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Abstract: Titanium nitride thin films were deposited on silicon by high power impulse magnetron sputtering (HiPIMS) method at
different frequencies (162—637 Hz) and pulse-on time (60—322 ps). Response surface methodology (RSM) was employed to study
the simultaneous effect of frequency and pulse-on time on the current waveforms and the crystallographic orientation, microstructure,
and in particular, the deposition rate of titanium nitride at constant time and average power equal to 250 W. The crystallographic
structure and morphology of deposited films were analyzed using XRD and FESEM, respectively. It is found that the deposition rate
of HiPIMS samples is tremendously dependent on pulse-on time and frequency of pulses where the deposition rate changes from 4.5
to 14.5 nm/min. The regression equations and analyses of variance (ANOVA) reveal that the maximum deposition rate (equal to
(1740.8) nm/min) occurs when the frequency is 537 Hz and pulse-on time is 212 ps. The experimental measurement of the
deposition rate under this condition gives rise to the deposition rate of 16.7 nm/min that is in good agreement with the predicted
value.
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1 Introduction

Transition metal nitrides such as CrN, TiN, and AIN
have a wide range of industrial applications because of
their high hardness, corrosion and wear resistance, and
thermal stability properties [1—8]. The studies have
demonstrated that the properties of TiN thin films are
strongly dependent to the deposition parameters, e.g.,
the substrate temperature, the nitrogen partial pressure,
the ion energy, and the incident ion-to-metal flux
ratio [9—12]. Magnetron sputtering (MS) is of huge
interest due to the relatively high deposition rate, the
high quality of films, the low contamination in the
process, and the capability to control the microstructure
and properties of the deposited layers. However, since
the ionization rate in the plasma of MS is not sufficiently
high, it is quite difficult to reach a very dense layer with
favorable crystallographic orientation. For instance, MS
normally leads to (111) preferred crystallographic
orientation, while (200) orientation yields to higher
elastic moduli [13,14], which is of more interest if the

enhancement of mechanical properties is aimed.

On the other hand, the high power impulse
magnetron sputtering (HiPIMS) technique is such a
method to provide a high ionization rate as well as a high
degree of cleanliness in the coatings [15—19]. The high
peak power in HiPIMS discharge increases the density of
the plasma and the ionization degree of sputtered
materials, leading to high-quality thin films, fully dense
structure, low surface roughness, superior hardness, low
friction coefficient, corrosion and wear resistance
properties, and droplet free coatings [20,21].

The ion-to-neutral flux ratio in the HiPIMS
deposition system is related to the pulse-on time
duration and operation modes (single- or multi-pulse);
correspondingly, the microstructure and morphology of
coatings could be modified. When ultra-short pulses and
multi-pulses of HiPIMS are used, the ratio of ions with
low and intermediate energy increases, which is of
interest [11]. It is also reported that the increment of Ti"
flux as well as the total ion flux modifies the
microstructure from columnar to fully dense, and
enhances the hardness, the elastic modulus, and the
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adhesion to the substrate [11]. Besides, it is shown that
the modulation of the pulse frequency results in a higher
degree of ionization, and consequently, the better control
of texture could be obtained [22]. However, since the
deposition rate of the HiPIMS system is less than that of
the conventional DC magnetron sputtering (DCMS),
many studies have been carried out to improve the
deposition rate. For instance, GANESAN et al [23]
addressed the influence of an external magnetic field by
inserting a solenoid coil between the target and substrate
on the peak current, the ion current, and the deposition
rate.

The current discharge waveforms of HiPIMS, which
are of utmost importance in determining the
characteristic of plasma and deposited layers, are
thoroughly reviewed in the literature [23,24].
GUDMUNDSSON et al [25] divided the HiPIMS current
discharge waveforms into five different phases: the
ignition phase, the current rise phase, the gas depletion,
the plateau/runaway region, and the afterglow phases.
They claim that the plateau/runaway region could
suitably be explained and categorized by degree of
self-sputtering ([]ss). When []ss<0.1, the discharge is
DCMS-like, when 0.1<[]ss<l, the partial self-sputtering
takes place and when [[ss>1, the self-sputtering is great
and runaway section rather than plateau section is
observed. Furthermore, the production and disappearance
of ions and secondary electrons are primary parameters
to analyze the current discharge waveforms [26,27]. In
addition, the target material and the discharge voltage
alter the current discharge waveform of HiPIMS [28,29].

Although numerous studies have considered the
effect of HiPIMS parameters on the properties of thin
films [30—34], to our knowledge, no literature discussed
the simultaneous influence of frequency and pulse-on
time of a HiPIMS system on the properties of thin films
from a statistical viewpoint. Response surface
methodology (RSM), which was presented in 1951 [35],
uses statistical techniques to investigate the influence of
independent variables on given properties. This method
not only decreases the number of experiments but also
provides a deep understanding of the interrelation of
processing parameters. Furthermore, ANOVA is widely
employed to assess the influence of each parameter on
the specific properties which is also used in some
literatures [36,37] to investigate the physical vapor
deposition process.

The current work aims to investigate the
simultaneous effect of frequency and pulse-on time on
the microstructure, texture coefficient, morphology, and
deposition rate of titanium nitride. Therefore, a statistical
approach, RSM, is performed to design the experiments
and then ANOVA and regression model are used to
analyze the obtained results. Since a deep understanding

of the results is our goal, in the beginning, the feature of
our lab-made HiPIMS is thoroughly discussed. It also
helps validate the performance of our system as it is
compared to the literature.

2 Experimental

2.1 Response surface methodology (RSM)

In this work, RSM with central composite design
(CCD) was employed to explore the effect of the
pulse-on time and the frequency on the properties of TiN
layers (Fig. 1). Based on trial and errors, the upper and
lower bounds of variables were established (Table 1) and
a, the distance of each axial point in CCD from the
center, was set to be 1.19 in which the ranges of
frequency and pulse-on time do not exceed the
capability of the HiPIMS system. In this method, it is
possible to determine the linear, quadratic, and
interaction effects of frequency and pulse-on time on the
deposition rate of TiN layers. The experiments were
designed using Minitab (Version 17) software in 10 runs
shown in Table 2. The experiments were arranged
randomly so that the possible biases in responses,
originating from target erosion, cleanliness of the system,
etc., would be minimized. The samples Hi-1 and Hi-2 are
replicate in order to decrease the pure error of the
experiments.

2.2 Film preparation
All of the experiments have been carried out by a
lab-made vacuum deposition system that is explained
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Fig. 1 Schematic of CCD performed to deposit TiN layers
where f and 7,, stand for frequency and pulse-on time,
respectively

Table 1 Values of deposition process variables

Factor Lower Middle Upper  Other levels
bound  point bound  with a=1.19
Frequency, f/Hz 200 400 600 162, 637
Pulse-ontime, ¢, 159 300 37,322
ton/ LS




Saced GHASEMLI, et al/Trans. Nonferrous Met. Soc. China 29(2019) 2577-2590 2579

Table 2 Deposition parameters for HIPIMS and DCMS

D Peak Peak
Sample Run = /7t cylétl}é Volide, cureant,
order Hz 18 pryms  yyv LA
Hi-1 6 400 180 7.2 464 11.95
Hi-2 10 400 180 7.2 472 11.50
Hi-3 8 400 322 12.9 433 10.0
Hi-4 2 600 60 3.6 552 19.9
Hi-5 9 637 180 11.5 416 9.5
Hi-6 7 400 37 1.48 687 53.7
Hi-7 4 600 300 18.0 399 8.9
Hi-8 3 200 300 6.0 460 14.8
Hi-9 5 162 180 2.9 553 24.5
Hi-10 1 200 60 1.2 640 55.7
DC 368 0.68

Other constant parameters: Average power 250 W; Working pressure
0.53 Pa; Base pressure 1.3x1072 Pa; Substrate temperature 300 °C; Bias
voltage —75 V; Volume ratio of N»/(Ar+Ny) 0.05; Nitrogen flow 1.4 mL/min;
Argon flow 27 mL/min; Target-to-substrate distance 10 cm; Deposition time
150 min

elsewhere [13]. Titanium nitride layers were deposited
by DCMS and HiPIMS. The HiPIMS system is designed
and manufactured in our laboratory. The power supply of
HiPIMS can provide pulses with pulse-on time and
frequency in the range of 20—500 ps and 100—1500 Hz,
respectively. The HiPIMS power was supported by a DC
power supply (1-1000 V and 1 A). In this system, the
maximum target voltage and current could rise up to
1000 V and 100 A, respectively.

The specimens used in this work were Si (100) cut
into 1 cm x 1 cm. The samples were ultrasonically
cleaned with pure acetone and ethanol. Then, the
substrate surfaces were argon ion bombarded for 20 min
as a final step for surface preparation. Ar ion
bombardment of the substrate is normally carried out in
order to remove contamination and oxide layers from the
substrate surface. The purity of the titanium target, argon
and nitrogen gas used in the deposition process were
99.7%, 99.995% and 99.995%, respectively. The
dimensions of the target were 5 and 0.6 cm in diameter
and thickness, respectively.

For each experiment of HiPIMS, the voltage was
regulated to reach the constant average power equal to
250 W. The deposition parameters including duty cycle,
peak voltage, peak current, deposition pressure, gas flow
ratio, substrate temperature, bias voltage, etc are given in
Table 2.

2.3 Discharge and film characterization

Discharge voltage and current were measured by
Tektronix TDS 2024B digital oscilloscope equipped with
a high voltage probe and a current probe (0.3 Q shunt
resistor). The average power is calculated as follows:

1,1
Bo=— [ Uala(t)de (1)

where P, is average power; T, Uy(f), and I4(f) are pulse
period, discharge voltage and discharge current,
respectively. The presence of Ar and Ti atoms and ions in
plasma was detected by Emerald spectrometer (COR10,
TEKSAN Co.) with spectral resolution equal to 0.5 nm.
The structure, crystallite size, and texture coefficient of
coatings were measured by Philips X-ray diffractometer
with the wavelength of Cu K, equal to 1.54056 A
FESEM was also used to measure the film thickness and
to study the film microstructure and surface morphology
(MIRA3TESCAN-XMU). The deposition rate was
calculated from the measured thickness divided by the
deposition time [31,37,38].

3 Result and discussion

3.1 HiPIMS discharge characteristics

Since our HiPIMS system is lab-made, in this
section, we aim to shed the lights on the discharge
characteristic of the HiPIMS. Because the current
waveforms and /—V characteristics of HiPIMS indicate
the feature of the system, they are investigated and
compared to the literature.
3.1.1 Effect of pulse-on time on current waveforms

The influence of pulse-on time on the evolution of
HiPIMS discharge current is studied at 100 and 400 ps
pulse-on time while the frequency and the pressure are
equal to 100 Hz and 1.33 Pa, respectively. The discharge
peak voltages vary in the range of 310—-474 V when the
pulse-on time is 400 ps (Fig. 2(a)) and 427-636 V when
the pulse-on time is 100 ps (Fig. 2(b)). As seen in
Fig. 2(a), when the discharge peak voltage is higher than
384 V, the current waveforms consist of an initial peak
(around 60 ps) followed by a plateau current level. In
other words, a sharp increment of the current occurs
which is related to the high ionization rate of argon in the
very beginning of the process. Afterwards, owing to the
rarefaction phenomenon [39], the current decreases with
a moderate slope into a constant value. For those of peak
voltages less than 384 V, the current increases to a
specific value and it almost remains constant. For a
shorter pulse-on time of 100 ps (Fig. 2(b)), the current
continuously and gently rises when the peak voltage is
lower than 449 V. However, for higher peak voltage, the
current sharply increases to a maximum value and then,
it quite gently decays and unlike the current waveforms
for the pulse-on time of 400 ps, they possess neither the
plateau segment nor noticeable peak. It is worth
mentioning that the upper limit of the discharge voltage
is directly attributed to the features of the deposition
system including magnetic field configuration, gas
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Fig. 2 Current pulse shapes at different constant voltages for
titanium target in argon at 1.33 Pa and 100 Hz: (a) Pulse-on
time of 400 ps; (b) Pulse-on time of 100 pus

compositions, and the DC power supply; this is why no
higher discharge voltage is tested here.

According to WU et al [24], the current waveforms
shown in Fig. 2(a), with voltages more than 384 V, could
be classified in mode 5 which contains 5 distinct phases
including ignition phase (~10 ps), current rise phase
(10—80 ps), gas depletion phase (80—130 ps), plateau
phase and afterglow phase described thoroughly in
Ref. [25]. In this mode, the sputtering rate of the target
material, the emission of secondary electrons as well as
the multiply charged metal ions are considered low and
therefore, after the current peak where the gas depletion
occurs, owing to lack of multiply charged ions, the
decrement of discharge current continues until plasma
reaches to such an equilibrium which is defined in
Ref. [24] as a balance between the production and
disappearance of metal ions in the plasma. Under this
circumstance, the composition and the density of plasma
remain almost constant until the end of the pulse. Note
that the value of the plateau current is less than 20 A,
indicating the self-sputtering parameter ([]ss) is not very
high [25]. Because the applied voltage (or equivalently
the sheath voltage) provides sufficient energy to create
multiply charged metal ions, it seems that the observed
low self-sputtering is due to the low applied voltage.

The current waveforms at 100 ps (Fig. 2(b)) are
distinctively different from those at 400 us which could
be linked to the duration of pulse-on time. According to
Ref. [25], Fig. 2(b) is composed of only three phases:
ignition phase, current rise phase, and gas depletion

phase. As implied by Ref. [28], the pulse-on time around
100 ps is not long enough to generate the highly charged
ions necessary for the plateau or runaway phase. As seen,
there is a wide current peak that is about to fade away
when the voltage increases. In other words, when the
applied voltage increases, the decay of the current after
the peak decreases. As the current reaches to the peak,
the gas depletion phase starts which causes the current to
decrease. However, increasing the voltage promotes the
energy of emitted secondary electrons, the production of
highly charged metal ions, and partial self-sputtering,
leading to less decay of the current after the peak.

ANDERS et al [28] also investigated the current
waveforms of the titanium target in constant voltage.
They showed that the current waveforms of titanium
target in low voltage were the same as mode 5 (Fig. 2(a)),
while in the higher voltage, the character of waveforms
current differs from our work, which could be attributed
to the impedance of the plasma. The higher the
impedance of the plasma, the higher the value of
discharge voltage is, leading to different current
waveforms. If the plasma impedance of our system
increases, the higher voltage can be applied, and under
this condition, the threshold voltage for high density
plasma could be achieved [40], resulting in different
waveforms, as seen in Ref. [28].
3.1.2 Effect of pressure on HiPIMS discharge

characteristic

The HiPIMS current waveforms at different
pressures have also been studied for the titanium target,
where the pressure was altered from 0.53 to 3.5 Pa with a
frequency of 200 Hz. In order to further understand the
influence of pressure on the current waveforms, two
series of experiments were carried out at different
pulse-on times equal to 100 and 300 ps with a constant
voltage of 460 and 370 V, respectively, as depicted in
Fig. 3. As seen, the onset of the discharge current is
delayed in low pressure. When the pressure is 0.53 Pa,
the higher the pulse-on time (300 ps), the more the delay
time is, which stems from the lower applied voltage in
300 ps as well as the lower rate of Ar ionization. When
the pressure is higher than 0.8 Pa, the delay time almost
vanishes because the ionization happens nearby the
target. YUSHKOV and ANDERS [41], who studied the
current onset theoretically and experimentally, reported
that the increment of working pressure gives rise to the
higher rate of efficient initial electrons collision with
argon atoms, especially, in the vicinity of the target.
Therefore, the higher the pressure, the less time the
impact of ions onto the target surface is needed, resulting
in shorter delay time. Moreover, as seen in Fig. 3(b), the
further increase in pressure leads to a higher rate of argon
ionization and subsequently, a sharp current peak could
be observed [42].
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Fig. 3 Current waveform of titanium target at different
pressures (200 Hz repetition pulse): (a) 100 ps pulse-on time
and 460 V discharge voltage; (b) 300 ps pulse-on time and
370 V discharge voltage

3.1.3 I-V characteristic of DCMS and HiPIMS system

In order to study the plasma impedance, the
current—voltage relation is studied here: at first, for the
DCMS system and then for HiPIMS system. In the
discharge of magnetron sputtering, the relation of the
discharge voltage with discharge current is given by the
following relation [39,43]:

L=k @)

where [y is the discharge current, Vg is the discharge
voltage, k is the geometric coefficient, and the power 7 is
a value that characterizes the magnetron sputtering
system, which is generally in the range of 3—15 [44,45],
likely to be about 8.5 [39,46].

In DCMS systems, the value of n explains the
condition of electron trapping and the number of charge
carriers in front of the target [44], as well as the plasma
impedance. If n is high, it means that the impedance is
low, i.e., much change in discharge current is
accompanied by a slight change in the discharge voltage,
indicating a weak ionization in the plasma [47]. Figure 4
displays the graph of /-V characteristics in DCMS and
HiPIMS system at frequencies equal to 200, 400 and
600 Hz. The measured exponent for the /—V graph of
DCMS in Fig. 4 is equal to 10.2 (n=10.2).

The current density—voltage characteristics of
HiPIMS discharge at frequencies of 200, 400 and 600 Hz
are also shown in Fig. 4. As seen, the impedance of

plasma generated through HiPIMS changes with the
frequency and the applied voltage that is covered in
detail in Ref. [46].
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Fig. 4 Current density—voltage characteristics for DCMS and
HIPIMS at frequencies of 200, 400 and 600 Hz

3.1.4 Current waveforms of HiPIMS in deposition
conditions

As explained in Section 2.1, the experiments were
carried out in 10 runs. Since Hi-1 and Hi-2 are the same,
there are 9 distinct conditions of deposition. In Fig. 5, the
current waveforms of each condition are depicted. For
better presentation, the related parameters such as duty
cycle, peak power, peak current, and peak voltage are
added in each current waveform graph. These current
waveforms (Fig. 5) could be divided into three different
classes in terms of their general shape regardless of the
peak current, the peak power, and the peak voltage.

The typical optical emission spectroscopy (OES) of
each class, showing the average amount of Ti', Ti, Ar’,
and Ar during the deposition process, is also presented in
Fig. 6. As the used OES is not capable of detecting
wavelength below 300 nm, we, unfortunately, could not
talk about the presence of multiply charged titanium
ions.

The current waveforms of Class I, including Hi-3,
Hi-5 and Hi-7, have three phases: ignition, current rise,
and gas depletion with no plateau/runaway phase unlike
the ones mentioned in Section 3.1.1. Besides, the OES of
this class (Fig. 6(c)) shows that the ratio of titanium ions
to neutral titanium is around unity, which is more than
the ratio in bulk plasma of DCMS (Fig. 6(d)). This
indicates that even at large duty cycle (more than 10%),
the ratio of metal ions to neutral ones are much higher
than that in DCMS.

Although the Class II (Hi-2 (Hi-1), Hi-8, and Hi-9)
has more or less the same shape of Class I, the decrease
of the current after the initial peak is much less, implying
a mechanism to compensate the rarefaction process.
These graphs are more similar to Fig. 2(a) with a plateau
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Fig. 5 Current waveforms at deposition conditions divided into three different classes: (a) Class I: Hi-7, Hi-5, and Hi-3; (b) Class II:

Hi-2, Hi-8, and Hi-9; (¢) Class III: Hi-4, Hi-6, and Hi-10

phase. The OES results of Class II represent the
existence of more Ti ions in comparison with the first
class (Fig. 6(b)). Since singly charged titanium does not
possess enough potential energy to emit secondary
electrons [48], the plateau phase in this class is attributed
to the presence of multiply charged titanium ions,
causing the partial self-sputtering ([]ss), which is likely
more than the []ss in Class L.

The Class III, including Hi-4, Hi-6, and Hi-10, has a
similar shape to Fig. 2(b), which could be due to the
pulse length less than 60 ps. As stated earlier, when the
pulse duration is less than 100 ps, neither the creation of
multiply charged metal ions nor partial sputtering could
occur. However, the ratio of Ti" to Ti is large (Fig. 6(a)),
in particular for Hi-6 and Hi-10 with the highest peak
power around 24 kW, indicating that the bulk plasma is
composed of more metal ions.

3.2 Morphology and microstructure

Since the XRD patterns of each HiPIMS class are
very similar, only one typical XRD pattern of each class
and DCMS thin film are depicted in Fig. 7. As seen, the
films are composed of crystallines with different
preferred growth planes including (111), (200) and (220).
However, the (200) orientation in all HiPIMS samples,
regardless of deposition conditions, is predominant. The
preferential growth orientation is directly attributed to
the minimization of totally free energy, which is
the sum of surface energy, strain energy, and stopping
energy [49,50]. Titanium nitride, as shown in Fig. 7,
crystallizes in NaCl type FCC structure in which (111)
planes have the lowest strain energy because of elastic
modules anisotropy [51], and (200) and (220) planes
have the lowest surface energy and stopping energy,
respectively [52]. According to Fig. 7, in the thin films
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Fig. 7 XRD patterns of HiPIMS ((a) Hi-6 (Class III), (b) Hi-2
(Class II), (c) Hi-7 (Class I)) and DCMS (d)

deposited by DCMS, (111) is preferential growth
orientation; while in HiPIMS specimens, (200) plane is
preferential.

In PVD systems, the chemical composition of
impinging particles onto the substrate defines the texture,
the morphology, and the density of layers [53]. When the

ratio of metal ions to neutral metal is low, at the
beginning of the deposition, the growth orientation is a
mixture of (111) and (200) while the preferred
orientation varies to (111) by increasing the thickness. In
contrast, the high ratio of ion to neutral metals results in
the dominance of (200) texture [53].

In reactive HiPIMS deposition systems, with the
atmosphere of Ar and N,, the value of N' ion is higher
compared to DCMS systems [54]. Furthermore, in
HiPIMS, the ratio of metal ions to neutral metal (Ti":Ti’)
and nitrogen atomic ion to nitrogen molecule ion (N+:N;)
is proportionally associated with the discharge peak
current. HiPIMS discharge produces a reasonable
amount of nitrogen atomic ion and metal ion with a
relatively large ratio of N":N, and Ti":Ti" [55]. In
HiPIMS discharge, if the discharge peak current is high,
the ratios of N":NJ and Ti":Ti’ increase, which leads to
preferred growth orientation of (200). On the other hand,
if the discharge current is low, the ratios of N":N, and
Ti":Ti’ are low, leading to a strong (111) orientation
growth. In addition, the density of thin films decreases
when these ratios in discharge reduce [55].

Similarly, the preferred orientation of (111) in the
DCMS sample is due to the low ratio of metal ions to
neutral metals as well as the high thickness of the layer.
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In the layers deposited by HiPIMS, Class I, with the
lowest discharge current (Fig. 5), the weak (111) growth
orientation appears. Indeed, increasing the discharge
current leads to the increase of the ratios of N+:N;r and
Ti":Ti’ in which the ion bombardment onto the substrate
surface rises and the suppression of (111) growth
orientation occurs.

The crystallite size, texture coefficient, and
thickness of HiPIMS and DCMS samples are listed in
Table 3. The crystallite size of (111) and (200) of DCMS
are 59.8 and 36.1 nm, respectively. The value of
crystallite size of (111) and (200) for the layers deposited
by HiPIMS is lower than those deposited by DCMS.
Three samples of HiPIMS with (111) peak, Class I, have
similar current waveforms (Fig. 5). Therefore, the (111)
growth could be correlated with the descending part of
the current waveforms in Fig. 5. When the current is low,
the behavior could be very similar to DCMS in which
(111) growth orientation is ordinarily dominant. Because
the crystallite size and texture coefficient of HiPIMS
samples do not change notably, the statistical approach to
analyze the effect of pulse-on time and frequency is not
feasible.

Table 3 Crystallite size, texture coefficient, and thickness of
layers deposited by DCMS and HiPIMS

Crystallite size/nm  Texture coefficient Thickness/

Sample
(111)  (200) (111)  (200) nm
DC 59.8 36.1 0.73 0.13 3013
Hi-1 8.6 0.91 1900
Hi-2 8.1 0.96 1949
Hi-3 17.6 12.8 0.075 0.92 3186
Hi-4 8.9 0.92 1577
Hi-5 224 14.9 0.026 0.96 2231
Hi-6 9.5 0.89 1008
Hi-7 354 453 0.3 0.58 1889
Hi-8 9.4 0.76 1128
Hi-9 8.1 0.79 873
Hi-10 9.2 0.92 667

Figure 8 shows the FESEM cross-section images of
titanium nitride layers. FESEM images of the layers
deposited by HiPIMS are arranged according to their
classes. In the layer deposited by DCMS, the film has an
intercolumnar  spacing, reducing the mechanical
properties of the layers [56]. The low ratio of gas ion to
the neutral metal gives rise to dome structure [55,57,58]
of surface as well as preferred (111) orientation. In
titanium nitride thin films, the preferred growth
orientation of (111) plane and the dome morphology
promote voided intercolumnar structure, which is the

result of a shadowing effect [59,60]. The increase in the
discharge current leads to the rise of adatoms mobility on
the surface substrate, resulting in a preferred (200)
orientation growth, a loss of intercolumnar boundaries
and the obtention of a denser structure [55]. Moreover,
for the sake of comparison, the top-view FESEM images
of titanium nitride layers deposited by DCMS and
HiPIMS system (sample Hi-7) are shown in Fig. 9. In
Fig. 9(a), the layer has pyramid-like surface and pinhole
defects (pointed out by white circles) are observed; while
in Fig. 9(b), the layer is pinhole-free with a wrinkled
surface (pointed out by dark circles). It is obvious that
Hi-7 layer has a denser structure compared to DCMS
layer even though the cross-section of Hi-7 implies that it
does not possess the densest structure among the
HiPIMS specimens.

3.3 Statistical analyses of deposition rate

Response surface methodology has been employed
to study the effect of frequency and pulse-on time on the
deposition rate of TiN layers. In order to reach the best
fitting model, many different methods were tested,
including stepwise [61,62], forward selection [63],
backward selection [64,65], and box-cox transformation
[66,67], with different lambda. Finally, it was observed
that the box-cox transformation with optimal lambda
equal to —1 and the confidence level of 95% lead to a
good model fitting for predicting the deposition rate. The
obtained regression equation is as follows:

1
NI

0.000736 /% +0.001859¢2, +0.000794 1 -1, (3)

=443.23-0.9564 f —1.2139¢,, +

where Rp is deposition rate, f is frequency and #,, is
pulse-on time. A conventional way to check the accuracy
of a model is R* which is calculated for this model. The
R?, R (adjusted), and R? (prediction) are 99.95%, 99.91%,
and 99.33%, respectively, proving that the model is of
high accuracy. The R? (prediction), which shows the
capability of the model to predict new observation, is
very good and this means that the model can be used for
predicting other experimental results. The fitted value as
well as the prediction interval for experiments are
extracted from the mentioned model and are listed in
Table 4. Based on the statistical analysis, the Sample
Hi-3 is an outlier. Note that we repeated Hi-3 twice and
although the current waveforms did not change, the
deposition rate was not consistent. Therefore, it was
removed from the model fitting in order to reach a
rational model. Figure 10 shows the deposition rate
dependency on pulse-on time and frequency according to
Eq. (3). As distinctive in Fig. 10, there is an optimum
in deposition rate equal to (17+0.8) nm/min where the
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Fig. 8 FESEM cross-section images of titanium nitride deposited by DCMS and HiPIMS

frequency and pulse-on time are 537 Hz and 212 ps, increases [68], the analyses say that the maximum
respectively, and the duty cycle is equal to 11.3% which deposition rate is at a point that the duty cycle is not the
is not the utmost value. Although it is usually assumed maximum. Note that the deposition rate is dependent on

that by increasing the duty cycle, the deposition rate the sputtering rate, transferring the sputtered atoms or
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Fig. 9 FESEM images from top of titanium nitride layers deposited by DCMS (a) and HiPIMS (b)
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Table 4 Real, fitted value and prediction interval of deposition rate of HIPIMS and DCMS

Sample Frequency/ PPlse-on Depositio.nirlate/ Fitted V.alille/ ‘ Prediction
Hz time/us (nm-min ) (nm-min ) interval (95%)
Hi-1 400 180 12.99 12.94 (12.30, 13.66)
Hi-2 400 180 12.66 12.94 (12.30, 13.66)
Hi-3 400 322 21.24 12.09 (11.33, 12.95)
Hi-4 600 60 10.51 10.61 (9.85, 10.90)
Hi-5 637 180 14.87 15.31 (14.28, 16.49)
Hi-6 400 37 6.72 6.78 (6.57, 7.00)
Hi-7 600 300 12.59 12.46 (11.72,13.31)
Hi-8 200 300 7.52 7.56 (7.28,7.87)
Hi-9 162 180 5.82 5.80 (5.65, 5.96)
Hi-10 200 60 4.45 4.45 (4.35,4.55)
DC 20.1
~9 also high but at the expense of the real-time of sputtering.
_'E When the real-time (duty cycle) increases, approaching

Deposition rate/(nm

Fig. 10 Deposition rate (according to Eq. (3)) in terms of

deposition parameters (frequency and pulse-on time) of
HiPIMS

ions to the substrate as well as the real-time of the
process. When the duty cycle is low, normally the peak
power (or the current) is high, so the sputtering rate is

the DCMS process, the power and the sputtering rate are
low, supporting less amount of atoms or ions for the
deposition. Hence, it seems that there is an optimum
point at which the effect of real-time and sputtering rate
leads to a maximum amount of metal ions and atoms
reaching the substrate.

ANOVA is widely used to test the significance of
the regression, which, here, is carried out for the
deposition rate, and the obtained data are listed in Table
5. In this table, DF is the degree of freedom, the F-value
is the mean regression sum of squares over the mean
error sum of squares, and P-value shows the probability
of accepting the null hypothesis. In other words, the low
P-value means that the probability to reject the null
hypothesis is high and the given term is significant. As
seen in Table 5, the P-value for all terms is 0.000,
implying that all parameters are influential in the fitted
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Table 5 Results of ANOVA for deposition rate

Source DF F-value P-value
Model 5 2380.17 0.000
Linear 2 3764.83 0.000
f 1 6018.31 0.000
fon 1 1511.35 0.000
Square 2 1639.07 0.000
& 1 1387.14 0.000
fon 1 944.01 0.000
2-way interaction 1 631.00 0.000
[ ton 1 631.00 0.000
Error 3
Lack-of-fit 2 4.12 0.107
Pure error 1

fis frequency and ¢, is pulse-on time

model. Besides, the P-value for lack-of-fit is 0.107 that is
larger than the value of confidence interval, a, which is
0.05. This means that lack-of-fit for this model is
negligible and for this term, there is no strong evidence
against the null hypothesis. It is crucial for a good model
with even very high R% to have the P-value of the
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lack-of-fit more than the confidence level. Otherwise, the
model is not able to predict other observations correctly.
Many models were generated in this work that the value
of R* was more than 99%, however, the P-value for
lack-of-fit was less than 0.05, showing the inaccuracy of
the model to predict. In order to make the model
appropriate, the outlier data, Hi-3, was removed from the
analysis, resulting in a model statistically and based on
the R and P-value of lack-of-fit to be acceptable.
Although the experiments were designed in terms of
frequency and pulse-on time, the obtained results are
plotted versus other parameters including the peak power,
peak current, duty cycle, and peak voltage divided by
peak current (V,/l,), as depicted in Fig. 11. As seen,
when the peak power and peak current increase,
(Figs. 11(a, b)), the deposition rate is generally low.
Besides, it should be noted that the average power for all
tests is equal to 250 W. When the current increases,
although more ions reach the substrate, the sputtering of
the deposited layer could occur, which leads to the lower
deposition rate but denser and harder coatings. In
Fig. 11(c), it is shown that when the duty cycle increases,
the deposition rate almost increases. Since the duty cycle
is related to the real-time of deposition, the more duty
cycle means the more real-time of the process. Therefore,
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Fig. 11 Effect of peak power (a), current (b), duty cycle (c) and voltage/current (d) on deposition rate of TiN with HiPIMS
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it is logical that the deposition rate increases when the
duty cycle is higher. However, as seen in Fig. 11(c), it
decreases when the duty cycle goes beyond 15% that
could be linked to the current waveforms. In Fig. 11(d),
the deposition rate versus peak voltage/peak current
(Vy/l,) is drawn. It is intriguing to notice that V,/I,, as
mentioned in Section 3.1, is linked to the impedance of
the plasma. This figure shows that the higher the V/I, or
impedance, the higher the deposition rate is.

4 Conclusions

(1) The simultaneous effect of two key factors in
HiPIMS, namely, frequency (162—637 Hz) and pulse-on
time (37-322 us) was explored on both the current
waveforms and the layer properties such as crystallite
size, preferred orientation, microstructure, and deposition

rate, which was analyzed by response surface
methodology (RSM).
(2) As the crystallographic orientation and

crystallite size of the HiPIMS samples were quite similar,
the statistical approach was not applicable and only
compared to the DCMS sample. As expected, the
HiPIMS samples are quite denser with (200) preferred
orientation with finer crystallite size (around 10 nm).

(3) Since the deposition rate of HiPIMS samples
was noticeably linked to the frequency and pulse-on time,
the statistical approach was plausible. Regression model
and analyses of variance (ANOVA) showed that the
deposition rate is meaningfully dependent on frequency
and pulse-on time. The most interesting thing is that
there is a middle area in the studied range in which the
deposition rate is maximum. In other words, by
increasing the pulse-on time (approaching the DCMS),
the deposition rate does not necessarily increase; the
highest deposition rate equal to (17+0.8) nm/min could
be reached when the frequency is 537 Hz in the range of
162—637 Hz and pulse-on time is 212 ps in the range of
37-322 ps. This implies that the maximum deposition
rate of HiPIMS could be achieved by regulating the
pulse-on time and frequency into an optimum value
where the quality of coatings remains intact. This finding
is verified by experimental test at the optimum condition
and results in a deposition rate of 16.7 nm/min.
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1 E. R RTIhRBK RIS (HIPIMS), AN FSRZR(162~637 Hz) kb E](60~322 ps)&&4t T, Bkt
VTR AR AR S b SR i S TR V2 F A0 8 0 i e (RS PR« R PRI ) A SV RS2, e Sl 2
SHEER R SPRThEE 250 W 44 N ELERTTRUE SRR . 433 F XRD I FESEM X JUR s (9 i A 45 44)
RTESBEAT O34T . S5 R, FER M DURUE 2 5 Bk B (AR B PR A IR KR R, PIREZTE 4.5~14.5 nm/min
Z AR . [EE O REA S Z T BoR, S0 537 Hz. Bk a8 212 ps B, PUARE R & KA (17+0.8) nm/min,
S0 I B T AR I A5 AF R IDTRUE 2y 16.7 nm/min, 5 TRMAE M) & 84
KR KIhZ Rk AP IES (HiPIMS); k4R W RHIVARSM); DIRUEER; 7 24047
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