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Titanium nitride (TiN) coatings fabricated through reactive sputtering feature a suite of parameters capable of
altering the microstructure and properties. Here, we explore the influence of bipolar pulsed direct current (DC)
magnetron sputtering on microstructure evolution of TiN coating, in comparison to conventional DC sputtering.
The implementation of a pulsed DC voltage profile promotes a drastic texture change from randomly oriented
polycrystals to (111) textured TiN coatings across the full range of pulse frequencies on various Si substrates,

including amorphous SiO,. Additionally, higher pulse frequencies promote significant grain size reduction,
accompanied with corresponding increases in hardness and wear resistance. The potential mechanism for this
microstructural and texture evolution is also explored.

1. Introduction

Fatigue and wear account for a large percentage of industrial
component failure and losses each year and significant effort is taken to
reduce the tribological breakdown of materials [1,2]. A means of miti-
gating this deficiency is through the use of hard protective coatings,
typically fabricated using either chemical vapor deposition (CVD) or
physical vapor deposition (PVD) [3-9]. Titanium nitride (TiN) is
extensively used as a protective coating due to its superior strength
[10-12], low coefficient of friction (COF) [12,13] and chemical stability
[14] combined with its distinct golden color [15]. The tribological
response of TiN is highly relevant to a variety of industrial applications
as friction and wear are commonly linked to component failure
[1,16,17]. Datta et al. [18] identified a four orders of magnitude wear
rate reduction in Ti6Al4V alloys coated with TiN prepared using
cathodic arc deposition. Additionally, Kelly et al. demonstrated that Ti
based coatings fabricated using unbalanced pulsed DC magnetron
sputtering exhibited significantly reduced COFs than their conventional
DC counterparts [13,19]. Nanoscratch testing is a technique enabling
the exploration of the tribological properties of thin coatings to assess
wear properties and film adhesion [20,21]. The scratch speed, loading
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mode (continuous or ramping), indenter geometry and penetration
depth are controllable during testing and directly impact the test results
[20-23]. Previous literature has demonstrated nanoscratch test results
correlate strongly with various wear test methods, validating its use to
assess the tribological response of nitride coatings [24-27].

TiN is frequently fabricated by reactive sputtering, where the sput-
tered target atoms react with a “reactive” gas (nitrogen) to produce the
nitride films [28,29]. The relationship between reactive sputter process
conditions and resulting nitride film structure have been extensively
studied due to their strong influence on resulting properties [30-32], for
both functional [33,34] and structural applications [32,35]. There are a
plenitude of process parameters that directly alter film structure and
coating properties, including reactive gas partial pressure [33,36,37],
overall gas pressure [31,38], substrate temperature or bias [37,39-41],
applied power [42], distance between the substrate and target [38,43],
and film thickness [44-46]. There has been extensive debate over the
origins of a preferred orientation during film growth, and Kajikawa et al.
provided a detailed review of this topic [31]. Their work identified that
surface diffusion, grain growth and sticking probability are all
competing processes that promote a specific film texture [31], and all of
these processes can be manipulated by altering plasma conditions
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during deposition.

In reactive sputtering, reactive gas ions react with both the sputtered
target atoms as well as the metallic target surface itself [47-49], leading
to charge buildup that degrades deposition rate and reduces film quality
due to arc events [45,50]. A popular innovation to circumvent this issue
is pulsed direct current (DC) magnetron sputtering, which has become
widely used to fabricate high quality stochiometric compound films.
Pulsed DC applies a pulse voltage to the target material and can be
pulsed using either a unipolar (between a positive voltage and 0 V) or
bipolar (between a positive and negative voltage) profile. The bipolar
polarity reversal attracts free electrons active in the plasma back to the
target surface, wiping out surface charge buildup during reactive sput-
tering [48,51,52]. This suppresses arc events and decreases the growth
rate of insulating and dielectric compounds [52-54]. Kelly et al. pre-
sented a significant improvement in film quality and mechanical prop-
erties of titania coatings deposited using pulsed DC reactive sputtering
[13].

Similarly, it has been demonstrated that introducing a pulsed voltage
profile during reactive sputtering of TiN can alter the resulting grain
morphology, and typically restricts grain size [55]. Yeh et al. [56]
demonstrated that TiN coatings deposited using pulsed DC exhibited
higher hardness and improved resistivity compared with its conven-
tional DC counterparts. Compared with conventional DC sputtering,
pulsed DC sputtering increases both the ratio of fluxes of bombarding
ions and the bombarding ion energies, leading to denser films with
reduced grain size and higher degrees of compressive residual stress
[13,57-59]. High power impulse magnetron sputtering (HiPIMS) is
another pulsed DC reactive sputtering methodology where high power
densities are achieved promoting denser films and refined microstruc-
tures leading to improved performance [60-62]. Additionally, gas in-
jection magnetron sputtering (GIMS) pulses the plasma forming gas
rapidly to avoid insulating compound buildup on the target surface and
has demonstrated success in depositing TiN and TiO, coatings [63,64].
In spite of these studies on TiN coatings, the influence of pulse fre-
quencies during bipolar pulsed DC depositions on the texture, micro-
structure and properties of TiN coatings remain unclear.

This work probes the influence of using a pulsed DC power supply on
the resulting microstructure, texture and wear properties of TiN coat-
ings. Through a systematic probing of various pulse frequencies, it is
established that the introduction of a pulsed voltage profile dramatically
influences the film texture. Detailed microscopy uncovers the micro-
structural refinement at higher pulse frequencies, and nanoindentation
and nanoscratch testing demonstrate an improvement in wear proper-
ties. This study provides a novel framework for tailoring TiN film texture
and bolstering film properties by using bipolar pulsed DC sputtering.

2. Experimental methods

Titanium nitride (TiN) coatings were deposited using an AJA ATC-
2200-UHV magnetron sputtering system on hydrofluoric acid (HF)
etched Si(100) substrates via reactive sputtering. The coating process
was conducted using a mixture of Ar (sputtering) and Ny (reactive)
gases, the ratio of which was controlled using independent mass flow
controllers. An overall gas pressure was maintained at 3.7 mTorr using
an adjustable gate valve in front of a turbomolecular pump, and the flow
rates were 29 sscm Ar and 0.8 sscm Na. A high purity Ti (99.99%) target
76.5 mm in diameter and 6 mm thick was used in a vacuum chamber
evacuated to 8 x 107 torr with a substrate-to-target distance of 150 mm.
Circular, unbalanced magnetrons were used in the AJA ATC-2200-UHV
magnetron sputter system with a deposition rate of 0.1 nm/s. A con-
ventional direct current (DC) power supply and an Advanced Energy
pinnacle™ Plus + pulsed DC power supply (supplied by Advanced En-
ergy) were used to compare the coating property variation with different
power supply method. To maintain a direct comparison between the two
power supplies, a power of 300 W was applied during every deposition,
and a substrate temperature of 200 °C and a substrate bias of —20 V were
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used for every deposition The pulse frequency was then varied over a
range of 50 kHz to 300 kHz. Additionally, the pulsed DC power supply
operates in an asymmetric bipolar mode where the voltage is reversed to
~10% of the negative pulse-on voltage while pulsed. The film thickness
was controlled to ~700 nm by determining the deposition rate using a
built-in quartz crystal rate monitor.

A Panalytical Empyrean X'pert PRO MRD diffractometer operated at
40 kV using Cu Kal X-rays was used to perform X-ray diffraction (XRD)
0-20 scans to evaluate the overall texture and structure. Transmission
electron microscopy (TEM) samples were prepared by mechanical
grinding, dimpling, and low-energy ion milling. The microstructure and
composition were examined using an Thermo Fischer-FEI Talos 200X
analytical microscope operated at 200 kV with a Fischione high-angle
annular dark field (HAADF) detector and super X energy-dispersive X-
ray spectroscopy (EDS) detector. The line intercept method was utilized
with a minimum of 150 grains measured to ensure statistical signifi-
cance. These grains were measured from HAADF scanning transmission
electron microscopy (STEM) images. Crystallographic orientation
mapping and grain boundary misorientation measurements were made
using Nanomegas ASTAR™ with a camera length of 205 mm, a pre-
cession angle of 0.6°, and a step size of 8 nm using the same TEM
microscope.

Hardness and elastic modulus were measured using a Bruker TI
Premier nanoindenter operated using displacement control mode. A
high load transducer capable of applying 1 N was used for nano-
indentation. 25 indents were made per sample and the indentation
depth was kept below 15% of the film thickness (~150 nm) to prevent
incorporating substrate effects. Nanoscratch tests were conducted using
a diamond conical tip and the same high load transducer mentioned
previously on the Bruker TI Premier Nanoindenter. The radius of conical
tip is 5.03 um with a 60° apex angle, as shown later in Fig. 5(a).
Nanoscratch tests were performed using a constant normal applied load
(P), and the load was varied from 40 to 100 mN in 20mN increments.
The scratch speed and scratch length were 8.33 um/s and 250 pm,
respectively. High magnification images were taken of the post-scratch
sites using a Thermo Fischer FEI Quanta 3D scanning electron micro-
scope. The scratch surface topography was then measured using a
Bruker Dimension Icon atomic force microscope (AFM) with Scanasyst
Air probes to quantify the residual scratch depth.

3. Results
3.1. Texture and microstructure development

XRD spectra for sputtered TiN coatings prepared using either con-
ventional or pulsed DC magnetron sputtering in Fig. 1(a) show all films
to be cubic TiN. Supplementary Fig. 2 shows the distinct golden color
characteristic of TiN coatings. The conventional DC sputtered TiN has no
texture, in contrast with a significant progression to strong (111)
texture upon introducing a pulsed DC voltage profile. Interestingly, this
sharp change in film texture is independent of substrate used, as pre-
sented in Supplementary Fig. 3, which shows the same evolution with
pulse frequency on Si (111) and even amorphous SiO; substrates. This
texture progression is further underscored in Fig. 1(b), which contains a
plot of the peak intensity rations of TiN (111) and (200) against the
pulse frequency. It is evident the use of pulsed DC leads to a consistent
drastic change in film texture compared with the conventional DC
sample (0 kHz).

Detailed TEM analysis was conducted to further assess the texture
and microstructural evolution with increasing pulse frequency. Fig. 2
contains high angle annular dark field (HAADF) scanning transmission
electron microscopy (STEM) images and inverse pole figure (IPF) maps
comparing the conventional DC coating with those deposited using
pulsed DC at 100-300 kHz pulse frequency. Corresponding bright field
(BF) TEM images are provided in Supplementary Fig. 5. Fig. 2(a) shows
that the microstructure of the conventional DC sample is composed of a
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Fig. 1. (a) X-ray diffraction (XRD) patterns depicting the textural evolution of TiN coatings with increasing pulse frequency. (b) Evolution of the I;11)/U200) +
I111y) x-ray peak intensity ratio with increasing pulse frequency.

100 kHz

Fig. 2. (a-d) HAADF STEM plan-view images and (e-h) TEM ASTAR inverse pole figure (IPF) maps of TiN coatings deposited on Si (1 00) substrate using conventional
DC and pulsed DC sputtering at various pulse frequencies.

mixture of large and small grains, with a majority of the small grains size is reduced from ~240 nm in the conventional DC sample down to
being triangular in shape suggesting a (111) orientation. Supplemen- 80 nm in the 100 kHz pulse frequency sample, and to 50 nm in 300 kHz
tary Fig. 4 reveals a bimodal grain size distribution in the Conventional TiN. The IPF maps in Fig. 2(e-h) highlight the texture progression. Fig. 2
DC sample. In comparison, Fig. 2(b-d) reveals the pulsed DC coatings are (e) shows a random mixture of grains with different orientations iden-
composed of almost completely fine triangular shaped grains. The grain tified by the range of colors in the map for the conventional DC



N.A. Richter et al.

specimen. The pulsed DC samples in Fig. 2(f-h) show a large fraction of
(111) oriented grains, with very little variation in grain orientation.
These IPF maps also confirm the progression of grain sizes presented
previously. Supplementary Fig. 6 shows EDS maps collected using TEM
proving the coatings in this study are all uniformly stochiometric TiN.

The same grain size and texture trends are identified in both the
bright field (BF) and dark field (DF) XTEM images presented in Fig. 3.
The microstructures of each coating are revealed to be columnar, with
decreasing column size at higher pulse frequencies. The selected area
diffraction (SAD) pattern in Fig. 3(a) shows randomly oriented columnar
grains, while the pulsed DC SAD patterns show a stronger (111) texture
outlined by the 6-sided pattern in Fig. 3(b) and (c). The DF-TEM images
presented in Fig. 3(d-f) were all taken using a ? of [200]. It is clear the
pulsed DC films (Fig. 3(b, ¢)) have a finer columnar structure and there is
a higher density of similarly textured columnar grains than in the con-
ventional DC sample (Fig. 3(a)). A high-resolution TEM (HRTEM)
micrograph in Fig. 4(a) details the cubic crystal structure of the con-
ventional DC TiN coating. In comparison, Fig. 4(b) shows the TiN film
deposited at 150 kHz is composed of regular FCC region and stacking
faults. The inserted fast-Fourier transform (FFT) of the image show that
these small stacking-fault regions possess an HCP crystal structure.
These stacking fault regions are low in density and typically identified
near columnar grain boundaries in the pulsed DC coatings.

3.2. Mechanical and tribological response

Nanoindentation was performed to link the mechanical response of
these TiN coatings with the microstructural and texture evolution. A
Hall-Petch plot is presented in Fig. 5 that compares the hardness evo-
lution of the nitrides in this study with TiN coatings from literature
fabricated using various deposition methods [65-67]. Notably, the TiN
coatings from this study exhibit a greater hardness than prior TiN
coatings at a similar grain size. Compared with the conventional sample
with a hardness of 13 GPa, the hardness of TiN coatings increases

—— Conventional DC

Growth
Direction
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monotonically with pulse frequency to ~20 GPa at 300 kHz; while the
average grain size decreases with pulse frequency as shown in Supple-
mentary Fig. 7.

Nanoscratch tests were conducted on each sample deposited in this
study using a conical tip with a radius of 5.03 pm, and the test setup is
illustrated in a schematic in Fig. 6(a). The total normal displacement (h)
of the indenter tip increases monotonically with the normal applied load
(P) as shown in Fig. 6(b). These normal displacements are also plotted
against the lateral displacement in Supplementary Fig. 8 for each sample
and normal applied load. These plots reveal a significant reduction in h
for the TiN coatings deposited using pulsed DC compared with the
conventional DC sample. The coefficients of friction (COF) are also
compared as a function of P in Fig. 6(c). The overall trend indicates a
higher pulse frequency slightly reduces the measured COF from 0.175
(Conventional DC) down to 0.145 (300 kHz). The governing wear
mechanism will be discussed later. The COFs also slightly increase with
applied load, but the increments are similar across the different samples.

The post-scratch sites were examined using both SEM and AFM im-
aging to assess the residual scratch sites qualitatively and quantitatively.
Representative images were provided for selected pulsed DC specimens
due to their similarity. Fig. 7(a) and (b) show SEM images comparing the
post-scratch grooves of the conventional DC and 100 kHz pulse fre-
quency samples tested at P = 60mN. The conventional DC post-scratch
site in Fig. 7(a) contains extensive cracking and delamination of the
TiN coating from the Si substrate, whereas the 100 kHz sample exhibits
little breakdown of the film integrity at the same applied load. Both
samples exhibit plasticity characterized by the pileup at the groove
edges, which is also depicted in the AFM 3D surface profiles in Fig. 7(d)
and (e). Fig. 7(c) depicts the measured residual scratch depths (hg) as
measured using AFM. The residual depth decreases with increasing
pulse frequency and increases gradually with increasing normal applied
load. Additionally, hg increases significantly more with increasing P in
the conventional sample than the pulse samples. The residual depth at
an applied load of 100 mN for the conventional DC sample is 325 nm,

300 kH:

Fig. 3. (a-c) Bright-field XTEM images taken along the [01 1] zone axis with corresponding selected area diffraction (SAD) patterns for TiN coatings deposited using
conventional DC and pulsed DC (150 and 300 kHz). (d-f) Dark-field XTEM images taken along g = [200] depicting the columnar grain refinement at higher pulse
frequencies.
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Conventional DC

150 kHz

Fig. 4. (a) HRTEM image of pristine FCC lattice in TiN deposited using conventional DC. (b) HRTEM image of TiN deposited using pulsed DC with 150 kHz frequency

revealing patches of stacking faults throughout the microstructure.
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Fig. 5. Hall-Petch plot comparing the TiN films from this study with various
TiN coatings fabricated using different methods in literature [60-62].

doubling that from the 300 kHz samples (~150 nm). Fig. 7(f), a com-
parison of the 2D AFM residual depth profiles, depicts the prominently
greater residual depth and pileups in the conventional DC samples than
the pulsed DC counterparts. Additional 3D AFM scans taken for the other
samples (P = 60mN) are presented in Supplementary Fig. 10.

The residual scratch depth (hg) measured using AFM can be used to
calculate the contact radius and resulting wear area induced by nano-
scratch testing. The residual contact radius (ag) can be estimated as

ag = \/2Rhg — I} @

where R is the reported radius of the conical diamond indenter tip (5.03
pm). Using ag, the residual wear area (A,) can be calculated as:

A, = 2R%sin™"! (%R) — (R — hg)ag [®)

The wear area is then used to determine the wear rate (Wg), which is
defined as the volume of removed material per distance and normal
applied load, and can be calculated using:

A,
== (3)

where V is the wear volume, x is the lateral displacement during
nanoscratch testing. It is clear the wear rates of the pulsed DC samples
are significantly smaller than the conventional DC TiN sample for each
value of P as shown in Fig. 8(b). The calculated values for the residual
wear areas and wear rates are reported in Supplementary Table 1. Ul-
timately, the overall wear resistance (Ry) is able to be determined from
the previously calculated tribological properties. The Archard equation
can be used to calculate V induced during nanoscratch testing:
V= %x 4
where K is the wear coefficient and H is the hardness. After combining
Eq. 3 and 4, R,, can be determined using:
P H

From Fig. 8(a), the plots of the normal applied load (P) against the
wear area (Ay), the wear resistance (R,,) can be determined from the
slope of these curves. Curve fitting was performed for each sample, and
it is clear R, for conventional DC TiN is significantly lower than each of
the pulsed DC samples. The wear resistance is greater for specimens with
higher hardness as shown in Fig. 8(c).

4. Discussion
4.1. Influence of pulsed DC deposition on film microstructures

4.1.1. Target surface conditions

Fabricating insulating compounds using reactive sputtering from
conductive metal targets is often hindered by the process’s hysteresis
effect. As the reactive gas flow increases, the reactive gas pressure ex-
hibits a hysteresis and ultimately avalanches from operating in
“metallic” mode straight into the “reactive” (or “poisoned”) mode
[50,68]. This effect indicates the operation conditions are history
dependent and provides a steep challenge to reaching optimal gas con-
ditions for depositing high quality films. This phenomenon was thor-
oughly explored by Strijckmans et al. [47] and the interactions between
the target material and the reactive gas are a driving factor in this
hysteresis effect. Reactive sputtering of dielectric materials leads to the
non-uniform accumulation of a non-conductive layer on the target sur-
face and throughout the chamber, promoting mini- and macro-arcs
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[13,52]. Arcing arises when the local electric field on the target surface leads to the uneven removal of target material and particulates that are
overcomes the material’s dielectric strength, promoting an avalanche of incorporated into the resulting film, degrading the overall film quality
electron emission from the dielectric surface. Ultimately this arc event and texture [51]. Additionally, the hysteresis effect has a corresponding
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trend with decreasing erosion rate as the target surface is “poisoned”
from a metallic source into a non-conductive compound. The Berg model
of the reactive sputtering process provides multiple means of elimi-
nating this hysteresis effect, including increasing pumping speeds
drastically, significantly reducing target size, increasing substrate-to-
target distance, or implementing a baffle to obstruct reactive gas flow
to the target [47,52,68,69]. Most of these methods involve modifying
the deposition chamber or components in a rather extreme way that
hinders other aspects of the deposition process. In comparison, imple-
menting a pulsed DC voltage profile to the target material is a far simpler
means of restricting target poisoning and preventing process instabilities
[19,70]. In pulsed DC mode, the polarity change in the voltage profile
reduces target poisoning and other process instabilities that previously
limited deposition [54]. The reverse bias attracts electrons back to the
target surface and reduces charge buildup that promotes arc events.
Schiller et al. demonstrated improved film quality and the removal of
particulate formation in highly insulating Al,O3 and TiO; films depos-
ited using pulsed DC reactive sputtering [71]. Belkind et al. [51] iden-
tified the critical pulse frequency to suppress arcing to be around 10 kHz
for reactive sputtering of Al,O3. Fig. 9(a) illustrates the charge buildup
seen in conventional DC reactive sputtering of TiN seen in this study. As
TiN is far more conductive than Al;Os, it corresponds well that the
resulting texture and microstructures are similar for the pulse fre-
quencies presented here as the target conditions should be consistent,
and little to no particulate formation is identified. There is an evident

change in the microstructure between conventional DC and the pulsed
DC as presented in the HAADF images in Fig. 2. Fig. 2(a) reveals a
mixture of large and small grains in conventional DC TiN, as well as
randomized texture as presented using IPF maps in Fig. 2(e), whereas
the pulsed DC TiN coatings all have strong (111) texture and much
smaller grain sizes (Fig. 2f-h, and Supp. Fig. 7). Additionally, there does
appear to be a higher level of porosity in the conventional DC films than
any of the pulsed DC films. Hence, it is evident that the pulsed DC during
reactive sputtering has promoted clear microstructural changes from the
conventional DC sputtering.

4.1.2. Plasma conditions

Sputtered film microstructure, and ultimately properties, are largely
altered through controlling the energy delivered to the growing film
through ion bombardment [70]. The energy and flux of the bombarding
ions are both highly dependent on the plasma conditions around the
substrate, so tailoring the plasma conditions directly influence the
resulting film structure and properties. Kelly and Arnell [72] docu-
mented a structure zone model that indicates the substrate homologous
temperature, the flux ratio of ions and the ion bombardment energy of
ions onto the substrate strongly influence the resulting film micro-
structure. As the substrate temperature is relatively low (~0.15 Ty, of
TiN) and held constant across all experiments presented here, the en-
ergies and ratios of the ions within the plasma are the driving factors
behind the microstructural development in TiN deposited using pulsed



N.A. Richter et al.

Applied Surface Science 635 (2023) 157709

(@)conventional DC (c)

Substrate
Bias (-) Plasma from

Plasma from
neutralization\+

Target
poisoning
Reduced * ‘ ?
deposition rate? ? .

Charge buildup ® ?
3 wg—a V¥ o 3 4
Target (-)

(@)

( 3 *
+ Bias (-)
neutralization\ + 4+ 3 + ®

Increased ion
density

Increased ion
energy

Clean surface

4@+ @

Substrate

$is u’g?
pe
IRESe LA 1)

Target (-)

<

T

=

Legend

- Neutralized atom

- Target ion

@)
c - Arion
+

-N,ion

Fig. 9. (a-b) Schematics depicting the change in plasma conditions experienced during magnetron sputtering using conventional DC and the resulting film
microstructure. (c-d) Schematics showing the change in plasma conditions experienced during pulsed DC magnetron sputtering and the resulting film microstructure.

DC. TEM analyses in Figs. 2 and 3 depict a clear trend of columnar grain
refinement and texture enhancement with increasing pulse frequency.
Literature establishes a similar trend as pulse frequency directly impacts
nitride microstructure and texture, and the structure progression is
intimately tied to the aforementioned plasma conditions [56].

Previous explorations of plasma conditions during reactive sputter-
ing have indicated how a pulsed target voltage profile directly affects the
ions populating the plasma. Kinetically, the pulse-off time (order of ps) is
not long enough to completely interrupt plasma and film growth [73].
The influence of using a pulsed DC power supply manifests itself in
altering the bombarding ion energy and flux ratios [56,70]. Based on
Langmuir probe measurements, Bradley et al [74] observed changes in
the plasma potential and the electron density and temperature during
sputtering of an aluminum target using pulsed DC. They reported a
notable increase in the electron temperature immediately following the
voltage reversal into the “pulse-on” condition, along with a boost in
density of high and medium energy ions [74]. Additionally, the Lang-
muir probe measurements revealed a higher density of low energy ions
generated during the “voltage-on” period than surrounding the pulse
switch [74]. Increasing the electron temperature promotes a more
chemically active plasma that enhances the reaction between Ti' and
N* ions and could improve film stoichiometry. The increase in high-
energy ions leads to a higher bombardment energy and ion flux for
the substrate and film [70,74]. This trend is similar to what has been
reported previously related to applying a substrate bias [75] or reducing
the substrate-to-target distance [28]. By reducing the substrate-to-target
distance, Barnes et al. were able to deliver higher energy ions to the TiO5
film and induce crystallization into previously amorphous coatings [28].
Ultimately, depositing films at higher pulse frequencies provides more
instances of bombardment of higher energy ions. Similar differences are
expected in films deposited at higher deposition rates, however in this
work the deposition rate was monitored in-situ using a quartz crystal rate
monitor and was consistent across all deposited coatings and was not a
major factor on the resulting film microstructures.

The columnar grain refinement and texture enhancement identified
in the TEM analyses of Figs. 2 and 3 as well as the IPF maps in Fig. 2 can
be attributed to the changing plasma conditions induced by altering the
pulse frequency. The relationship between microstructure and plasma
conditions is depicted in Fig. 9(a-d). Since each other process variable is
held constant, the use of a pulsed DC power supply is strongly suggested
to be the main factor behind this texture change. When directly
comparing the TiN film microstructure across different pulse fre-
quencies, they are morphologically similar and exhibit a relatively linear
decrease in grain size with increasing pulse frequency. As the pulse
frequency is increased, the plasma experiences a larger frequency of
events where high energy ions are generated and bombard the growing
film [74]. This phenomenon is similar to applying a negative substrate
bias, which attracts and accelerates a larger density of bombarding ions
onto the substrate. Petrov et al. [75] applied varying levels of negative
substrate bias during deposition of TiN and reported a decrease in grain
size at larger biases. The grain size reduction was attributed to re-
nucleation occurring due to the increase in point defects originating
from the ion bombardment [75]. These defects alter the diffusion of
deposited atoms and enable both grain size reduction and the develop-
ment of the preferred (111) texture. Kajikawa et al. identified surface
diffusion as a key parameter driving the development of texture in
nitride coatings [31]. Monte Carlo simulations have demonstrated an
enhancement of adatom diffusivity when the kinetic energy of the
bombarding ion is increased [76]. These findings support the trends
reported in pulse DC sputtered TiN as increasing pulse frequency pro-
motes high energy ion formation that in turn bombards the substrate and
enhance adatom diffusivity. The pulse frequencies probed in this work
(up to 300 kHz) are beyond the typical operation regime of pulse DC
power supplies (70-100 kHz). Ultimately, this pulsed DC process drives
the reduction in grain size and promotes (111) texture as presented in
Fig. 2. By increasing the instances of high energy ion generation, the
microstructure and hardness are further tuned resulting in films with
improved wear resistance, as shown in Fig. 8. Expanding the pulse
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frequency range enables further tunability of TiN film structure and
mechanical properties. In addition to these microstructural trends, small
regions composed of a high density of stacking faults (Fig. 4(b)) were
identified in the pulse DC samples. It is possible that while the adatom
diffusivity is enhanced, the extremely high quench rates characteristic of
magnetron sputtering trap these stacking faults during deposition. It is
also possible that the strong (111) texture leads to a higher density of
stacking faults which form on the closely packed planes. A more thor-
ough future study on the relationship between these stacking fault ar-
rays and pulse DC parameters is necessary.

4.2. Improved wear properties of pulsed DC TiN coating

Nitrides have been widely investigated due to their impressive wear
resistance and mechanical stability. Coefficient of friction (COF) is a
common property used to assess the resistance of a material to wear
deformation as it describes the resistance to relative motion between
two contacting surfaces [21,77]. Amontons and Coulomb’s friction law
identifies the relationship between the normal applied force (Fy) and the
tangentially applied force (F¢) as Fy = p-Fi, where p is the COF [78]. In
nanoscratch testing, the friction force governing the COF of TiN can be
derived from two main processes, the adhesion between the indenter tip
and the film surface, and the deformation of the TiN coating [77,79]. As
these are two independent processes, the COF can be assumed to be the
sum of the adhesion and deformation components (i = padh + Pdef) [21].
The adhesion component (paqp) is controlled by a materials interfacial
shear strength and its influence on COF has been shown through simu-
lations to be negligible [17,21] when the applied load causes plastic
deformation, which is clearly identified here by the pileup shown in the
SEM images and AFM scans in Fig. 7. Therefore, the evolution of the COF
seen in Fig. 6(c) originates from the deformation component (4ef) of the
friction force, which is strongly related to the materials mechanical
properties [80].

The COF decreases from 0.175 for conventional DC TiN to 0.14 when
deposited using 300 kHz pulsed DC. Tribological properties are often
dependent on the hardness of the tested material and increasing a film’s
hardness typically improves both COF and wear resistance. In the pre-
vious section, the plasma conditions during pulsed DC sputtering of TiN
were related to the evolving texture and reduced grain size. A materials
hardness are intimately linked to the grain size (d) through the Hall-
Petch relationship [81-83]. The Hall-Petch plot in Fig. 5 highlights
the hardness enhancement seen at smaller grain sizes (higher pulse
frequencies) when compared with other TiN coatings fabricated using
various deposition methods. The reactively sputtered films presented in
this work reach a higher hardness than coatings deposited using CVD
that possess similar grain sizes. This is captured in an increased Hall-
Petch coefficient in this study (ky ~ 66.2 GPa-nm ™ /?) compared with
literature (ky ~ 54.4 GPa-nm™V 2), indicating an increase in barrier
strength to dislocation motion. The improved Hall-Petch coefficient is
likely linked with the enhanced texture. The increment in Hall-Petch
coefficient could be induced by the strong (111) texture promoting
stronger boundary types or from the small patches of stacking faults
presented in Fig. 4(b) in the pulsed DC samples. One other observation
that could factor into the rise in hardness is the reduction in film porosity
due to the shadowing effect during film growth [76]. In the PVTEM
image in Fig. 2(a), there is a larger fraction of pores between the mixture
of large and small grains in the conventional DC TiN. In comparison, the
pulsed DC TiN samples have a reduction in porosity linked with the
increase in adatom diffusivity due to the high bombarding ion energy
[76]. Overall, a higher hardness indicates a reduction in plastic defor-
mation experienced by the pulse DC TiN coating during nanoscratch
testing which reduces the COF. Additionally, Fig. 8(d) compares the
wear coefficient and hardness of the nitride coatings from this study
with various wear resistant materials from literature [84-89]. This
parameter directly relates to the rate of material loss due to wear, so a
lower wear coefficient is desirable. As can be seen in Fig. 8(d), the pulse
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DC TiN coatings in this study outperform the other TiN coatings (wear
coefficient reduced to ~7), while being comparable with ZrN and
various complex nitrides. The boost in wear resistance is obvious and
clearly highlights the improvement of tribological and mechanical
properties that can be provided by using pulsed DC magnetron sput-
tering of TiN coatings. By applying high pulse frequencies (i.e., 300
kHz), the wear resistance of the coating can further improve.

To further understand the improved wear resistance of the pulsed DC
sputtered TiN, it is necessary to discuss the various mechanisms gov-
erning wear during nanoscratch testing. Nanoscratch testing induces
various deformation mechanisms, including ploughing, cutting,
shearing, and cracking. As no cutting chips [80] were identified in the
post-scratch SEM images in Fig. 7(a-b), cutting is not considered to be a
major operating mechanism during nanoscratch of TiN. Additionally,
Zhang et al. [17] identified shear bands in NT Al-Ni alloys after nano-
scratch testing, however none were seen here. Ploughing is assumed to
be the dominant mechanisms in ductile materials [80,90]. Based on the
pileup identified in Fig. 7, ploughing is like to be the major mechanism
operating in TiN. Both COF and wear resistance are dependent on the
ploughing mechanism. Specifically, the ploughing COF (u,) has been
related to nanoscratch parameters including tip geometry, penetration
depth and elastic recovery rate [21,91], and a model was proposed to
determine pp for a conical indenter tip geometry:

My = % (stin’l (%)) —a\/R* — a? (5)

where aj is the radius of scratch profile, and R is the conical tip radius.
This model suggests that pp will increase with increasing penetration
depth until it approaches R where it plateaus. As the indentation depth
in this study is on the order of 100 s of nm, it supports the COF values
determined here (0.14-0.18) as well as the positive slope of the COF vs
normal displacement curve in Fig. 6(c). Additionally, the extent of
ploughing governs the wear resistance (Ry,) and can help explain the
boost in R,y seen in pulsed DC sputtered TiN in Fig. 8(c). 2D profiles of
AFM scans for each sample tested with a normal applied load of 60mN
show a decrease in material pileup with increasing pulse frequency. The
residual depth of the scratch trench was also shown to be reduced in
coatings deposited with a higher pulse frequency in Fig. 7(c). This
observation is an indication of a reduction in plastic deformation in
pulsed DC TiN as well as smaller wear volumes at higher pulse fre-
quencies, and it corresponds well with the increasing hardness at high
pulse frequencies. This variation manifests itself in a higher Ry, as shown
in Fig. 8(c) and can be directly linked back to the changing plasma
conditions induced by pulse frequency. Fig. 8(d) also provides insight
into the improved wear properties as the wear coefficient, which is
related to the material loss experienced during wear. As Fig. 8(d) de-
picts, pulse DC TiN outperforms conventional DC TiN and TiN reported
in literature. Overall, this work indicates wear resistant coatings
deposited using reactive magnetron sputtering can be improved by using
a pulsed DC power supply.

5. Conclusion

Reactive magnetron sputtering was used to fabricate TiN coatings
using both conventional and pulsed DC voltage profiles during sput-
tering. XRD and extensive microscopy analyses detailed the strong
(111) texture promoted in TiN films deposited using pulsed DC.
Increasing the pulse frequency led to significant grain refinement that
worked simultaneously with the stronger texture to bolster the me-
chanical and tribological properties of TiN. These changes were attrib-
uted to the impact a pulsed DC voltage profile has on the plasma
conditions, specifically the bombarding ion density and energy. This
study provides a strong account of the ability to tailor film structure and
properties of reactively sputtered compounds using a pulsed DC power
supply.
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