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Abstract

lon bombardment during film growth usually induces high compressive stress in compound
thin film materials, resulting in rupture and failure of coated tools used in tribological
applications. Hence, intrinsic stress generated during film growth can drastically limit the
industrial appeal of deposition technologies such as high power impulse magnetron sputtering
(HiPIMS). This work investigates how to reduce high stress levels by tuning the HIPIMS
discharge conditions and selecting the appropriate substrate bias configuration. The strategy is
based on optimizing the process discharge parameters, leading to HiPIMS discharges containing
fewer multiply charged energetic metal ions, which is combined with pulsed substrate bias
synchronized to the HIPIMS pulse to control the chemical nature of the incident ions, i.e., inert
gas vs. metal ions. The study was performed during growth of TiN thin films, due to their
relevance as a protective coating, and the intrinsic stress was measured in situ during film growth
using the wafer curvature method and a multi-beam optical stress sensor. The results show that
for standard HiPIMS discharges and biased substrates, the energetic metal ion bombardment
results in very dense, compact microstructures, but highly stressed TiN films. On the other hand,
when using the here proposed strategy mentioned above, the compressive stress was
considerably reduced (by a factor 11) while retaining rather compact microstructures compared

to direct current magnetron sputtered as well as non-biased HiIPIMS samples.

Keywords: high power impulse magnetron sputtering; substrate bias synchronization; intrinsic

stress; titanium nitride; thin films



1. Introduction

High-power impulse magnetron sputtering (HiPIMS) is a promising deposition technique to
synthesize thin and ultrathin films with significantly improved properties due to a high fraction
of ionization of the sputtered species [1,2]. Optimization of the amount, direction, and energy of
these ions during film growth has resulted in very smooth and dense films [3,4], control over
their phase composition and microstructure [5,6], as well as enhanced mechanical [7] and
electrical [8,9] properties. The use of HIPIMS has also been reported to be beneficial in terms of
improving film adhesion [10], enabling deposition of uniform films on complex-shaped
substrates [11,12], tailor the texture to grow epitaxial films even without substrate pretreatment
[13], and achieving good film quality ata decreased deposition temperature [5,6,14].

However, ion bombardment during film growth also presents some challenges in that the
impinging film-forming species typically have kinetic energies well above the thermal energy,
which commonly induces high compressive stress by atomic-peening, defect generation, and/or
grain boundary densification, in competition with stress relaxation by local heating in thermal
spikes [15,16,17,18,19]. For example, Hovsepian et al. [20] report residual stress values for
HIPIMS-deposited TiN films (~ 1 pm thick) of up to —11.7 GPa. Also Machunze et al. [21]
report high compressive stress values of around —4 to —5 GPa for the same material system (film
thickness < 150 nm) when using HiIPIMS. In both cases, a direct current (DC) bias was applied
to the substrate to tune the energy of the bombarding ionic species. Such high residual
compressive stress values will likely result in rupture and failure of the TiN coating on cutting
tools, drill bits, etc.

Greczynski etal. [22] tried to alleviate the problem by probing the effect of metal- versus
rare gas-ion bombardment during Ti;-xAkN film growth using synchronized pulsed substrate

bias in a hybrid HiPIMS/direct current magnetron sputtering (DCMS) configuration. When the



Al target was operated in HIPIMS mode and the Ti target in DCMS mode, they demonstrate that
synchronizing the pulsed substrate bias in the time domain with the metal ion-rich (AI") portion
of the HIPIMS pulse provides film densification, microstructure enhancement, surface
smoothening, and no measurable Ar incorporation. More importantly for the present work, they
managed to reduce the compressive stress of the film from —4.6 GPa when using DC bias to —
0.9 GPa when using synchronized pulsed bias. However, the same strategy did not yield a
significant reduction in film stress when the Ti target was operated in HIPIMS mode and the Al
target in DCMS mode. In this case, they observed high compressive stresses, up to —3.5 GPa,
which the authors ascribed to a large fraction of Ti** ions in the material flux [23]. These doubly
charged ions increase the average metal-ion momentum per deposited atom and generate
significant residual ion damage leading to high concentrations of point defects, which give rise to
the observed high compressive stress [23]. These results show that stress tailoring is still an issue
in HIPIMS when sputtering elements which are easily ionized to charge states g > 2. This is, for
example, the case for Ti and Nb [24,25], where the second ionization potentials (¢, 75 = 13.58

eV and ¢{, 3 = 14.32 eV, respectively) are lower than the first ionization potential for the

process gas (typically Ar with ¢\ = 15.76 eV), which leads to high fractions of doubly
charged metal ions [26] (strictly speaking, one should compare the electron impact cross-sections
for the relevant ionizing reactions, although the ionization potential serves as a good enough
indicator when estimating high or low ionization).

To overcome this issue, we here investigate the possibility of tuning the pulse and process
conditions in reactive HIPIMS of a Ti target, for reducing the amount of multiply charged ions of
the sputtered species in combination with the above-described use of synchronized substrate bias
to ultimately minimize the compressive intrinsic stress of TiN films. TiN was chosen as a
suitable material system not only due to its potential to provide multiply charged ions but also

due to its relevance as a protective coating, e.g., in high-speed steel cutting tools and drill bits,

where high hardness and high wear resistance [27,28] are required. The performance and lifetime



of these materials are directly related to the stress levels acquired during film growth. Other
typical areas of use for TiN include diffusion barriers, anti-reflective layers, adhesion-promoting
layers in semiconductor devices, decorative layers in jewelry, eyeglasses and cutlery [28,29,30],
biocompatible overlayers [31], as well as a potential material for plasmonics [32,33,34].

The film stress magnitude and stress evolution with thickness were evaluated by in situ
wafer-curvature measurements during film growth, which corresponds exclusively to the stress
generated by the processes involved in the deposition, and is therefore referred to as the
“intrinsic stress” [35]. A large set of process conditions were scanned in order to identify the best
operating point. These choices were guided by the results of Ross et al. [36], who showed that
high peak current densities Jp, ;enx i HIPIMS favor the formation of multiply charged Ti ions
(e.g., T¥") at the expense of singly charged ions (Ti*) as well as by Kubart et al. [37] and Lundin

et al. [38], who investigated how the ionized flux fraction of Ti changes with Jp, ;e -

2. Experimental Details

The studied TiN films were deposited by HIPIMS (and DCMS in one specific reference case)
onto Si(001) oriented wafers, 199 +4 pm thick, covered with a native oxide (SiOy) layer,
without any prior substrate cleaning process. The depositions were carried out in a high-vacuum
chamber (base pressure < 107 Pa) equipped with a bottom-mounted, 7.5 cm-diameter high
purity (99.995 %) Ti target operated by either a HIiPIMS power supply (HIPSTER 1, lonautics,
Sweden) or a DC power supply (SR1.5-N-1500, Technix, France). Ar was used as the working
gas and N as the reactive gas (both 99.9999 % purity). The target was located at 18 cm from the
top-mounted substrate holder, which was coupled to a resistive element for sample heating. All
samples were deposited at the same substrate temperature (300 °C), target average power (300
W), and N gas partial pressure (7.4 = 0.5 x 10 Pa). In order to provide suitable HiPIMS
discharge conditions in terms of ionization and energy of the ionic species (before applying a

substrate bias), the target peak current during the pulse (I ,..x) @nd the total gas pressure (p)



were both modified to ensure two types of HIPIMS discharges with rather different

characteristics. The reason for varying these two parameters is that the amplitude of I, o, IS

well-known to influence the ionized flux fraction as well as the fraction of multiply charged Ti
ions, as already discussed in the introduction and widely demonstrated for different experimental
setups [36,37,38]. Here, a higher I, ., increases the fraction of multiply charged ions [25,36].
On the other hand, the choice of total gas pressure will affect the particle energy, where a higher
p leads to a lower Kinetic energy of the metal ions, due to more collisions with Ar gas atoms
during transport to the substrate [39].

Therefore, in the first investigated discharge type, hereon referred to as “Moderate-energy

HiPIMS”, a fairly standard HiIPIMS discharge was obtained, by applying I = 16.4 A to the

D,peak
target (equivalent to a peak current density of J;, oo = 0.36 A cm?) and using a total gas
pressure of p = 0.37 Pa (Ar gas flow rate = 57 sccm and N3 gas flow rate = 0.5 sccm). Square
voltage pulses of —570 V with 100 ps pulse-on time and a pulse frequency of 400 Hz (duty cycle
of 4 %) were applied to the target. For comparison, a single DCMS TiN sample was also
deposited using the same p value. For the second discharge type, referred to as “Low-energy

HiPIMS”, a discharge containing less energetic species was obtained by using only I, 8.8

peak —
A (0 Jp peax = 0.19 A cm?), while operating at almost twice the total gas pressure used before,
i.e., p = 0.60 Pa (Ar gas flow rate = 108.5 sccm and N> gas flow rate = 0.85 sccm). In order to
keep the same target average power, the voltage was decreased to —460 V and the pulse
frequency was increased to 950 Hz, which resulted in a duty cycle of 9 %. Typical voltage and
current waveforms used in the Low-energy HIPIMS discharges are shown in Fig. 1a.

Each batch of samples deposited using Moderate- and Low-energy HIPIMS discharges, was
exposed to the following set of substrate conditions: (1) electrically grounded (0 V), (2)

polarized to —60 V using a DC bias power supply (SR1-N-300, Technix, France), or (3)

synchronized pulsed bias at —60 V using a custom-built pulsed bias unit coupled to a



synchronization unit (HiBi & HIPSTER Sync Unit, lonautics, Sweden), where the latter device is
capable of synchronizing both the pulsed bias unit and the HIPIMS unit. For synchronized
biasing, a bias pulse width of 100 ps was selected and activated at different delay times (ty;,s =
1, 30, and 60 ps) with respect to the HIPIMS discharge pulse, and repeated ata common
frequency, which was equal to 400 Hz for the Moderate-energy series and 950 Hz for the Low-
energy series. The choice of delay times are related to the estimated arrival-times of the metal
ions, which is discussed in more detail in the Section 4. The different substrate conditions
described here are represented in Fig. 1b-e through their bias voltage waveforms captured during
the experiments. Please note that the non-zero bias value observed in the beginning of the bias
voltage waveforms in Fig. 1c-e before activating the pulsed substrate bias is due to the floating
potential on the substrate holder. Moreover, all pulsed bias waveforms show a slope at the end of
the pulse, which is due to slow discharging of the capacitors in the absence of a dense plasma.
The intrinsic stress evolution was determined in situ, in real time, by wafer curvature
measurements during growth of all studied TiN films, 200—400 nm thick, using a multi-beam
optical stress sensor (MOSS) designed by k-Space Associates (kSA), Inc, USA, and installed in
the sputtering system, with a curvature resolution of 2 x 10 m*. Itis composed of a 2D array of
parallel laser beams created by highly reflective X and Y etalons and recorded on a high-
resolution charge-coupled device (CCD) camera with a typical acquisition rate of 2 Hz. A
schematic illustration of the experiment set-up is shown elsewhere [40]. The measured wafer
curvature Ak is proportional to the product between the average stress (o) and film thickness h

(also named film force per unit width, F/w) [35,41], through the modified Stoney equation

§= (o) h= %YS h? Ak [42], where h is the substrate thickness and Y; is the biaxial modulus of

the substrate, which was assumed to be equal to 180.5 GPa for (001) single crystal Siwafers
[43]. (o) is obtained by dividing F/w with the film thickness at each point. By convention,
positive (o) values refer to a tensile stress state, while negative values correspond to a

compressive stress state.



The chemical composition of the films was measured by electron probe microanalysis using
a JEOL 7001 TTLS scanning electron microscope (SEM) equipped with a wavelength X-ray
dispersive spectroscopy (WDS) unit from Oxford Instrument. The acceleration voltage was set at
10 KV and the beam current fixed at 20 nA. The film thickness, density and roughness were
determined by X-ray reflectometry (XRR) using a Seifert XRD3000 diffractometer in parallel
beam configuration, for TiN films < 80 nm thick deposited under the same experimental
conditions as those used for wafer curvature measurements. SEM was performed on the thicker
TiN films (200-400 nm) by analyzing their cross-sections, in order to confirm the thickness
values predicted by XRR, using an ultra-high resolution field-emission FE-SEM Hitachi
SUB000. The crystallographic orientation of the same samples was determined by X-ray
diffraction (XRD) in conventional 6—26 scans carried out on a Seifert XRD TS-4 diffractometer
operating in the Bragg-Brentano configuration at A = 0.15418 nm wavelength and equipped with
a MeteorOD detector. The room temperature (RT) electrical resistivity, pel, was measured under

Van der Pauw geometry using an Ecopia HMS-5500 system.

3. Results
3.1. Intrinsic stress

This section presents the results on the intrinsic stress of the studied TiN films, obtained
from in situ wafer curvature measurements during film growth. The evolution of the film force
(F /w) with film thickness in Moderate- and Low-energy HIPIMS modes is shown in Fig. 2a and
2b, respectively, when using the different substrate conditions described in the Experimental
Details. For the films deposited by Moderate-energy HIPIMS (Fig. 2a), F/w decreases
monotonically with thickness when biasing the substrates, independently of the bias
configuration (DC or synchronized pulsed at different delay times). However, when the substrate
is grounded, F /w decreases much more slowly and is nearly constant for a film thicknesses >

100 nm. Fig. 2a (dashed line) also shows the film force evolution for a TiIN sample deposited by



DCMS at the same total gas pressure and average target power, on a DC biased substrate. In this
specific case, F/w is nearly constant, and slightly positive, independently on the film thickness.
The corresponding results for the Low-energy HIPIMS series are presented in Fig. 2b. The DC
biased sample exhibits the most negative film force of all investigated samples, whereas the
pulsed biased samples show a much lower decrease of F /w followed by steady-state regimes for
film thicknesses > 100 nm. The grounded sample shows slightly positive film forces, and no
DCMS sample was investigated for the Low-energy conditions.

The average intrinsic stress curves for the same samples are presented in Fig. 2c and 2d, for
both Moderate- and Low-energy HIPIMS discharges, respectively. Inthe Moderate-energy series
(Fig. 2c), the intrinsic stress is highly compressive for the HIPIMS samples deposited on either
DC or pulsed biased substrates, with average stress values around —11 GPa in the steady-state
regime, i.e., when the stress is constant with film thickness. Only small changes are observed
when using different delay times in pulsed biased substrates, and the sample deposited at ty;,; =
60 s shows the highest compressive stress. However, one notices that the grounded sample
shows much lower compressive stress and it evolves with film thickness, to reach a steady-state
regime at thicknesses > 200 nm (not investigated). The DCMS TiN film shows a tensile stress,
but is very close to zero. From the average intrinsic stress curves for the Low-Energy HIPIMS
series, shown in Fig. 2d, it is seen that the highest compressive stress was obtained using a DC
biased substrate. This is not surprising considering the evolution of the corresponding F/w
curves in Fig. 2b. The average stress evolves with film thickness, being equal to —5.2 GPa at 200
nm. The use of a pulsed substrate bias synchronized with the HIPIMS discharge pulse reduces
significantly the compressive stress, as observed in Fig. 2d, to nearly-steady-state values of —1
GPa (or less) at the same film thickness of 200 nm. As observed before, the sample deposited at
tpias = 60 s shows the highest compressive stress among the pulsed biased samples. Finally,

the grounded sample showed a very low tensile stress of +0.1 GPa.



In order to simplify the comparison, Fig. 3 shows the average stress values of all films
investigated in Fig. 2, as a function of the substrate condition (grounded, DC or synchronized
pulsed biased at different delay times). One notices that the HIPIMS discharge conditions
(Moderate- or Low-energy) as well as the different substrate bias configurations have a strong
influence on the intrinsic stress of TiN films deposited. It is important to note that most of these
values are referring to film growth conditions where the average stress no longer change with
film thickness, i.e., at the steady-state regime. Indeed, for the Moderate-energy HiIPIMS series
(blue circles), the values at 100 nm film thickness were selected, since the intrinsic stress is
found constant (Fig. 2c¢) and is assumed to remain constant for higher thicknesses. The only
exception concerns the grounded sample, with the average stress evolving from —1.9 GPa at 100
nm to —0.9 GPa at 200 nm (Fig. 3 shows the value at 100 nm). For the Low-energy series (red
squares), we chose a film thickness of 200 nm, because a steady-state regime was not completely

established at 100 nm for most samples, see Fig. 2d.

3.2. Microstructure

The XRD patterns of selected TiN films investigated above are shown in Fig. 4a and Fig. 4b
over the angular range between 32 to 65° using the Moderate-energy and the Low-energy
discharges, respectively. All patterns exhibit characteristic diffraction peaks corresponding to
polycrystalline TiN with cubic (NaCl-type) structure, according to the JCPDS card no. 38-1420.
For the films deposited by Moderate-energy HIPIMS (Fig. 4a), only 111 and 200 XRD lines are
detected in the investigated angular range, with texture coefficients (T.) [44] equal to ~1.6 and
~0.4, respectively. The T, values do not considerably change for the different investigated
samples (see Table 1), indicating a (111) preferred orientation independently on the substrate
condition during film growth. However, when biased substrates are used, the 111 XRD line is
shifted towards lower angle by approximately 0.24° from its expected 26 position. This shift is
consistent with the compressive residual stress state of these films, as determined from the in situ

wafer curvature measurements presented earlier. However, one can notice that the peak shift is



less pronounced for the 200 XRD line. Lattice parameters extracted from the 111 and 200 peak
positions yield a;11=0.4292 and azpp=0.4255 nm, respectively. Similar trends in peak shift, and
associated lattice expansion, were reported by Pelleg et al. [45] and Petrov et al. [46] in TiN
films deposited by DCMS. The observed difference in lattice parameter cannot be explained
solely by anisotropy in the elastic constants [47], suggesting also different ion-irradiation
induced residual defect densities depending on crystallite orientations. Analysis of the XRD line
broadening using the Scherrer formula [48] shows that the average size of crystallites oriented
with their [111] direction normal to the substrate is larger than that of crystallites oriented along
the [200] direction, and decreases from 22 nm (grounded sample) to 14 nm (biased samples) in
the case of crystallites preferably oriented along the [111] direction.

For the films deposited by Low-energy HIPIMS (Fig. 4b), the XRD patterns show the typical
111 and 200 lines as well as an additional 220 XRD line. The grounded sample corresponds to a
polycrystalline TiN film with random orientation, as T, = 1 for all identified diffraction peaks.
The DC biased sample tends to develop a (100) preferred orientation, with T, 00y = 1.4.In
addition, one notices that the XRD peaks are slightly shifted towards lower angles with respect
to positions for bulk reference powder, in agreement with the larger compressive stress state
found for this sample. Finally, the pulsed biased samples exhibit a stronger (100) texture, with

T

C

(200) = 2.1. Although we only show in Fig. 4b the XRD data for the pulsed biased sample
with synchronization at t,;,, = 60 s, a similar behavior was observed for the samples with
synchronization at t,;, = 1 ps and 30 s (see Table 1). Using the Scherrer formula, we found a
typical [200] crystallite size of ~30 nm for the grounded and pulsed biased samples, and 19 nm
for the DC biased sample, i.e., somewhat larger compared to the Moderate-energy series.

Cross-sectional SEM images of selected TiN films are shown in Fig. 5. The microstructure
differs for the different samples, which were deposited using Moderate-energy (a-b), DCMS (c),
and Low-energy discharges (d-f). For Moderate-energy HiPIMS, the use of a pulsed bias

synchronized to the HIPIMS pulse (ty;,s = 1 15, Fig. 5b) resulted in a much more compact



microstructure of the thin film, with a smother top-surface, compared to the HIPIMS film
deposited on a grounded substrate (Fig. 5a). This is confirmed by quantitative XRR analysis,
which shows that pulsed-biased films are exceptionally dense, with a mass density equal or even
slightly higher than the bulk value of 5.4 g cm™ [28], whereas the density of the grounded film is
5.2 g cm®. The results are summarized in Table 1. Onthe other hand, the TiN film deposited by
DCMS using a DC biased substrate, at the same average power and total gas pressure (Fig. 5c),
showed a fibrous, under-dense, columnar structure, with a rough, facetted top surface typically
reported for polycrystalline TiN films growing with competitive (111) preferred orientation [49].
The film density, extracted from XRR, is 4.55 g cm™®, which is ~16% lower compared to the bulk
value and the pulsed bias HIPIMS samples deposited at the same total gas pressure. For this
sample, the surface roughness determined from XRR is 7.2 nm, which is significantly higher
than the values obtained for pulsed-bias HIPIMS TiN films (~1.3 nm), see Table 1.

SEM cross-sectional images are also presented for selected samples of the Low-energy series.
Here, only TiN films (< 400 nm thick) deposited by HiPIMS are displayed, using grounded (Fig.
5d), pulsed biased (Fig. 5e) and DC biased (Fig. 5f) substrates. At first glance, these images
show TiN films with a less compact microstructure compared to the TiN HIiPIMS films of the
Moderate-energy series (Fig. 5a,b), as also supported by the lower film density of this series
which ranges from 4.15 (grounded) to 5.10 g cm™ (DC bias). These films also develop a rougher
surface compared to the Moderate-energy series, see Table 1. The use of a pulsed bias
synchronized to the HiPIMS pulse (Fig. 5e) resulted in a more compact microstructure compared
to the film deposited on a grounded substrate (Fig. 5d), as also observed in the Moderate-energy
series. Finally, the TiN HiIPIMS film deposited on a DC biased substrate showed the most
compact structure of the Low-energy series, which is also consistent with the higher compressive
stress of this sample (see Fig. 3).

The RT electrical resistivity has been measured for both Moderate- and Low-energy film

series. Values are reported in Table 1. Low pe values, around 30 pQ cm, are found for the



pulsed-bias TiN HIiPIMS films deposited under Moderate-energy conditions. These are among
the lowest values reported for polycrystalline sputtered TiN films [50], approaching the
resistivity values of single-crystal epitaxial TiN layers (12.4 uQ cm [51], 18 uQ cm [51,52]) or
bulk TiN (~25 pnQ cm [51,52]). Higher p¢values around 90-130 puQ cm are obtained for the
Low-energy pulsed-biased film series, while a noticeable increase in electrical resistivity is
observed for the films with the lowest density (grounded substrate condition at Low-energy and
DCMS TiN films).

WDS analysis reveals that the chemical composition of the deposited TiN films does not vary
with the investigated plasma discharge or substrate bias conditions. Films of both Moderate- and
Low-energy series are slightly under-stoichiometric (N/Ti ~ 0.8), see Table 1. The oxygen
content was also measured: for the densest films, avalue of 2-3 % is measured, arising
essentially from surface contamination and from the native silicon oxide of the Si substrate,
while it increases up to 8 % and 14 % for the grounded and DCMS samples, respectively. This is
consistent with the more open columnar microstructure and lower mass density of these samples,
which favors oxygen uptake after deposition, and is also in line with their higher electrical

resistivity values, see Table 1.

4. Discussion

Let us start by addressing the standard HiPIMS conditions, represented by the Moderate-
energy series, since such deposition conditions are typically encountered within the existing
HIPIMS literature. The very high intrinsic compressive stresses (—11 GPa) found for the TiN
films deposited by Moderate-energy HIPIMS on (DC or pulsed) biased substrates are similar to
the values found by Hovsepian et al. [20] for HIPIMS TiN films deposited at comparable
experimental conditions (p = 0.3 Pa, T =400 °C, -50 V DC bias). High compressive stress
values were also reported for other refractory materials deposited by HIPIMS [53,54], which is

not adequate for many applications.



The reason for such high compressive stresses is found in the very high flux fraction of
energetic species reaching the substrate during film growth. Based on mass spectrometry
measurements under similar conditions, we assume an average Kinetic energy (E,;,) for Ti" and
Ti* ions of 15-20 eV [55,56] with the Ti?* population having a slightly higher E, . than the Ti*
population [23] and with energetic tails reaching up to about 100 eV [55] (the precise ion energy
distributions are not that important for our discussion in contrast to the average values). In
addition, few collisions with the working gas are expected in the plasma bulk at the chosen total
pressure (p = 0.37 Pa), since the mean free path is = 5 cm (and increasing with increasing ion
energy). When a bias voltage of —60 V is applied to the substrate the Ti* ions will be accelerated
in the substrate sheath. The gained accelerating energy (E,..) i very close to the bias value, e.g.,
E,.. ~ 60 eV, since a collisionless sheath is commonly assumed in these discharges. For Ti*,

E,.. is twice the bias value, due to the charge state g = 2. Thus, the total energy (E, = E,.. +

acc
E,;,) of the impinging ions in this situation is approximately = 80 eV for Ti" ions and = 140 eV
for T¥* ions. In this context, we have to pay attention to the Ti** ions in particular, since they are
likely to impinge onto the growing film with the highest energy. Increasing the ion energy
significantly above the bulk lattice displacement threshold, = 20 eV depending on the material
system (mass of the bombarding particle and layer composition) [57,58], will, at high enough E,
significantly increase the defect density (incorporation of intragranular residual damage) so that
renucleation leading to high compressive stress occurs [59,60]. For example, Patsalas et al. [61]
reported that the subplantation energy threshold for TiN is 50 eV, providing an estimate of the
energy required to incorporate defects in the layer by atomic peening processes. During growth
of TIN by DCMS, Petrov et al. [59] show that for ion energies E; > 160-200 eV (mainly Ar*
ions), local epitaxial growth on individual columns is disrupted leading to renucleation. Note that
this is in the same energy range as the Ti** ions in the present case. Our results are also in line

with the work of Greczynski et al. [23] on TiAIN, where they observe high compressive stresses,

up to —3.5 GPa, when running the Ti cathode in the HIPIMS mode. The authors ascribe this to a



large fraction of Ti?* ions in the material flux, as verified by mass spectrometry. Although
absolute quantities cannot be determined using this technique, we can still get an idea of the
amount of Ti** ions present in HiPIMS discharges from discharge modeling. Gudmundsson et al.
[62] investigate fairly standard peak current densities around 0.5 A cm™ ata total pressure of 0.6
Paand find an ion density fraction of n;;+/np;2+ = 20 in the ionization region (~ magnetic trap).
However, when increasing the peak current density to 1.6 A cmi? they find that n,+/n 2+ ~ 4.
Significant amounts of T* ions are therefore expected in HiPIMS Ti discharges unless

operating at considerably reduced peak currents.

In addition to the high compressive stress discussed above, these energetic ions may favor
the formation of high-density structures due to higher adatom diffusivity, as evidenced by the
cross-sectional SEM image of the Moderate-HIPIMS sample deposited using pulsed bias in Fig.
5b. All the pulsed biased samples of this series show a high density, close to the bulk value of
TiN, a compact, void-free microstructure, and low resistivity (30 um cm), see Table 1. A
correlation between film density, intrinsic stress state and electrical resistivity was established.
As an illustration, Fig. 6 displays the evolution of intrinsic stress vs. electrical resistivity for all
investigated samples. Films with higher compressive stress exhibit the lowest pe values. Our
data are consistent with previous work by Patsalas et al. [63] who observed a correlation between
hardness and resistivity when changing the bias voltage from —20 to —100 V, due to increasing
mass density from 4.3 to 5.6 g cm™. It is also important to note that TiN film resistivity is
strongly affected by chemical composition, as demonstrated by Shin et al. [64]. However, in the
present case, the N/Ti ratio is the same for all studied samples (Table 1), i.e., changes in
resistivity depend mostly on film microstructure.

The grounded sample deposited in the Moderate-energy HiPIMS series showed much lower
compressive stress (—0.9 GPa) compared to the previous case, as well as lower mass density and,
therefore, higher electrical resistivity. For comparison, Hovsepian et al. [20] and Machunze et al.

[21] obtained compressive stress values of —3 GPa and —0.5 GPa, respectively, for TiN films



deposited by HIPIMS on grounded substrates, using similar deposition conditions. This is mainly
due to the fact that the total energy of the bombarding ions in this case is much lower, since

E,.=0eV,ie ,E, =E

win = 10-20 eV according to our discussion above, even in the case of
Ti¥* ions. Thus, a significant part of the ion population has an energy which is below the bulk
lattice displacement threshold. However, it should be pointed out that this sample still exhibits a
relatively high mass density (5.20 g cm®). This is in line with the results by Lattemann et al [4],
who used HIPIMS to deposit fully dense, non-faceted 111-textured TiN films without any
external substrate heating or bias.

The DCMS TiN film deposited on a DC biased substrate showed a low tensile stress, equal to
+0.1 GPa (Fig. 2c), associated with pronounced columnar microstructure (Fig. 5¢) and reduced
mass density (4.55 g cm®). The development of tensile stress is typical for films with underdense
microstructure, and the result of attractive forces acting at the column boundaries [65,66]. This
tensile stress state is correlated to a higher electrical resistivity (see Fig. 6). In DCMS discharges,
Ti is mainly found as a neutral species, and the ionic flux reaching the substrate is dominated by
Ar*ions [67,68,69], which is known to lead to detrimental residual ion-induced compressive
stress due to Ar entrapment and generation of defects [15,70,71]. However, this is clearly not the
case in the current situation, where the stress is close to zero. Instead, we believe that this is a
result of the long target-to-substrate distance (0.18 m) in the present experiment, which
effectively separates the dense plasma zone from the substrate region. lonization of neutral Ar
with a random velocity distribution will occur in the ionization region close to the target, but
very few Ar* ions will reach the substrate due to a non-directional velocity. Such gas ions, with
significantly lower E,;, compared to the Ti* and Ti#* ions [72], will also undergo more collisions
with the neutral working gas during transport, which will further limit the possibility of reaching
the substrate. Note that this situation is very different from the sputtered species, with a velocity

component directed mainly towards the substrate. Also remember that the Ar" ion density is at

least two orders of magnitude lower in DCMS compared to in HIPIMS, due to the lower plasma



density, while the neutral flux is higher. It is therefore concluded that Ar* ion bombardment of
the film surface during growth is limited in the DCMS case investigated here.

Of much more interest are the TiN samples deposited by Low-energy HIPIMS in
combination with substrate biasing with considerably lower stress levels compared to the
Moderate-energy series. The compressive stress is reduced from ~11 GPa (Moderate-energy
series) to ~1 GPa (Low-energy series) when using pulsed substrate bias, i.e., by a factor 11, see
Fig. 3, while retaining rather compact microstructures (Fig. 5e, mass density ~4.8 g cm®)
compared to the DCMS (Fig. 5¢c, mass density ~4.5g cm®) as well as the non-biased sample
(Fig. 5d, mass density ~4.1 g cm®). This huge difference in residual stress between the Low- and
Moderate-energy series cannot be explained by the change in texture, as the elastic anisotropy
for TiN is rather small (Zener anisotropy ratio of 1.36) [47].

The electrical resistivity of these samples is around 90-130 puQ cm, which stands at the
inflection point of the curve in Fig. 6, between the values of the Moderate-energy series (~30 uQ
cm) and the DCMS sample (~267 uQ cm). These results show that thin film properties and
structures can be improved, while considerably reducing their compressive stresses, by
modifying the HIPIMS process towards the low-energy conditions and fine-tuning using the
substrate bias. Moreover, these modified discharge conditions provide access to a new process
window characterized by films with low to medium-low compressive stress, while retaining the
beneficial HIPIMS film properties to a large degree. By looking at the stress-resistivity curve in
Fig. 6, we find that this process window is situated between the standard HIPIMS discharge
conditions represented by the Moderate-energy series and the DCMS process. This is explained
as follows:

The chosen discharge conditions in the Low-energy series are expected to generate mainly
Ti* ions, but significantly fewer Ti** ions by limiting the peak current, in line with observations
reported by Ross et al. [36]. These ions undergo more collisions during transport to the substrate,

due to the higher pressure (0.6 Pa) used for this series. Asa consequence, E,;, is likely reduced

kin



to approximately 5-10 eV, although precise values have not been established in this study. When
using a bias voltage of 60V, E,.. =~ 60 eV, the total amount of energy of the Ti* impinging

ions is < 70eV, i.e., lower energies as compared to the Moderate-energy series. The much lower
intrinsic stress values are also an additional indication of the absence of Ti¥* ions.

In the pulsed bias case, the compressive stress is seen to increase from —0.35 GPa to —0.95
GPa when the delay time of the pulsed bias is increased from 1 ps to 60 s, see Fig. 2d. To
understand this, let us analyze the plasma conditions. Most Ti ions that combine with nitrogen to
form a TiN film on the sample surface are created in the ionization region close to the Ti target,
on a time scale that typically corresponds to a few tens of s after the beginning of each HIPIMS
pulse [1,23,36]. Then, they are transported toward the substrate, i.e., a distance of 0.18 min our
case, with an estimated flight time of ~30—40 s, considering a Ti ion with an energy of 5-10
eV. Therefore, these ions will reach the substrate sheath around 60-80 s after the onset of each
100 s HIPIMS pulse. For a pulsed biased substrate with t,;,. = 1 s, the bias pulse matches the
HiPIMS pulse in the time domain, thus, very few Ti* ions are accelerated by the bias potential,
since they arrive too late (during the last ~20 ps of the pulse). The energetic metal ion
bombardment is thereby reduced, resulting in low compressive stress (-0.35 GPa). On the other
hand, for a bias pulse delay time of 60 ps, most of the Ti* ions reaching the substrate sheath will
be accelerated to the growing film by the bias potential, resulting in a more intense metal ion
bombardment during film growth and thus, higher compressive stress (-0.95 GPa). An
intermediary situation is found for the t,;,, = 30 ps case.

The grounded sample also showed a very low stress, but tensile, and equal to +0.1 GPa. As
explained before for the Moderate-energy series, at grounded bias, the energy of the bombarding
ions is much lower, and roughly equal to E,;,, of 5-10 eV. The microstructure is less compact

(Fig. 5d), resulting in a considerably higher electrical resistivity (455 uQ cm, Fig. 6). On the

other hand, the DC biased sample showed higher compressive stress (—5.2 GPa) and much lower

electrical resistivity (40 uQ cm, Fig. 6) due to a more compact structure (Fig. 5f). Ina DC bias,



the potential is applied continuously, so not only Ti* ions are attracted to the substrate, but also
Ar* ions, which are known to appear in the HiPIMS afterglow [23,73]. In the present case, we
believe that the Ar" bombardment is the main reason behind the considerably higher compressive
stress, in line with observations by Greczynski et al. [22,23] on TiAIN, since there are no reports
of significant fluxes of ionized target material to the substrate during the afterglow. Note,
however, that this mechanism is likely not dominating in the Moderate-energy series when using
a DC bias during HiPIMS. For that series, the effect of impinging Ti** (and possibly higher
charge states) onto the substrate are dominating and leading to very high compressive stress, as
previously concluded.

The effect of ion bombardment on texture evolution in sputter-deposited TiN films has been
largely discussed in the literature [45,46,47,49,59,61,74,75,76,77,78,79,80,81]. If thermodynamics
plays a role in governing the early growth stages, favoring nucleation of (200) crystallites due to
minimization of surface energy [45,74], recent reports have demonstrated the importance of
growth Kinetics and ion bombardment effects on the variation of preferred orientation and texture
crossover from (200) to (111) with increasing film thickness [49,61,75,77,79]. Due to anisotropy
in surface diffusivities and adatom potential energies [77], a competitive columnar growth occurs
under low-temperature, low-ion-irradiation deposition conditions, favoring in this case a (111)
texture [49,59]. The texture changes usually to (200) with increasing substrate temperature [79],
ion energy [46,61], N2 partial pressure [49,78,81], or ionization degree (ratio of ion-to-metal
I;/Ty. fluxes) [61,75,80]. For HIPIMS discharges, Ehiasarian et al. reported a change from
(111) to (200) with increasing discharge current, i.e. with increasing I+ /Ty and T+ /1“N2 ratios
[80]. Itis also known that ion-surface interaction depends on crystal orientation, so that under
intense ion bombardment, grains with more open channeling directions, such as (200) or (220),
will eventually survive [46].

While the (200) texture observed for the Low-energy TiN films can be related to conditions

of sufficient adatom mobility (Ts =300 °C, I'y;+/Iy; > 1), the predominant (111) orientation for



the Moderate-energy series, characterized by a high flux fraction of T#* ions, has most likely
contributed to strain energy minimization [74,76]. Due to elastic anisotropy, grains with (111)
orientation are elastically more compliant and may also incorporate a larger concentration of
point defects, as discussed previously.

Finally, please note that the effects of N* or N, bombardment during film growth were
neglected in all previous discussions. It is known that N*and N," exhibit significant kinetic
energies in the range of a few eV with a large energy tail [82]. However, we expect them to have
a minor impact on the film stress due to the lower mass of N (14 amu) compared to Ar (39.9

amu) and Ti (47.9 amu), which limits the momentum transfer.

5. Conclusions

The results presented in this work show that the HIPIMS process conditions have a strong
effect on TiN film stress developed during growth and on the final microstructure, where the
HIPIMS discharge parameters as well as the substrate bias conditions need to be selected with
great care. The use of standard HIPIMS discharges and biased substrates to enable energetic
metal ion bombardment resulted in very dense and compact TiN films. However, they exhibited
extremely high intrinsic compressive stress (—11 GPa). This is likely related to the high flux
fraction of doubly-charged Ti ions reaching the substrate, where the ion density fraction
np2+/np+ i Known to increase with increasing peak current. Decreasing the pulse peak current
density to around 0.2 A cm™ resulted in a considerably reduced stress, reaching values in the
order of -1 GPa. By furthermore adding synchronized pulsed substrate bias, the film properties
could be fine-tuned in terms of mass density, surface roughness, and electrical resistivity, while
still maintaining a low stress state. However, when using DC-biasing, the intrinsic stress was
much more compressive, —5 GPa, due to a large fraction of Ar* ions that are accelerated by the

bias potential during the HiPIMS afterglow.
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List of Figure and Table Captions

Figure 1. (a) Discharge voltage and current waveforms for the Low-energy HIPIMS process
during TiN deposition. The different substrate bias voltage waveforms recorded during
depositions are shown for (b) grounded and DC biased substrates and (c-e) pulsed biased
substrates, synchronized with the HIPIMS pulse at different delay times (t;,s)- The golden
arrows signalize the time at which the bias pulse is turned on in respect to the HIPIMS discharge

pulse, for each case investigated.

Figure 2. Evolution of the film force (F/w) and the average intrinsic stress with film thickness
during deposition of TiN at different substrate conditions using (a,c) Moderate-energy and (b,d)
Low-energy HIiPIMS discharges. For the Moderate-energy case, a DCMS TiN sample is also
presented (dashed line). The substrate bias voltage was —60 V for all biased samples (DC or
pulsed). The pulsed biased samples are indicated by their different delay times (t) in respect to
the HIPIMS discharge pulse. Selected average stress values are indicated in (c,d), which were

recorded at specific film thicknesses.

Figure 3. Average intrinsic stress of TiN thin films as a function of the substrate condition

(grounded, DC, or pulsed bias synchronized at different delay times (t) in respect to the HIPIMS



discharge pulse). The values indicated in the light-grey portion are referred to films deposited by

HIPIMS, whereas the dark-grey portion accounts for a DCMS sample.

Figure 4. XRD patterns of the TiN films deposited by (a) Moderate-energy and (b) Low-energy
HIPIMS at different substrate conditions. The bias voltage was —60 V for all biased samples. For
the pulsed bias case, only the t,;,, = 60 ps condition is shown, since it does not differ from the
tpias = 1 15 and 30 ps conditions. The film thickness of all samples shown in (a) is 200 nm,

whereas it is 300400 nm for the samples shown in (b).

Figure 5. Cross-sectional SEM images of the TiN films deposited by (a,b) Moderate-energy
HIPIMS, (c) DCMS using equivalent conditions, and (d-f) Low-energy HIPIMS. The substrate
condition is indicated for each sample. The bias voltage was —60 V for all biased samples. The

delay time for the pulsed biased samples was 1 |s.

Figure 6. Electrical resistivity of TiN films deposited under Moderate- and Low-energy HIPIMS
as a function of their intrinsic stresses. Labels near the symbols denote the bias conditions (g =
grounded, dc = DC bias); symbols without a label correspond to pulsed bias. The DCMS sample

is also included.

Table 1. TiN film properties for the Moderate-energy series (superscript ““2”) and the Low-
energy series (superscript “°”), as measured by XRR, SEM, WDS, XRD and electrical
resistivity. In columns “FWHM” and “T.”, the first and second values in each line are related to

the 111 and the 200 reflections, respectively.

Growth Mass  Surface Film N/Ti O Del FWHM T,
condition density roughness thickness (at.%) (LQ cm) °)
(gem®)  (nm) (nm)

rounded 520° 4.2° 197 ° 0.80°¢ 7.8° 73° 0.38/0.55* 1.59/0.41°
J 4.15° 8.1" 410° 080" 84° 455°  0.26/0.30° 1.13/0.93°

5.50° 15° 175 ° 0.80°% 23° 31 0.63/0.91" 1.57/0.43°

DCbias 5195 30°  277° 085" 30°  40°  0.60/045° 1.27/137




Pulsed bias, 2012 0.80* 29° 33¢

tpias= 1 US ) ) 370 ° 129°  0.27/0.31° 0.47/1.79°
Pulsed bias, ~ 5.40° 1.3° 192° 0.80* 30° 32°

thia=30Us  4.80° 6.7° 0.80° 55° 94°  0.36/0.30° 0.39/2.11°
Pulsed bias, ~ 5.40° 1.2° 28%  0.58/0.95° 1.55/0.45"

thias= 60US  4.90° 6.0° 86°  0.46/0.31° 0.46/1.96°

DCMS film  4.55° 72° 190 ° 0.80°% 14.1° 267 ° - -
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Highlights

e Low stress TiN films are obtained by low-energy ion bombardment in HiPIMS.
e A new process window is found between standard HiPIMS and DCMS discharges.

e TiN film properties are fine-tuned using synchronized pulsed substrate bias.
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