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ABSTRACT

This study documents the results of an investigation into the effect of pulse duration within constant-current reactive high power impulse
magnetron sputtering of titanium discharges, specifically investigating the effects on plasma chemistry and its temporal evolution and on
changes to thin film texture of titanium nitride thin films produced from these discharges. Pulse durations ranging from 40 to 200 μs were
studied. The data obtained from the time-resolved optical emission spectroscopy and supported by time-resolved and time-averaged mass
spectrometry show three stages that can be used to characterize the generation of the discharge: gas rarefaction, pumping, and steady state.
The rise in higher excitation energy species populations when increasing pulse duration provides proof of increasing electron temperature
and increasing prevalence of metal ions relative to gas ions. Increasing pulse duration is shown to strongly influence film grain sizes as
determined by x-ray diffraction and increase the prominence of the (200) crystal plane. The produced films are shown to exhibit instrumen-
tal nano-hardnesses within 31–35 GPa, are optically metallic, and exhibit a high localized surface plasmon resonance quality factor of 2 as
obtained from the ratio between the real and imaginary dielectric permittivity. All films were produced at room temperature making the
synthesis process CMOS compatible.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273474

I. INTRODUCTION

Plasmonic materials were first documented in the 1950s but
have been of huge interest in the scientific community over the
past decade, with substantial progress being made toward using
them in a range of industrially relevant applications, including
sensing,1–4 environmental remediation,5,6 photovoltaics,4,7 and
photocatalysis.4 These materials have also been studied for use in
photothermal therapies8,9 and biomedical applications.3,4 In the
latter case, for example, nanoparticles are used to produce photoca-
talysing reactions which create reactive oxygen species10 as a mech-
anism of killing bacteria10 without eluting metal ions as is the case
for traditional Ag and Cu-based materials. However, it is still
poorly understood within the scientific community how to improve
the environmental stability of highly plasmonic materials. For
example, gold is widely used as a plasmonic material,4 which lacks
long-term environmental stability when used in harsh and/or high

temperature environments,4 gold also suffers from a lack of
mechanical robustness limiting its effectiveness.

Titanium nitride (TiN) is an ideal candidate for further inves-
tigation as it is a Transition-Metal Nitride (TMN) ceramic with
high environmental stability, which has been shown to exhibit high
metallic plasmonic activity.11 In addition, it has a tunable reso-
nance, achieved by changing the shape and size of the TiN features,
capable of reacting with visible light. TiN is also ideal because of
its high hardness and high wear- and corrosion resistance.12,13

However, high-quality plasmonically active TiN has been difficult
to produce, typically requiring deposition temperatures in excess of
400 °C, because TiN is strongly influenced by the deposition condi-
tions, being particularly sensitive to the oxygen substitution for
nitrogen within its crystal lattice which can significantly alter the
dielectric permittivity and plasmonic performance.14 When oxida-
tion occurs during deposition, a TiOx contaminant phase forms at
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grain boundaries, which limits the growth of the (111) TiN phase
and fragments it into sub-columns.15 Increasing levels of oxygen
within the produced film can also lead to a transition from the
columnar structure to globular,16 as well as a reduction in grain
size and lattice parameter,16 meaning great care must be taken to
minimize oxygen contamination within the deposition chamber.

High oxygen contamination levels in TiN have been found to
give rise to double Epsilon Near Zero (ENZ) points.17 Oxygen con-
tamination can be combatted by creating TiN with a super dense
microstructure, as shown by Ehiasarian et al.,16 who used High
Power Impulse Magnetron Sputtering (HIPIMS) and reported that
oxygen molecules were not able to accumulate into grain boundar-
ies and disrupt crystal growth. Instead, they were absorbed into the
crystal lattice. HIPIMS grown films have been shown to have
denser morphologies,18–23 reduced contamination,24 and smoother
surfaces19–21,25 than conventional sputtering techniques.

The majority of research conducted with HIPIMS has utilized
voltage-regulated (single and multi-level) techniques,26–31 where
the current develops and fluctuates throughout the pulse depending
on the impedance of the circuit and discharge, often leading to
runaway currents, particularly in reactive deposition environments.
This in turn means that the plasma density will also fluctuate
making it difficult to decouple plasma density and the temporal
evolution of the plasma chemistry and challenging to achieve a
controllable process. Since the plasma density drives the ionization
processes within the discharge,32 attaining an equilibrium state
within a constant voltage discharge can be very difficult. HIPIMS
constant voltage plasma discharges are known to develop from
gas-rich to metal-rich plasma states. While these stages are well
documented and understood within non-reactive atmospheres,33–35

little is known about these processes within reactive depositions.
This experiment aims to create high-quality plasmonic titanium

nitride by tailoring the deposition environment in order to address
these issues. Achieving this goal requires a deeper understanding of
how the chemistry of the plasma used during deposition influences
the film growth and how the pulse duration used to generate the
plasma affects the film morphology and optical properties.

The research utilizes constant-current-regulated HIPIMS to
achieve exceptionally high ionization while maintaining stable
operation. We show clearly the gas rarefaction phase and identify a
subsequent plasma pumping stage that leads onto a steady state
while the discharge current remains constant. We focus on study-
ing plasma chemistry and electron temperature during the different
stages of development of the deposition environment, and their
effect on the crystallographic texture, microstructure, nanohard-
ness, and plasmonic properties of the resulting films. To extend the
applicability of the process to CMOS processing, polymers, and
other heat-sensitive substrates, all depositions were conducted at
room temperature.

II. EXPERIMENTAL DETAILS

A. Coater

For coating deposition, a CS400S (Von Ardenne Anlagen
Technik, Germany) cluster deposition system was used. The cluster
system contained a sample loading chamber, a transfer chamber,
and two deposition chambers. The deposition chamber, shown

schematically in Fig. 1, was equipped with a magnetron furnished
with a titanium target of diameter of 100 × 10 mm2 thick. The
cathode was operated by a HIPIMS power supply type TruPlasma
Highpulse 4002 G2 (TRUMPF Huettinger Sp. z O.O.) with a peak
voltage of 2 kV and a peak current of 1 kA. The deposition
chamber utilized a turbo pump with a pumping speed of 1100–
1250 ls−1 and an ultimate pressure of 1 × 10−9 mbar. The deposi-
tion process itself comprised of four stages, which were process gas
flushing, pumping, target cleaning, and coating deposition.

B. Tin coating

Titanium nitride coatings were deposited onto various sub-
strates including M2 high-speed steel (HSS) disks (30 mm diame-
ter × 6 mm thick), 304 stainless steel (SS) disks (30 mm
diameter × 6 mm thick), silicon wafers (10 mm × 10 mm× 1mm
squares), and glass plates (10 × 10 × 1 mm3 squares).

The glass and silicon samples were sequentially sonicated in
acetone, industrial methylated spirit, and distilled water for a 3-min
interval each. The high-speed steel and stainless-steel disks were
metallurgically polished to a mirror finish with up to 1 μm abrasive
diamond particles. HSS and SS samples were cleaned to remove
oils, grease, oxidation, and contaminants. They were put through
an industrial cleaning line comprising two ultrasonic tanks con-
taining a KOH alkaline solution (3%–5%) heated to 60 °C,
de-ionized water, and a vacuum dryer.

A process gas flushing protocol was used prior to target clean-
ing, to remove gaseous contaminants from the deposition chamber,
and gas pipes caused by leaks. The flushing protocol consisted of
admitting argon at a flow of 90 SCCM and N2 at 68.5 SCCM over
15 min. The flushing protocol was monitored using a differentially
pumped residual gas analyzer (type MKS e-Vision 2) to ensure that
O2, O, and CO2 contaminations had dropped to acceptable levels
of partial pressure of <3 × 10−9, <3 × 10−9, and <2 × 10−9 mbar,
respectively.

The coatings were deposited utilizing one pure titanium target
and a nitrogen and argon atmosphere. During deposition, the sub-
strate holder was rotated at a speed of 10 rpm. All coatings were
deposited at room temperature and at floating substrate bias. The

FIG. 1. Schematic cross section of the coating deposition chamber.
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Ar and N2 flows were kept constant at 90 and 3 SCCM, respec-
tively. The vacuum pumping speed was varied using a throttle (but-
terfly) valve to maintain a pressure of 3.0 × 10−3 mbar. The peak
current density was 0.57 Acm−2.

Coatings were deposited using a series of five different pulse
durations and frequencies (as shown in Table I). All coatings were
deposited to a thickness of approximately 1 μm.

To achieve a constant average power, each sample made in the
series of experiments was designed to investigate the role that pulse
duration and frequency had on the resulting thin film properties;
therefore, in each experiment, the product of frequency and pulse
duration was maintained constant at 24 kHz μs.

C. Plasma characterization

1. Time-averaged optical emission spectroscopy (OES)

Wide range emission spectra were collected using a
Czerny-Turner type Horiba Jobin Yvon FHR1000 optical emission
spectrometer, which was connected to the deposition chamber
using a quartz fiber optic cable and utilized a Syncerity CCD detec-
tor. Species and transitions used for analyses are summarized in
Table II.

The data shown in Table II for the wavelength, transition levels,
terms, and energy levels of Ar0, Ar1+, Ti0, and Ti1+ were found on
the National Institute of Standards and Technology’s Atomic

Spectral Database.36 The data for N2 (e.g., the transition levels,
terms, and energy levels) were found in two publications.37,38

2. Time-resolved OES

Time-resolved OES measurements were taken of the previ-
ously specified species (Table II) using a Horiba PMT R955 photo-
multiplier detector whose output was shunted to ground through a
10 kΩ resistor and recorded using a digital oscilloscope type
MSO54 (Tektronix). Time-resolved OES was conducted for each
pulse duration investigated. Discharge parameters were measured
using a Tektronix P5100A voltage probe (100× attenuation) and a
Pearson 110 current monitor (10× attenuation).

3. Mass spectrometry

A PSM003 plasma-sampling energy-resolved mass spectrometer
(Hiden Analytical Ltd.) was used to record time-averaged and time-
resolved measurements of the ion flux arriving at the substrate.
Time-resolved measurements were synchronized with the voltage
on-time. A Multi-Channel Scaler (MCS) facility of the spectrometer
was used to allow high-speed time-resolved analysis of the monitored
ions by counting the number of ions arriving at the detector during
the channel time. Mass spectroscopy was conducted by replacing the
substrate holder and substrate with a flange-mounted mass spec-
trometer. The plasma-sampling orifice of the instrument was posi-
tioned at the center of the substrate position and at the same height.
A temporal resolution of 5 μs was used.

It is known that for mass spectrometers the transmission and
detection of the ions reduces with mass-to-charge ratio. This
means that the absolute ion concentrations underestimate the
heavier species detected, however, when comparing species with
similar mass such as Ti1+ (47.9) and Ar1+ (40) or Ti2+ (24), N2

(28) and Ar2+ (20) are close enough.

D. Coating characterization

1. XRD

X-ray Diffraction (XRD) data were collected using an
X’PERT-PRO system (Panalytical), which was equipped with a
copper source operated at a voltage of 40 kV and current of 40 mA
as well as a nickel β filter and a collimator placed before the

TABLE II. Summary of species investigated.

Species ion/spectrum Wavelength λ (nm) Transition levels Terms Energy levels (eV)

Ar0/Ar I 811.531 1 3s23p5(2P°3/2)4s–3s
23p5(2P°3/2)4p

2[3/2]°–2[5/2] 11.6–13.1
Ar1+/Ar II 440.098 6 3s23p4(3p)3d–3s23p4(3p)4p 4D–4p° 16.4–19.2
N2 390.295 6 v00 = 0–v0 = 0 N2

+(X2Σu
+)–N2

+(B2Σu
+) 0.0–3.16

Ti0/Ti I 365.349 49 3d24s2–3d2(3F)4s4p(1P°) a3F–y3G° 0.048–3.44
Ti0/Ti I 499.106 70 3d3(4F)4s–3d3(4F)4p a5F–y5G° 0.836–3.32
Ti0/Ti I 521.038 40 3d24s2–3d2(3F)4s4p(3p°) a3F–z3F° 0.048–2.43
Ti1+/Ti II 334.883 95 3d3–3d2(3F)4p b4F–z4F° 0.122–3.82
Ti1+/Ti II 375.929 15 3d2(3F)4s–3d2(3F)4p a2F–z2F° 0.607–3.90
Ti1+/Ti II 327.891 86 3d2(1D)4s–3d2(1D)4p a2D–z2p° 1.08–4.87

TABLE I. Conditions for target cleaning and deposition protocols.

Target
cleaning

0.8 kW, 100 A, 100 μs, 100 Hz, t = 5–7 min, Ar = 50
SCCM, Butterfly valve = 1.2 × 10−3 mbar

Deposition

Paverage
(kW)

U
(V)

Ipeak
(A)

Pulse
duration (μs)

Frequency
(Hz)

Deposition
time (min)

0.70 693 47.6 80 300 90
0.69 695 44.0 100 240 90
0.69 662 44.9 120 200 85.6
0.71 645 44.5 160 150 72.5
0.74 682 45.0 200 120 133
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detector. XRD scans were conducted using a multi-purpose sample
stage (MPSS) plate holder over the range 20°–120° with a step size
of 0.013 13°. The background was removed from each XRD scan
using Highscore Plus software.

2. XRD texture

The pole figures were collected using a Malvern Panalytical
Empyrean system, which was equipped with a cobalt source oper-
ated at a voltage of 40 kV and current of 40 mA as well as an iron β
filter. The incident and diffracted angles (Ω and 2θ) were kept at
21° and 42°, respectively, while the tilt (ψ) and azimuth (w) were
varied in the range 0°–85° and 0°–360°, respectively.

3. Ball cratering

Ball cratering was conducted to measure the film thickness,
using a CSEM Calowear microabrasion tester with a ball diameter
of 30 mm and 1 μm diamond paste.

4. Ellipsometry

Optical properties and dielectric function of the films were
collected using a JA Woollam V-VASE spectroscopic ellipsometer.
Ellipsometric parameters psi and delta were collected with incident
angles of 65°, 70°, and 75°, and the dielectric permittivity of the
TiN thin films were extracted by fitting to a Drude–Lorentz model
consisting of one Drude oscillator and two Lorentz oscillators (see
the Appendix). It is worth noting that as these TiN films are
approximately 1 μm thick, metallic, and, therefore, absorbing, mea-
surements do not probe the full depth of the films. The steel sub-
strate has, therefore, not been included in the model as due to the
film thickness, the contribution from this layer is negligible. The
TiN film has been treated as a semi-infinite layer. To account for
surface roughness of the film, an additional layer was added to the
ellipsometry fitting model, consisting of an effective medium com-
posed of equal parts TiN and air.

III. RESULTS

A. Plasma generation (TR OES)

The time-resolved OES data shown in Figs. 2 and 3 illustrate
how the plasma discharge develops over the duration of the pulse.
Figure 2 focuses on the initial stages of the pulse and shows clearly
that the first species to develop is Ar neutral (marked by black
inverted triangle) which develop quickly but then saturate at
around 20 μs. At 50 μs, the Ar neutral species intensity drops and a
rapid increase in Ar II emission (line marked by red squares) is

FIG. 3. Overlayed time-resolved OES
readings for the generation of species,
discharge voltage, and discharge
current within a 200 μs pulse.

FIG. 2. Overlayed time-resolved OES log plot readings for the generation of
species, discharge voltage, and discharge current within the initial stages of a
pulse with duration of 200 μs.
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observed, both of which could be attributed to the combined effect
of gas rarefaction and the ionization of Ar neutrals. Figure 2 shows
the successive appearance of Ti I and Ti II emissions as ions are
created from neutrals. The ion emission increases faster and
catches up with the neutral at ∼25 μs, after which they both
develop together At around 50 μs, Ti neutrals (as shown by the
dark blue hollow diamond line) rise rapidly and are followed by a
stable and continuous emission of Ti II ions (see light blue hollow
diamond line for lower excitation Ti II and magenta hollow triangle
line for higher excitation energy Ti II), which increase in popula-
tion while the discharge current remains constant between ≈60
and 200 μs (for current waveform see hollow orange circle line
in Fig. 3); this indicates a lack of equilibrium within the system.
The voltage (see hollow gray square line in Fig. 3) has an initial
spike reaching peak voltage at approximately 20 μs and then settles
into a near-constant voltage at approximately 40 μs lasting to the
end of the pulse.

Figure 4 shows the temporal evolution of two Ti I levels with
different excitation energies throughout the pulse. The two levels
investigated are Ti I found at 365.37 nm (black square line) and Ti
I found at 521.06 nm (red circle line) which have excitation ener-
gies of 3.44 and 2.43 eV, respectively. The ratio of the higher energy
level against the lower energy level was calculated (green triangle
line) as a means of direct analysis of electron temperature as dem-
onstrated by Ricard et al.39 and Zhu et al.40 As shown in Fig. 4 by
the green line, after ≈60 μs, the electron temperature increases and
reaches a steady state at ≈120 μs.

B. Plasma chemistry (TA OES)

As seen in Fig. 5, important changes in the emissions of Ti I
and Ti II lines are recorded when pulse duration is changed. A Ti I
line (2.43 eV) found at 521.03 nm is shown to decrease with
increasing pulse duration, whereas a higher excitation energy Ti I
line (3.32 eV) found at 499.09 nm is shown to increase with
increasing pulse duration, which qualitatively shows that the elec-
tron temperature of the system is increasing with increasing pulse

duration. Ar I lines are shown to have a near-constant intensity
regardless of the duration of the pulse.

Figure 6 shows that the populations of species of Ti with the
lower excitation energy are decreasing while the higher energy
species are increasing when pulse duration is increased. Since all

FIG. 4. A graph used to analyze electron temperature of the plasma by com-
paring two Ti I excitation levels.

FIG. 5. OES scan taken for a pulse duration of 80 μs identifying Ti neutrals and
Ti single ions. Neutral emission lines are marked by the red dashed lines which
inhabit the range of 320–380 nm. Single ion emission lines are marked with
blue dotted lines inhabiting the range of 390–400 nm.

FIG. 6. Species ratios for different pulse durations.
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pulse durations have similar peak power and average power, the rel-
ative increase in higher energy populations could be attributed to
an increase in electron temperature throughout the pulse duration
interval: faster up to 100 μs and slower beyond that. The Ar I/Ti I
ratio is also shown to rise as pulse duration surpasses 60 μs due to
higher energy excitation levels of Ar I species becoming more pop-
ulated as pulse duration increases caused by a rising electron tem-
perature. Since the excitation energy of Ar I is a factor of 2 greater
than Ti I (see Table II), the increase in line ratio indicates that with
higher pulse duration, the electron temperature increases, assuming
the same density ratios. This assumption is reasonable as density
fluctuations are relatively small in the body of the pulse beyond the

ignition and pumping phase. The Ar I/Ti I ratio also depends on
the temperature of the species. For the density of Ti, the time-
resolved data (Figs. 3, 4 and 7) suggest that the intensity of Ti emis-
sions is either increasing or at a steady state, and there is no evi-
dence of reduction due to excessive ionization. At the same time,
the Ar density is likely to reduce with increasing pulse duration as
the sputtered metal continues to maintain and enhance gas rarefac-
tion. The increase in Ti and the reduction of Ar densities would
drive a reduction in the Ar I/Ti I ratio, which is contrary to the
data observed.

During the initial phase of gas rarefaction, the density of Ar
collapses quickly. The first point of the Ar I/Ti I plot in Fig. 6 at
50 μs has a value of above 3 and does not fit the rest of the trend
but can be explained by a change in the density ratio of the species
caused by the gas rarefaction following the initial production of gas
plasma (see Fig. 3 to compare Ar I to all other species).

Despite mass spectroscopy measurements (see Fig. 9) and lit-
erature indicating that HIPIMS can produce doubly ionized metal
species, including Ti2+, no emission from such species was detected
using OES during this study.41 The lack of doubly ionized species
is due to either or both the low oscillator strength and/or the
overlap these species have with other titanium species, making
them difficult to identify.

From Fig. 7, the emission from the lowest energy neutral
species of titanium (2.43 eV) identified develops first within the
plasma as expected, which is subsequently shortly followed by the
generation of two titanium neutral species with higher excitation
energies (3.32 and 3.44 eV, respectively). Ti1+ are created from Ti
neutrals, then the first ionic species (3.82 eV) develop quickly after
the neutrals; however, after a delay of a few microseconds, two
higher energy ionic species (3.90 and 4.87 eV) begin to develop. Due
to the fast current rise of the HIPIMS pulse, there is little delay to
the generation of ions; however, there is a delay between ions and

FIG. 7. Plot comparing the generation of multiple titanium species with different
upper excitation level energies as indicated.

FIG. 8. Shows ion flux measurements taken from time-resolved mass spectrometry measurements. (a) Shows Ar1+ and Ti1+ during a 60 μs pulse. (b) Shows Ar1+ and Ti1
+ during a 200 μs pulse. (c) Shows the ratio Ar1+/Ti1+ for both the 60 and 200 μs pulse durations.
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neutrals that was indicated in the discussion of Fig. 2. Ti1+ and Ti2+

ions are created through successive ionization from neutrals, having
ionization potentials of 6.82 and 13.58 eV, respectively, both lower
than that of Ar, thereby making them very likely to occur.

The lowest energy titanium neutral signal saturates at roughly
70 μs, followed by the two higher energy neutral species which sat-
urate at 90 μs. The three singly ionized titanium species saturate at
almost the same time at roughly 145 μs and do so in order of
lowest to highest excitation energy.

C. Mass spectrometry

Figure 8(a) shows the ion flux measured at the substrate posi-
tion, for Ar1+ and Ti1+ during a 60 μs pulse. Ar1+ rises quickly and
has an initial peak before the arrival of Ti1+ shortly after. The Ar1+

level then drops and then slowly rises again to peak at 200 μs. The
ion fluxes of both species peak at the same time. The decay of Ar1+

is significantly slower than the rapid decay of Ti1+. Figure 8(b)

shows the same fluxes for a 200 μs pulse, where a similar temporal
evolution can be seen again, but with Ti1+ arriving with no measur-
able delay to Ar1+. Ar1+ fluxes increase by 50% and Ti1+ by roughly
20%, giving evidence for higher electron temperatures. For the
200 μs pulse, there is a definitive change in the shape of the decay
of Ti1+ and Ar1+ with a shoulder appearing at roughly 300 μs for
both ionic species at the same point in time, which results in a
slower decay than that of the 60 μs pulse, measured from the peak
ion flux. Overall, the metal flux pulse extended by a factor of
approximately 70% from 60 to 200 μs. Figure 8(a) shows that Ti1+

in the 60 μs pulse has a narrower Full Width Half Maximum
(FWHM) of 115 μs and an ion flux of 4.94 × 104, whereas Fig. 8(b)
shows Ti1+ within the 200 μs pulse to have a wider FWHM of
195 μs and a higher ion flux of 6.3 × 104.

For both Figs. 8(a) and 8(b), the flux reaches a maximum
after the duration of the pulse, which is caused in part by the flight
time taken for the ions to reach the mass spectrometer and due to
the remaining high energy ions being able to escape the target

FIG. 9. Shows data measured at three different pulse durations from time-averaged mass spectrometry. (a) Shows the ion flux ratio of Ar1+/Ti1+. (b) Shows the ion flux
ratio of Ti1+/N1+. (c) Displays ion flux ratios for Ti2+/Ti1+, N1+/N2

1+, and metal/gas. (d) Shows the ion momentum ratio for metal/gas. (e) Displays the percentage Ion flux
signal for all species within the 200 μs discharge.
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when the discharge ends.42 The Ar1+ flux has also been shown in
previous studies of HIPIMS discharges to have a pronounced peak
following the termination of the pulse.43

Figure 8(c) shows the comparison between the Ar1+/Ti1+

ratios during the 60 and 200 μs pulses. Both pulses follow the same
pattern of an initial immediate rise, resulting in a gas phase, and
the subsequent drop in the ratio, indicating the beginning of a
metal-rich phase happens at the same point in time for both. By
estimating the difference in flight delay for Ar1+ and Ti1+ within
the spectrometer, as approximately 5 μs, adjusting the ion flux
ratios for each pulse duration shows that these ratios reach 1.00
(±0.05) at 480 and 950 μs for the 60 and 200 μs pulse, respectively.
The difference in flight delay was approximated based on previous
calculations for the same mass spectrometer in a previous study.44

Figure 8(c), therefore, shows that the longer duration pulse results
in a substantially longer metal-rich phase, lasting approximately
840 μs, compared to the shorter duration pulse which lasts approxi-
mately 360 μs.

The long decay time of the order of ms of Ar1+ following a
HIPIMS pulse observed here agrees with previous studies.43,44

Comparison of mass spectroscopy results with the published
literature and this study is rather complex as previous studies focus
on voltage-regulated discharges with slow ramping currents,42,43,45

which results in very different developments of ion flux which
experiences phases of peaks and valleys throughout the discharge
which is not the case in these results as the current remains cons-
tant for a large proportion of the discharge.

Figure 9(a) shows that at lower pulse durations, there is a
higher level of Ar1+ compared to Ti1+, then as the pulse duration is
increased to its maximum duration, the ratio drops by 36%.
Figure 9(b) shows that the ratio of Ti1+/N1+ is at a maximum at
lower pulse durations and decreases as the pulse duration is
increased, from the maximum value to the lowest value the ratio is
reduced by 17%. Although the absolute ratio is underestimated due
to the large difference in mass-to-charge ratio of the two species,
the change in the ratio is correct. Figure 9(c) shows how the ion
flux ratio for Ti2+/Ti1+ slowly rises continuously with increasing
pulse duration and the same is seen with the metal/gas ion flux
ratio. Interestingly, the atomic to molecular nitrogen ion flux ratio
does not follow this same behavior, when increasing from 50 to
100 μs, there is a 33% reduction in the amount of N1+; however,
when increasing the pulse duration from 100 to 200 μs, there is a
100% increase in N1+. Figure 9(d) shows the ion momentum ratio
for metal against gas within the discharge, the ratio rises continu-
ously as the length of the pulse is increased, with a total increase of
23% from lowest to highest pulse duration. Figure 9(e) shows the
percentage ion flux signals for all species within the 200 μs dis-
charge, where the most populous species is Ti1+ with 42%, followed
by Ti2+ which represents 27%. Ar1+ and Ar2+ represent 15% and
14%, respectively. Ionized dissociated nitrogen has a content of 2%
and finally, the smallest population is the ionized molecular nitro-
gen with 0.4%.

D. Film texture

XRD analysis was conducted to evaluate the effect of increas-
ing pulse duration on the crystallographic texture of the films and

determine if the film growth was in a preferred direction. XRD was
conducted on the thin films produced in the pulse duration series;
therefore, there were five sets of XRD scans and pole figures for
crystal planes identified from the XRD analysis. The crystallo-
graphic planes identified on the samples from XRD, as shown in
Fig. 10, were (111), (200), (220), and (311). (111) and (200) were
identified in all samples with the former being the most prominent
followed by the latter. All peaks present in the figure which are not
labeled belong to the substrate, 304 stainless steel.

From analyzing the XRD data (see Fig. 10) from the produced
samples, the patterns indicate that a single-phase TiN was grown
under all pulse duration conditions. A texture coefficient derived
from the ratio of diffraction peak area divided by relative intensity
against the sum of all diffraction peak areas divided by relative inten-
sities allows the identification of the most prominent crystal plane-
parallel to the surface [see Fig. 11(a)]. The XRD traces reveal a trend
that by increasing the pulse duration of the deposition, there is an
increase in area for the (200) diffraction peaks. Figure 10 shows that
samples produced at lower pulse durations have more mixed crystal-
lographic texture, whereas the high pulse duration samples have
reduced or no (220) and (311) planes orientated along the surface
normal, only (111) and (200) planes. For the (111) and (200) peaks,
as pulse duration is increased, the peaks decrease in intensity;
however, there is also evidence of broadening. Broadening of peaks
is caused by microstrain within the film,46 which could be a result of
lattice defects and reduction in grain size. As seen in Fig. 10, there is
also a noticeable shift in some of the peaks when comparing samples
from different pulse durations, for example, when comparing the

FIG. 10. XRD plots for samples created at different pulse durations, crystal
planes for TiN have been identified with a dashed line and labeled with the cor-
responding plane.
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(111) peak from the 50 μs sample to the samples produced at pulse
durations of 120, 160, and 200 μs, this shift in peak position is
caused by uniform stress which extends over the bulk of the film.46

From Fig. 10, there is a visible peak at 44° 2θ for all samples, which
in the first plot is low intensity, this peak is identified as iron ferrite
within the stainless-steel substrate.

Figure 11(b) and Table III show the crystallite sizes for (111)
and (200) for each pulse duration, and crystallite sizes for both
(111) and (200) are the largest at the lowest pulse duration. For
(111), crystallite sizes decreased with increasing pulse duration
from 80 until 120 μs; however, from 120 to 200 μs, there is a
gradual increase. For (200), crystallite sizes decreased with increas-
ing pulse duration from 80 to 160 μs but increased significantly in
size at 200 μs. Figure 11(c) shows the strain in (111) and (200) ori-
entated crystallites obtained by comparing measured crystallite
peak positions to recorded standard measurements as per Eq. (1),

ε ¼
d(hkl)f � d(hkl)standard

d(hkl)standard

: (1)

Both crystallites have negative strains at 80 μs. The (111) crys-
tallite increases continuously from 80 to 160 μs where it then drops

sharply at 200 μs. For (200), the samples produced at 80, 120, and
160 μs are nearly unstrained or slightly negative, with only the 100
and 200 μs samples exhibiting positive strains.

Comparing the pole figures for the shortest and longest pulse
in Fig. 12, the shorter pulse can be seen to have a weaker texture in
both the (111) and (200) planes, which is consistent with low
energy ion bombardment.47 The short duration pulses created
samples with a more mixed and random crystallographic texture.
In contrast, the longer duration pulses created samples with a less
random texture, with more prominent central intensities for the
(111) and (200) planes. The narrowing of central intensities indi-
cates larger grain sizes.

E. Hardness and toughness

Figure 13(a) shows that the TiN samples produced on stainless
steel have nano-hardnesses within the range of 31.5–34.9 GPa.
Figure 13(b) shows that the toughness determined from the H3/E2

ratio of these samples ranges from 0.207 to 0.301 GPa. From
Figs. 13(a) and 13(b), both the lowest sample hardness and tough-
ness are produced at the lowest pulse duration, and both values
then continue to increase until they reach a maximum at 160 μs.

FIG. 11. (a) Texture coefficients of (111) and (200) for a range of pulse durations. (b) (111) and (200) crystallite sizes for each pulse duration. (c) (111) and (200) strain
values for each pulse duration.

TABLE III. Peak position and crystallite sizes for (111) and (200) grains of samples made under different pulse durations determined from XRD and average roughness (Ra)
from profilometry.

Pulse duration (μs) Peak position (111) Crystallite size (Å) Peak position (200) Crystallite size (Å) Average Ra (nm)

80 36.199 271 42.009 190 29.3 ± 3.5
100 35.920 199 41.772 126 20.9 ± 9.6
120 35.745 167 41.864 89 18.5 ± 4.8
160 35.670 189 41.920 86 24.0 ± 3.1
200 35.898 192 41.778 147 50.5 ± 8.9
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From 160 to 200 μs, however, there is a decrease in both hardness
and toughness.

F. Ellipsometry

As indicated in Fig. 14, all titanium nitride thin films are opti-
cally metallic, with a negative real permittivity across much of the
visible and IR, spectral range, consistent with the literature.11,48–50

See Fig. 15 for ellipsometry parameters Ψ and Δ. There is little vari-
ation in the crossover wavelength (475 ± 2 nm) indicating consis-
tent stoichiometry, further supported by the golden color observed
in the films.51 Some variations in the real and imaginary dielectric
permittivity are observed at longer wavelengths, however. At these
wavelengths, the optical properties of TiN arise due to intraband
absorption, the interaction of light with the conduction electrons.
The intraband transitions are dependent upon the electron mean
free path and, therefore, grain size of TiN. Slight variations in grain
size and morphology may account for the differences in the optical
properties at red and infrared wavelengths.

In addition to the real and imaginary permittivity, one can
assess the suitability of transition-metal nitride thin films for plas-
monic applications using the localized surface plasmon resonance

quality factor (QLSPR). This can be obtained by comparing the ratio
between the real and imaginary dielectric permittivity [−Re(ε)/Im
(ε)] and can be used as a first approximation to assess the suitabil-
ity of these films for plasmonic applications.52 It should be noted
that this figure-of-merit does not consider particle geometry or its
interaction with the environment and more robust assessments are
possible, as outlined by Doiron et al.17 There is slight variation in
QLSPR between films deposited with different pulse durations, with
80 and 200 μs outperforming films deposited with other pulse
durations.

IV. DISCUSSION

A. Plasma generation

Figure 3 shows a clear progression from gas dominated to
metal-dominated plasma. Three distinct stages can be identified to
characterize the generation of the plasma: gas rarefaction, pumping,
and steady state. The gas rarefaction and steady state stages of
HIPIMS discharges have been well documented in the published
literature;34,53–55 however, the presence of the pumping stage may
not have been apparent until constant-current discharges could be
analyzed.

At 20 μs, the discharge current drops, indicating a reduction is
plasma density. This coincides with a drop in voltage as well as the
generation of metal emission lines which both result in reduction
of electron temperature due to lower electric field strength and
absorption of high energy electrons, respectively. Both the reduc-
tion in density and electron temperature limits the rise of Ar
neutral emissions. Gas rarefaction can be seen in Fig. 3 up until
around 60 μs, at roughly 40 μs, there is a continuous drop in the Ar
neutral signal, pointing to a reduction in the density of Ar neutrals,
while there is simultaneously a continued increase in the signal
intensity for the sputter material neutrals and ions. This shows that
while the Ar neutrals are being pushed away from the target, more
sputtered material is being released. Gas rarefaction can be identi-
fied from the reduction in density of neutrals in front of the target,
which is caused by the sputtered metal ions pushing the neutrals
away.34,56 Gas rarefaction continually occurs throughout the dura-
tion of the pulse.

FIG. 12. Pole figures of the (111) and
(200) planes from all samples.

FIG. 13. Influence of HIPIMS pulse duration on (a) nano hardness and (b)
toughness (H3/E2) of TiN.
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Figure 3 shows that during the pumping stage, initially, the
current fluctuates down at ∼50 μs, while the voltage remains cons-
tant, implying an expansion of the cathode sheath due to lower
plasma density and reduction of the electric field within the sheath.
In the same timeframe, optical emission signals (Fig. 3) indicate
that the electron temperature increases. This increase could be asso-
ciated with electrons being accelerated by the expanding cathode
sheath and in the pre-sheath. Pumping proceeds as sufficient ioni-
zation occurs; the high density of free electrons leads to an
increased rate of collisions and subsequently results in an increase
in the probability of ionization. This leads to the formation of
larger ion populations and an increase in electron temperature.

Around 50 μs, there is a steady increase in the Ar II signal
(Fig. 3), showing that Ar neutrals are being ionized at a faster rate,
which is evidence of an increased probability of ionization and
indicative of the pumping stage. After 60 μs, the rate of rise of Ti
neutral and ion emissions slows down. By roughly 90 μs, Ti neutral
emissions reach a steady level but despite this, the emissions for
both Ti II lines continue to increase until roughly 120 μs. This
effect on the sputtered material is indicative of the pumping stage
as higher energy states such as Ti II are increasingly populated
because of a higher probability of ionization given by an increase in
the rate of collisions and electron temperature. Steady state occurs
after ∼120 μs where the metal populations dominate and the elec-
tron energy cools, reducing the gas neutral population.

B. Plasma chemistry

The gas-to-metal ion flux ratios to the substrates shown in
Fig. 8(c) develop from a short gas-rich phase, which is rapidly
replaced with a metal-rich phase. The plasma chemistry develop-
ment at the substrate appears to originate at the target as supported
by the data conveyed on Fig. 6, where the neutral emission ratios
for Ar I/Ti I appear to follow the same trend of a high value, that
then drops significantly followed by a slow subsequent rise. Overall,
it is remarkable that the constant-current HIPIMS appears to maxi-
mize the metal ion bombardment by almost eliminating the time
differential between metal and gas ion species for their initial
arrival and their peak value. Gas is associated with higher stress;
the new approach eliminates it.

C. The interplay between deposition conditions and
coating microstructure, and mechanical and optical
properties

The grain size of the films was strongly influenced by the pulse
duration. Up to 160 μs, the longer pulse duration created samples
with broader diffraction peaks and smaller grain size. This correlates
well with the plasma conditions outlined in Secs. III A–III C, which
show that as the pulse develops, the electron temperature increases,
thereby enhancing the ionization rate and the ion-to-neutral ratio.
Ions accelerate while traversing toward the substrate pre-sheath and
experience further acceleration inside the sheath itself, thereby arriv-
ing at the substrate with intrinsically higher energy than neutrals.
The higher energetic bombardment appears to have contributed to
reducing the grain size and increasing the strain in the lattice as
shown in Figs. 11(b) and 11(c). Both effects are known to enhance
the hardness of materials and support our observation of an

FIG. 14. Real (a) and imaginary (b) permittivity of TiN films deposited with dif-
ferent HIPIMS pulse durations, extracted from spectroscopic ellipsometry data.
(c) Localized surface plasmon resonance quality factor (QLSPR), a typical
figure-of-merit for plasmonic materials, for TiN thin films deposited with different
pulse durations.
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FIG. 15. Ellipsometry parameters psi (Ψ) and delta (Δ) collected using spectroscopic ellipsometry with an angle of incidence of 65°, 70°, and 75° for TiN samples with
pulse lengths of (a) 80, (b) 100, (c) 120, (d) 160, and (e) 200 μs.
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increased instrumental hardness and toughness of the films
[Figs. 13(a) and 13(b)]. Throughout this range of pulse durations,
the texture remains a preferred (111), thereby inducing changes in
grain size and strain within the same crystal orientation.

Throughout the pulse duration series, there is a continuous
substantial reduction in Ar1+ relative to metal ion bombardment
[Fig. 9(a)], an increase in the presence of activated (atomic) nitro-
gen relative to metal ions [Fig. 9(b)], and an increase in the
momentum contributed by the metal ions compared to gas ions
[Fig. 9(d)]. Overall, constant-current HIPIMS discharges are
reported to produce metal ion species that on average have higher
energies than the inert gas ions produced by conventional
discharges.41

The XRD peak analysis in Fig. 11(a) and pole figure results in
Fig. 12 show a trend that as pulse duration is increased, the (200)
grains increase in prominence by nearly double from 80 to 200 μs
so that the overall texture approaches a randomly orientated distri-
bution of grains. Longer pulse durations lead to greater populations
of metallic species as well as greater populations of high energy
excitation states. This is further supported by the fact that the films
produced in this study have larger grain sizes and a higher preva-
lence of the (200) crystallographic planes, which are indicative of
higher energy adatoms.47

Contributing to this switch could be the increase in atomic
nitrogen flux relative to titanium, which could trap metal onto
(200) surfaces.57 The prevalence of (200) surfaces is known to
reduce contaminant buildup at grain boundaries in favor of absorp-
tion in the lattice in the bulk of the grains.58 This unblocks the dif-
fusion of coating adatoms into grain boundaries and supplies the
required flux to densify them. Overall, this could explain the larger
grain size for the films deposited at t = 200 μs observed by XRD
[Fig. 11(b)]. The replacement of Ar ion with metal ion bombard-
ment [Fig. 9(d)] could reduce the generation of lattice defects, as
seen by the lower strain of films deposited at t = 200 μs [Fig. 11(c)].
It is also an important contributor to increasing the grain size of
the films. On the other hand, the reduced strain also lowers the
hardness and toughness of the films [Figs. 13(a) and 13(b)].

The optical properties correlate well with the grain size in the
films. The QLSPR of films deposited with pulse durations of 80 and
200 μs outperform films deposited with other pulse durations. The
same two films also exhibit the largest grains in the series. It could
be argued that grain boundaries act as scattering centers which
hinder the propagation of plasmonic waves by introducing discon-
tinuity in the free electron cloud.

TiN thin films deposited via HIPIMS with different pulse
duration display QLSPR comparable to some of the best TiN
reported in the literature, as demonstrated in Fig. 14(c). Chang
et al.59 achieved high QLSPR using RF sputtering technique, in
which the RF field is responsible for increasing the temperature of
electrons in the plasma and formation of a high ion density and a
high ion-to-neutral flux to the substrates, which ensures high
adatom mobility during deposition and a dense microstructure. A
disadvantage of the method is the difficulty in upscaling while
retaining uniformity due to the tendency for RF plasma to form
localized regions of ionization and locally enhanced target erosion
and heat dissipation on large area targets. Similar quality of films
has been reported under temperatures of 750 °C in epitaxially

grown films on MgO single-crystal substrates60 and TiN films
deposited epitaxially on sapphire substrates display significantly
improved QLSPR. Here, the high temperature of deposition ensures
high adatom mobility and dense, high-purity films. However, a dis-
advantage of this approach is the incompatibility with microelec-
tronic fabrication environments and with heat-sensitive substrates
such as polymers.59,60 The films reported in this work are compara-
ble with TiN films deposited using HIPIMS at CMOS compatible
temperatures (300 °C) by Bower et al.,61 irrespective of pulse dura-
tion. Mascaretti et al.62 were able to produce TiN films with
QLSPR between 0.9 and 1.3 by varying substrate bias [the unbiased
results are shown in Fig. 14(c)]. Nieborek et al.63 produced TiN
films using pulsed DC discharges, while varying Ar and N2 flow
rate and pressure, where they were able to produce 1 μm thick
films that achieved maximum QLSPR values ranging from 1.2 to
2.5, which also compare favorably with the films produced in this
investigation.

V. CONCLUSIONS

This work demonstrates the production of high-quality, plas-
monically active binary transition-metal nitride thin films at room
temperature using high power impulse magnetron sputtering. The
optical film performance achieved with the technology compares
favorably with the best examples in the literature,11,50,59,61–64 while
permitting production onto temperature sensitive substrates such
as polymer web.

Extensive plasma diagnostics reveal high fluxes of atomic
nitrogen ions and a metal-rich deposition flux, containing highly
energetic doubly charged metal ions. Time-resolved measurements
reveal that the discharge undergoes gas rarefaction followed by a
plasma pumping stage where enhanced electron temperature drives
increases in excitation and ionization in the pre-sheath while the
total plasma density is maintained constant until finally a metal-
rich steady state is reached. The substrate ion flux chemistry gradu-
ally shifts toward more metal ion bombardment and elevated
atomic nitrogen ratios as the pulse duration is increased. Initially,
this leads to increased strain and hardness of the films. At the
highest pulse durations, it results in texture shifts toward (200)
which promote strain relaxation, increase in grain size, and reduc-
tion in hardness. The plasmonic performance was dependent on
grain size, with the largest grains providing the best conditions for
plasmon generation. The optimal combination of robustness and
optical performance was achieved under high atomic nitrogen and
metal-dominated environment created by the longest pulses.

The scalable technology will allow large-scale deployment of
robust plasmonic materials which could potentially be used as pho-
tocatalysts for antimicrobial materials, photothermal therapies,
photovoltaic energy production, or environmental remediation.
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APPENDIX: SPECTROSCOPIC ELLIPSOMETRY
MODELING

Ellipsometry data were fit using a Drude–Lorentz model of
the form,

ε0(ω)þ iε00(ω) ¼ ε1 � ω2
pu

ω2 � iΓD
þ
Xn

j¼1

fjω2
0j

ω2
0j � ω2 þ iγ jω

, (A1)

where ε1 relates to background absorption and ωpu and ΓD are the
unscreened plasma frequency and Drude broadening. The Lorentz
oscillators are defined by the oscillator energy, strength, and

damping: ωj, fj, and γj, respectively. A single Drude oscillator and a
total of two Lorentz oscillators were used as fitting parameters. An
additional effective medium layer consisting of equal parts TiN and
air was included in the fitting model to account for surface rough-
ness (Table IV).
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