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a b s t r a c t

Ti films are widely used in electrical engineering, biomedical instrumentation, and other industries
owing to their excellent material properties. High Power Pulsed Magnetron Sputtering (HPPMS) is a
promising physical vapor deposition (PVD) technique used for producing highly ionized target species,
thereby opening the possibility of controlling the material properties of the growing films. Controlling
the thin film properties helps achieve high quality films to cater the needs of a specific application. In this
study, Ti films properties were tailored by controlling the peak and average target power values in
HPPMS. The effect of peak and average target power on the plasma composition above the substrate was
systematically studied. For a constant average power, the increase in the peak power significantly raises
the ion-to-atom ratio and density of the plasma flux incident on the substrate. This leads to the Ti films
exhibiting compressive stress, smaller grain size, and smoother surface at lower deposition rates. On the
other hand, the increase in the average power at a constant peak power causes no remarkable change in
the ion-to-atom ratio, but the overall magnitude of the number of metal ions and atoms and gas tem-
perature around the substrate increase obviously. The Ti films deposited at high average powers were
characterized by larger grain size with a highly preferred orientation of (002), rougher surface, and
exhibited signs of tensile stress. The results obtained from this study provide guidelines for achieving
high quality hard metal films with desired properties by manipulating the peak and average power in
HPPMS discharge.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Ti thin films are used in a wide variety of industries owing to
their exceptional material properties such as superior strength,
excellent thermal stability, and good corrosion resistance [1e5].
The material properties of Ti films determine the overall perfor-
mance of the materials in the applications they are used. Ti films
with a high surface roughness and large grain size exhibit a high
optical reflectance [6], and Ti films with a low residual stress are
essential for the preparation of stable TiO2 nanotubes [7]. In order
to improve the adhesion between thin films and the substrates, Ti
films are used as an interlayer between the film and the substrate.
For example, a thin layer of Ti is often used to improve the adhesion
of Ti-O film on CoCrMo [8] and Cu film on Si [9]. Similarly, the
adhesion of TiN on 15300 steel [10] and corrosion resistance of TiN
on AISI D2 steel [11] can be improved by increasing the thickness of
Ti interlayer. Moreover, Ti interlayer can is effective for changing
the texture of the growing film. Strong (002) textured Ti films are
necessary for changing the TiN film texture from (002) to (111) [12].
An improvement in the (002) texture of the Ti films has shown to
enhance the (111) texture growth in the Al films [13]. In-depth
understanding of the tailoring thin film properties such as thick-
ness, texture, roughness, and residual stress is, thus, very important
to meet the stringent requirements in various applications.

Recent studies have shown that high power pulsed magnetron
sputtering (HPPMS) systems have great potential for tailoring the
film properties [14,15]. HPPMS is a pulsed magnetron sputtering
technique operating at high peak powers and low duty cycles to
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avoid target overheating. Owing to the high peak power, a dense
plasma is created in front of the target surface, resulting in electron
densities of up to 1019m�3 and high degree of ionization of the
sputtered material such as 90% in the case of Ti [16]. Having control
over the flux and energy of the ionized target species incident the
substrate increases the possibility to manipulate the crystal phases,
microstructure, and chemical composition of the resultant films
[17]. Thus, it is important to understand how to control the ion-to-
atom ratio around the substrate to tailor the material properties of
the growing Ti film.

It has been pointed out by A. Anders et al., that HPPMS is a kind
of pulsed sputtering where the peak power exceeds the time-
averaged power by typically two orders of magnitude [18]. The
average target power (Pave) and peak target power (Ppeak) during
the HPPMS discharge are two key deposition parameters altering
the ion-to-atom ratio at the substrate. It was reported that the ion-
to-atom ratio can be improved by the peak target power [19e24],
but few of them focus on the effect of the average power. Mean-
while, HPPMS is often used to deposit smoother, denser and harder
films [19e22], while preparing films with rough surface, large grain
size or tensile stress is rarely studied, which is also important for
the films applications. Therefore, in order to better tailor the
properties of Ti film, films were deposited at various average and
peak powers using HPPMS. The deposition rate, roughness, residual
stress and microstructures were studied for each of case. A detailed
comparative study of the effect of peak and average power on the
ion-to-atom ratio at the substrate is presented, and the relationship
between the ion-to-atom ratio and films properties is discussed.
2. Experimental details

Ti deposition experiments were performed in a laboratory-scale
vacuum system with a base pressure lower than 1� 10�3 Pa. Fig. 1
shows the schematic diagram of the deposition chamber used in
this study. A detailed description of the experimental set-up was
reported by B.H. Wu et al. [25]. In all our experiments, silicon (100)
substrate and Chengdu Pulsetech Electrical (HPS-450D, China)
HPPMS power supply was used for the Ti deposition. The HPPMS
power supply was equipped with a resistor, R1 of 3U, which helped
limit the plasma current and protect the power source from arcing.
Four unbalanced magnetron plasma sources with rectangle planar
titanium targets (134� 175mm2) were placed inside a cylindrical-
shaped vacuum chamber of 500mm� 500mm (diam-
eter� height). The effective target area was approximately 42 cm2,
which was measured from the track of the discharge on the target
Fig. 1. Schematic of the deposition chamber.
surface. The substrate holder was located parallel to one of the ti-
tanium targets, and the distance between the target and substrate
was 70mm. The argon gas flow into vacuum chamber was
controlled using a mass flow controller (MFC) to establish an
operating pressure of 0.55 Pa. During deposition, there is no
external heating or bias applied over the substrate. In order to
compare the influence of the peak and average powers, experi-
ments with varying pulse widths (shown in Table 1), frequencies
(shown in Table 2), and voltages (shown in Table 3) were con-
ducted. For the first two groups, the pulse width and frequency
(shown in Tables 1 and 2) were changed to vary the average power,
and the peak power was kept constant. In the third group of ex-
periments (shown in Table 3), the discharge voltage and frequency
were varied to control the peak power by keeping the average
power constant. The experimental parameters used in this study
are shown in Tables 1e3. During the depositions, the target voltage
(V), discharge current (I) weremeasured using a digital oscilloscope
(Tektronix, model TDS-220) with a voltage probe (Tektronix, model
P-5100) and a current monitor (Pearson, Model 411), respectively.
The average power (Pave) and peak power (Ppeak) were calculated
from the measured discharge current and target voltage using the
following equations.

Pave ¼ f $
Z

UðtÞ$IðtÞdt; (1)

Ppeak ¼ Ip$Us; (2)

where f is the frequency (Hz), Ip is the peak current, and Us is the
stable target voltage as shown in Fig. 2. The calculated average and
peak power values are shown in Tables 1e3. The ion current
through the substrate was also measured with a current monitor
(Pearson, Model 411). In order to get the ion saturation current, a
negative 50 V bias was applied using a DC bias power supply to
substrate in the plasma [26].

Optical emission spectroscopy (OES) was used to investigate the
plasma composition at different conditions. Avantes, AvaSpec-
2048-7-USB2 spectrometer was used for this purpose. The optical
fiber connected to the spectrometer was placed outside the quartz
window port, and it was positioned sideways to the chamber to
monitor the discharge region, which is 10mm from the substrate
surface as shown in Fig. 1. An optical spectrum was recorded for
wavelengths ranging from 200 nm to 820 nm, and the measured
spectra were analyzed using a spectrum analyzer (Avantes, AvaLIBS
Specline-AMS). The gas temperature around the substrate was
recorded using a thermocouple, and the top of the thermocouple
was placed at about 10mm from the substrate surface.

In order to compare the effect of peak power and average power
on films properties further, the Ti films were deposited at different
peak power and average power. The peak power and average power
were varied by trigger voltages and pulse widths, separately. The
deposited film thickness and the stress were measured using a
surface profiler (AMBIOS model XP-2, USA). The deposition rate
was calculated from the measured film thickness. The deposition
rate corresponds to the ratio of the thickness of the thin film to the
deposition time with the unit of nm/min. The structural properties
of the Ti films were characterized using X-ray diffraction (XRD)
employing the PHILIPSmodel PW 3040 XRD instrument with Cu Ka
radiation operated at 30 kV and 30mA. The scanning was per-
formed in the conventional Bragg diffraction (CBD) mode from 30�

to 60�. The surface roughness was determined using atomic force
microscopy (AFM; Asylum Research MFP-3D-Bio) in semi-contact
(tapping) mode with a scan area of 1 mm� 1 mm. The surface
morphology of the Ti films was inspected by scanning electron
microscopy (SEM; JEOL, JSM-7800).



Table 1
Electrical parameters (different pulse widths) in the experiment.

Discharge voltage (V) Frequency (Hz) Pulse width (ms) Average power (W) Peak power (kW)

800 400 40 378 43
60 739 47
80 1213 52
100 1609 51
120 2079 52
140 2553 52

Table 2
Electrical parameters (different frequencies) in the experiment.

Discharge voltage (V) Frequency (Hz) Pulse Width (ms) Average power (W) Peak power (kW)

800 100 100 301 51
200 701 51
400 1609 51
600 2405 51
800 3138 51

Table 3
Electrical parameters (different trigger pulses) in the experiment.

Discharge voltage (V) Frequency (Hz) Pulse width (ms) Average Power (W) Peak Power (kW)

600 538 100 1100 28
650 500 1248 33
700 400 1157 42
750 337 1144 45
800 300 1179 51
900 230 1153 64
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3. Results

In HPPMS discharges, the target voltage (V) and discharge cur-
rent (I) are closely related to the plasma characteristics. Fig. 2a
shows the voltage and the discharge current characteristics of the
Ti target at various average powers. The average power was
adjusted by changing the pulse width from 40 ms to 140 ms at a
constant discharge of 800 V and frequency of 400 Hz. The V and I
oscillogram shown in Fig. 2a indicates that the discharge voltage is
800 V at the beginning of the pulse, and it abruptly decreases to a
steady state of ~400 V at the latter part of the pulse. The corre-
sponding discharge current shows a rapid increase to a maximum
value of ~160 A at ~60 ms after starting the pulse, and then tends to
be stable for most part of the pulse duration. Fig. 2b shows the V
and I oscillogram of the Ti target at different average power ob-
tained by adjusting the frequency of the pulses at a constant
discharge voltage of 800 V and pulse width of 100 ms. The corre-
sponding discharge current waveform indicates that the plasma
ignition time decreases with an increase in frequency. Because at
high frequencies, the plasma filling the gap between both elec-
trodes has lesser time to relax [27]. The stray electron from a cycle
can help with the ignition of the plasma in the next cycle. Thus, the
delay time is shorter at higher frequency. Fig. 2c shows the V and I
characteristics of the Ti target at different peak power. In order to
maintain the average power constant, frequency was varied from
230 Hz to 538 Hz while the pulse width was maintained at 100 ms
during the experiment as shown in Fig. 2c. It was found that the
discharge voltage greatly influences the peak current. Therefore,
the peak power increases with an increase in the discharge voltage,
as shown in Table 3. Meanwhile, ion current can be used as a proxy
for the incoming fluxes of species to the substrate, which in turn
has a significant effect on the properties of the films. It is worth
noting that there is a delay time (about 10 ms) at the beginning of
pulse in the ion current curve. This can be ascribed to the time-
eofeflight for the ions flying from target to substrate. From the
curve of ion current, the ion saturation current ion was also
recorded to calculate the plasma density, which is described in
detailed later.

Fig. 3 a1, b1, and c1 show the OES results of the HPPMS discharge
in front of the substrate at different deposition conditions. The OES
results indicate that the plasma mainly consists of Tiþ, Ti0, and Arþ

emission lines according to the National Institute of Standards and
Technology (NIST) Database [28].

Fig. 3 a2 and b2 show the plot of emission intensity ratio versus
the average power for different pulsing conditions, and Fig. 3 c2
shows the plot of emission intensity ratio versus the peak discharge
power. The emission intensity ratio is defined by the following
equation

k ¼ I
�
Tiþ

�
IðTiÞ  ; (3)

I(Tiþ) is the sum of emission intensities of the spectral lines at
368.5, 375.9, and 376.1 nm, whereas I(Ti) is the sum of emission
intensities of the spectral lines observed at 498.1, 499.1, and
499.9 nm. The emission lines of Ti0 and Tiþ exhibit similar excita-
tion energies (Ek). Therefore, they were not considered for this
analysis in order to avoid the influence of excitation energy on the
excitation probability [21] (Table 4). Hence, k represents a rough
estimate of the degree of target material ionization [29] in our
analysis, and it is a qualitative indication.

As shown in Fig. 3 a and b, the intensities of four main species,
Tiþ, Ti, Ar, and Arþ increase with an increase in the pulse width and
frequency. Thus, the intensity of every species increases with an
increase in the average power. On increasing the discharge voltage
(peak power) at a constant average power (shown in Fig. 3 c), the



Fig. 2. Target discharge voltage (top panel), the discharge current (middle panel) and the ion current at the substrate (bottom panel) at (a) different pulse widths while keeping the
trigger voltage at 800 V and pulse frequency at 400 Hz, (b) different frequencies while keeping the trigger voltage at 800 V and pulse width at 100 ms and (c) different trigger
voltages while keeping the pulse width at 100 ms and frequency, and the frequency was varied from 230 Hz to 538 Hz to maintain the average power constant. (Pulsed power supply
from Chengdu Pulsetech Electrical).
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intensities of ion emission peaks (Tiþ and Arþ) show a remarkable
increase. The intensities of the emission lines corresponding to Ti
atoms decrease faintly, but the intensities of the emission lines
corresponding to Ar atoms decrease considerably. As it can be seen
in Fig. 3 a2, b2, and c2, no significant change in the emission in-
tensity ratio, k, of Ti ions is observed by varying pulse width and
frequency, although the average power does increase. In addition, it
was noted that the plasma sustains for a longer period of time as
the pulse width increases. This occurs as atoms would have more
chance to collide with the electrons, increasing the ion-to-atom
ratio [27]. Therefore, the emission intensity ratio, k of Ti ions
slightly increases from 0.33 to 0.43, as shown in Fig. 3a. By regu-
lating the frequency to control the average power, the discharge
current changes a little show little change if any (Fig. 2b), indicating
no significant difference in the plasma composition between each
pulse. As shown in Fig. 3. b2, the emission intensity ratio of Ti ions is
stable at 0.45 without any change. However, k strongly depends on
the discharge voltage (peak power). The emission ratio, k is
significantly high for high peak powers (k¼ 0.55), as compared to
the discharge achieved with low peak powers (k¼ 0.25). Thus, on
increasing the discharge voltage (peak power) at a constant average
power, the ion-to-atom ratio increases, causing more metal ions to
reach the substrate and contribute to the film growth.

Fig. 4 shows the plasma density and gas temperature at different
average power and peak power. Using the ion saturation current in
Fig. 2, the plasma density can be derived from the calculation for-
mula of the ion saturation current [30] as follows,
Isat ¼ 0:61Sen0

�
kTe
mi

�1=2

; (4)

where Isat is the ion saturation current (A), n0 is the plasma density
(m�3), e is the electron charge (c), S is the effective area of the
sheath to collect ions (0.1 * 0.135 m2), k is Boltzmann's constant, Te
is the electron temperature, and mi is the ion mass (kg). Te was
assumed to be about 1.5 eV according to literature [21,31]. It is
noted that the plasma density increase slightly with an increase in
the average power at a constant peak power. However, for cases
with constant average power and increasing peak powers, the
plasma density has a significant increase, varying from 1.38� 1018

to 3.06� 1018m�3. A higher density downstream leads to a higher
ionization fraction of the sputtered material [32].

The gas temperature at the end of deposition was also recorded,
which is also shown in Fig. 4 (b). It is interesting to see that the
average power has a profound influence on the gas temperature.
The temperature around the substrate goes up from 117 �C to
253 �C. However, the gas temperature has decrease slightly as the
peak power increases. This difference can be explained by the lower
deposition rate at higher peak power resulting in fewer bombard-
ing particles per time unit [33].

The deposition rate of the Ti films deposited at various average
power and peak power is shown in Fig. 5. The deposition rate lin-
early increases with an increase in the average power. Increase in
the average power results in substantial ion bombardment to the



Fig. 3. The OES data of the HPPMS discharge, emission intensity ratio, and the emission spectra intensity of different species at (a) different pulse widths, (b) different frequencies,
and (c) different trigger voltages; (I(Tiþ) is the sum of the emission intensities at 368.5, 375.9, and 376.1 nm, I(Ti) is the sum of the emission intensities at 498.1, 499.1, and 499.9 nm,
I(Arþ) is the sum of emission intensities at 434.8 and 466.8 nm, and I(Ar) is the sum of the three emission intensities at 750.4 and 881.5 nm.

Table 4
Selected OES lines for Ti, Tiþ, Ar, and Arþ.

Tiþ Ti Arþ Ar

Wavelength/nm Ek/eV Wavelength/nm Ek/eV Wavelength/nm Ek/eV Wavelength/nm Ek/eV

368.5 3.96 498.1 3.33 434.8 19.49 750.4 13.47
375.9 3.91 499.1 3.32 466.8 19.80 811.5 13.07
376.1 3.87 499.9 3.30 e e e e
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target surface. Therefore, more target atoms are ejected from the
target surface. However, the deposition rate is lower in the case of
high peak power discharges achieved at a constant average power.
This can be attributed to the back-attraction effect [34,35], and the
increased trigger voltage does not lead to linear increase in sputter
yield [36], which also contributes to lower deposition rate. Apart
from the back-attraction of metal ions, the enhanced peak power
increases the degree of ionization in the HPPMS discharge,
resulting in an increase of bombardment experienced by the
growing film by the energetic ions. This re-sputtering effect leads to
further reduction in the deposition rates [37]. Meanwhile, the
magnetic field topology [38,39] and strength [40e42] on the target
surface affect the electric potential distribution in the plasma,
leading to low deposition rates.

Fig. 6 shows the surface profilometry measurements (Fig. 6 a1,
b1) and the residual stress values (Fig. 6 a2, b2) at various average



Fig. 4. Plasma density and gas temperature around the substrate at (a) different
average powers (pulse widths) at constant peak power and (b) different peak powers
(trigger voltages) at a constant average power; (The recording time of gas temperature
depends on the deposition time, 10min is Fig. a and 20min in Fig. b).

Fig. 5. Deposition rate at (a) different average powers with constant peak power and
(b) different peak powers with constant average power.
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and peak powers. The residual stress values were calculated using
the Stoney's equation [43] based on wafer curvature [44] mea-
surements, and the thermal stress has been subtracted based on the
method in Ref. [45]. For a fixed peak power of ~50 kW, the Ti films
exhibit tensile stress with changes in the average power. The
magnitude of the tensile stress increases as the average power in-
creases from 1213W to 2553W. However, on regulating the peak
power at a constant average power, the Ti films exhibit compressive
stress at higher peak powers. The residual stress of the film is
changed from tensile to compressive when the peak power is
increased from 42 kW to 64 kW.

XRD q/2q patterns of the Ti films obtained at different average
and peak powers are shown in Fig. 7. XRD spectra reveal that the Ti
films are polycrystalline and exhibit a hexagonal structure. All
spectra obtained from our experiments are in good agreement with
the standard data for Ti (JCPDS No. 03-065-6231). Typically, Ti films
exhibit a close-packed hexagonal structure and (002) is the most
stable configuration in our films as it has the lowest surface energy
[46]. The Ti films deposited at different conditions contain mixed
crystalline orientations of (100), (002), and (101) with (002) as the
preferred orientation. With an increase in the average power, the Ti
films exhibit a highly preferred (002) direction and sharper peak
intensity, this can be ascribed to the higher deposition rate in the
case of higher average power. The higher deposition rate leads to a
smaller nucleation distance, resulting in the sputtered adatoms
that can easily move and reach energetically favorable adsorption
site on the lowest surface free energy plane (002) [47]. However, for
high peak power discharges at a constant average power, the peak
corresponding to (002) exhibits low diffraction intensity. This is
because the grain growth toward the close-packed direction can be
suppressed by the energetic ion bombardment during deposition.
The close-packed plane incurs more collision damage than the less
densely packed plane, resulting in the preferential development of
the unusual crystalline orientation [48]. In addition, the full width
at half maximum (FWHM) increases with an increase in the peak
power. This is caused by both the microstress and the decrease of
grain size. The exact peak positions of (002) of Ti films are shown in
Table 5. It is noted that the (002) peak of films has a shift to lower
Bragg's diffraction angle with the peak power increasing, indicating
the Ti films tends to be in subject to compressive stress. When the
average power increases from 1609W to 2553W, the (002) peak in
the films has a shift to higher diffraction angle, this suggests the Ti
films show a higher tensile stress. As the tensile stress of film



Fig. 6. (a1), (b1) Deformation profiles of Si substrates and (a2), (b2) residual stress calculated with the Stoney's equation at different average power and peak power (The thermal
stress was subtracted based on the method in the reference [45]).

Fig. 7. XRD pattern of the samples obtained at different (a) different average power with constant peak power and (b) different peak power with constant average power.
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Table 5
The exact peak position of (002) of Ti films.

Peak power (kW) (002)-2ɵ (degree) Average power (W) (002)-2ɵ (degree)

42 38.19 739 38.14
51 37.97 1609 37.82
64 37.95 2553 37.90
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prepared at 739W is larger than that prepared at 1609W, shown in
Fig. 6 (a2). So the diffraction angle of (002) peak of the films pre-
pared at 739W is larger than that of the one obtained at 1609W.

Furthermore, the surface morphology of the Ti films was
investigated using AFM and SEM. Fig. 8 shows the three-
dimensional AFM images of the Ti films deposited on Si wafers at
different average and peak powers, separately. The surface rough-
ness increases with an increase in the average power. For a high
average power of 2553W, the film is characterized by large gran-
ular structures and a surface roughness of 1.77 nm. On the contrary,
for higher peak powers of 64 kW (at a constant average power), the
film surface is characterized by smaller grains, and the sample
exhibit a relatively smooth surface with a surface roughness of
0.56 nm. The surface topography of Ti films obtained at different
average power and peak power is shown in Fig. 9. It is noted that
the granular structure becomes larger as the average power in-
creases (shown in Fig. 9 a). For a higher average power of 2553W,
the film is characterized by higher roughness. On the contrary, for
higher peak powers of 64 kW (at a constant average power), the
films tend to be smooth and dense, and the granular structure is
smaller than the one prepared by lower peak power 42 kW (shown
in Fig. 9 b). These results are consistent with the results of AFM.

4. Discussion

In this study, the deposition rate, surface roughness, grain size,
and residual stress of Ti films were successfully tailored by
changing the peak and average powers employed in the HPPMS
discharge. An illustration (Fig. 10) of the change of film properties
with an increase in the average power or peak power is used to
summarize the results obtained from this study. The changes in the
film properties are closely related to the plasma characteristics,
especially to the plasma composition around the substrate ach-
ieved during the HPPMS discharge. The increase in the average
power of the discharge has a negligible effect on the emission
Fig. 8. AFM images of the samples obtained at different (a) different average power wit
intensity ratio, k of Ti ions. However, the overall intensities of Arþ,
Ar, Ti, and Tiþ increase with an increase in the average power. With
an increase in the average power, more Ti species are sputtered and
deposited on the substrate, and hence, the deposition rate increases
as shown in Fig. 5a. The peak power, however, greatly influences
the ion-to-atom ratio to the substrate when the average power is
kept constant. The emission intensity ratio, k of Ti ions increases
from ~0.25 to ~0.55 with an increase in the peak power. The in-
crease in the peak power results in an increase in the plasma
density (shown in Fig. 4 b). A large amount of electrons with a high
energy collides with neutral atoms (Ti and Ar) [49], causing a sig-
nificant fraction of the sputtered targetmaterial (Ti) to be ionized as
reported previously [22,50,51].

Higher ion flux at higher energies to the substrate would result
in a more efficient momentum transfer to the adatoms, which re-
sults in increased adatom mobility and smoothening effect [52].
Additionally, the higher ion flux causes repeated nucleation at the
substrate, leading to the formation of smaller grains with a
smoother surface. Therefore, the surface roughness and grain size
of the Ti films exhibit a remarkable drop with an increase in the
ion-to-atom ratio of the flux incident on substrate. According to the
XRD results (Fig. 7 b), the Ti films deposited at higher peak power
values exhibit a lower diffraction intensity and higher FWHM of the
(002) peak, as compared with the samples obtained with lower
peak power. So the average grain size decreases at high peak
powers according to the Scherrer Equation, which is consistent
with the results of AFM.

The residual stress in the Ti films becomes compressive as the
peak power increases. The intrinsic stress of the film can be tensile
or compressive depending on the energetics of the deposition
process [53,54]. The low peak power discharge leads to the for-
mation of films with rough microstructures, as energetic particle
bombardment is not involved in the fabrication. This results in the
development of tensile stress [55] in the growing film. As the peak
power increases, the relative ionization rate in the plasma in-
creases, resulting in the occurrence of energetic particle
bombardment during the film growth. Increase in the amount of
ion flux at higher energies results in the formation of finer grains
and denser films. Therefore, the films tend to exhibit compressive
stress. However, the Ti films exhibit tensile stress with changes in
the average power of the HPPMS discharge. The Ti films exhibit
bigger granular structures with rougher surfaces at higher average
powers. This could be attributed to the fact that the gas
h constant peak power and (b) different peak power with constant average power.



Fig. 9. The surface topography of Ti films obtained at (a) different average power with constant peak power and (b) different peak power with constant average power.

Fig. 10. Illustration of the change of film properties with an increase in the average power or peak power.
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temperature around the substrate is higher at higher average po-
wer (shown in Fig. 4 a), resulted in the grain growth [5]. The coa-
lescing of the boundaries enhances the volume subtraction, making
the film more tensile [56e58]. Besides grain coalescence, the
elimination of voids and annihilation of other defects caused by
high power might also be an important reason for tensile stress
[59]. The flux of Ti species arriving at the surface of the substrate is
higher owing to the higher deposition rates. Consequently, surface
roughness increases due to the atomic shadowing [60], and more
number of nuclei are formed on the surface, leading to the
formation of bigger grains [61]. This is in accord with our results
shown in Fig. 7a. XRD patterns of the samples obtained with higher
average power reveal narrower peak width at the half height,
which is indicative of larger crystal sizes.

In summary, the films properties are closely related to the ion-
to-atom ratio in the material flux incident at the substrate. The
increase in the peak power results in an increase in the ion-to-atom
ratio, thereby resulting in increased ion bombardment to the
growing film. Target (Ti) ions arrive at the substrate at higher en-
ergy owing to the acceleration occurring at the plasma sheath.
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Therefore, the films deposited at higher peak powers tend to
exhibit compressive stress, smaller grain size, and smoother surface
at lower deposition rates. The ion-to-atom ratio remains almost
constant with an increase in the average power, but the magnitude
of the number of ions and atoms and gas temperature around the
substrate increases. This results in higher deposition rates and
higher substrate temperatures, which in turn results in rougher
films exhibiting tensile stress and large grain size. Our results
clearly emphasize the importance of choosing proper HPPMS pro-
cess parameters to achieve desirable film properties.

5. Conclusion

In this study, Ti films were deposited using an HPPMS technique
at different average and peak target powers. The deposition rate,
roughness, grain size, residual stress, and microstructure of the
deposited were successfully tailored. Target current-voltage char-
acteristics and plasma composition were monitored during the
deposition. The increase in the discharge voltage causes a signifi-
cant increase in the peak power, thereby resulting in a high plasmas
density and ion-to-atom ratio. The films deposited at higher peak
powers tend to exhibit compressive stress and denser and
smoother microstructure at lower deposition rates. Increasing the
pulse width and frequency is beneficial for increasing the average
power, thereby effectively increasing the gas temperature around
the substrate and deposition rates. The films deposited at higher
average powers exhibit tensile stress and large grain size with a
rougher surface. Hence, the plasma density, temperature around
the substrate and ion-to-atom ratio and are controlled by control-
ling various average or peak power, which is beneficial for
achieving thin films with desirable properties. Therefore, a careful
selection of HPPMS power parameters leads to the efficient
tailoring of thin film properties.
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