhesion. Besides, increasing the film thickness
can also improve the film-substrate adhesion. Therefore, in
this study, the residual stress and the I, are predominant fac-
tors affecting the film-substrate adhesion.

The steady friction coefficient (COF) and wear rate of sam-
ples against a WC-Co ball were measured through the
ball-on-disk test, shown in Fig.7. Sample A exhibits a high COF
value of 0.83 and a high wear rate of 4.13x10™"* m>N"'m™,
which result in a high roughness (80 nm) and low hardness (1.2
GPa). A gradual decrease in both the COF and wear rate is ob-
served from sample A to E, and the sample E exhibits the

500 pm

[ cmmm—

500 pm

—

500 um
—

Fig.6  Scratch track morphologies of samples: (a) sample A, (b) sample B, (c) sample C, (d) sample D, and (e) sample E
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Fig.7 Friction coefficient and wear rate of samples

minimum COF of 0.51 and wear rate of 0.26x10™"* m*N"-m™.
These results demonstrate that sample E has better wear resis-
tance than other samples. The improvement of wear resistance
is mainly attributed to the improved film compactness, de-
creased grain size and smooth surface resulting from the en-
hanced adatom mobility and ion bombardment from the intense
plasma under the high P, condition.

3 Conclusions

1) When the Py increases from 0.15 to 0.86 kW-cm™ by de-
creasing the pulse width and increasing the average target
power, all Ti films exhibit typical hcp nanostructure. The grain
size of nanocrystalline Ti films gradually decreases from 20
nm to 11 nm, and the surface roughness is monotonically re-
duced from 80 nm to 11 nm.

2) The mechanical and tribological properties of nanocrys-
talline Ti films also vary as a function of Py. The maximum
hardness of 5.6 GPa and an H/E ratio of 0.035 are obtained for
the Ti film with P of 0.86 kW-cm™. The wear resistance of
the Ti film is also improved (low COF of 0.51 and low wear
rate of 0.26x10™" m*N"m™).
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