N

N

On the correlation between the TiN thin film properties
and the energy flux of neutral sputtered atoms in direct
current magnetron discharge
Abderzak El Farsy, Jean-Francois Pierson, Thomas Gries, Ludovic de

Poucques, Jamal Bougdira

» To cite this version:

Abderzak El Farsy, Jean-Frangois Pierson, Thomas Gries, Ludovic de Poucques, Jamal Bougdira. On
the correlation between the TiN thin film properties and the energy flux of neutral sputtered atoms
in direct current magnetron discharge. Journal of Physics D: Applied Physics, 2022, 10.1088/1361-
6463/ac9daa . hal-03832707

HAL Id: hal-03832707
https://hal.science/hal-03832707
Submitted on 27 Oct 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03832707
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

Journal of Physics D: Applied Physics

ACCEPTED MANUSCRIPT

On the correlation between the TiN thin film properties and the energy
flux of neutral sputtered atoms in direct current magnetron discharge

To cite this article before publication: Abderzak El Farsy et al 2022 J. Phys. D: Appl. Phys. in press https://doi.org/10.1088/1361-6463/ac9daa

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 80.215.128.136 on 27/10/2022 at 19:06



https://doi.org/10.1088/1361-6463/ac9daa
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6463/ac9daa

Page 1 of 18

oNOYTULT D WN =
N

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-131985.R2

1 Onthe correlation between the TiN thin film properties and the energy flux
of neutral sputtered atoms in direct current magnetron discharge

Abderzak el Farsy»?*, Jean-Francois Pierson?!, Thomas Gries!, Ludovic de Poucques? , Jamal Bougdira*
L Université de Lorraine, CNRS, 1)L, F-54000 Nancy, France.

3

4

5 2 Université Paris-Saclay, CNRS, Laboratoire de Physique des Gaz et des Plasmas, 91405 Orsay,
11 6 France.

7

8

*Corresponding author: abderzak.el-farsy@universite-paris-saclay.fr

Abstract:

In this study, the energy flux of sputtered atoms on a substrate wasicorrelated to the properties
of titanium nitride (TiN) films deposited using direct current magnetron'sputtering (dcMS) under
mixed Ar and N; atmospheres. The neutral titanium sputterediatoms velocity distribution func-
tions (AVDFs) were measured by tunable diode-laser induced fluorescence (TD-LIF), and the flux
of particles and their energy were derived. Mass spectrometry was used to characterize the
energy-resolved flux of the ions. It was found that the/meutral sputtered atoms flux and deposi-
tion rate were in good agreement, indicating that the flux of the neutral titanium ground state
represents the number of deposited atoms. Moreover;, TiN.films were deposited at different gas
pressures and at various Ar/N2 gas mixtures close to thexconditions where stoichiometric TiN
was formed, without bias voltage and heating of the substrates. The energy flux of the sputtered
neutral Ti into the substrate was calculated from TD-LIF measurements. At a relatively low mag-
netron discharge pressure of 0.4 Pa, we demonstrated that the energy of sputtered neutral Ti
impinging on the substrate is higher than.the energy flux of ionized particles corresponding
mainly to Ar*. Thus, the influence of the energy flux of the sputtered atoms on the texture and
microstructure of the films is revealed. The (200) texture was obtained at 0.4 Pa when the energy
flux of the sputtered atoms wasshigher than the ion energy flux. At 1.3 Pa where the sputtered
atoms energy flux is one order lower compared to 0.4 Pa the (111) texture was obtained. The
high-energy flux of the ground state of Ti sputtered atoms seems to allow stress removal in the
films.

Keywords: dcMS, diode laser=induced fluorescence spectroscopy, TiN microstructure and tex-
ture.

31 I Introduction

5232 |n magnetron sputtering (MS), the growth of polycrystalline thin films begins with vapor condensation
5433  onthe substrate surface, which nucleates into islands and consolidates to form a continuous film. Thin
5534  films and coatingsrare used in a wide range of technological applications including microelectronics,
36 35 optical'devices, and surface protection. The performance of thin films and coatings depends on their
sg 36  physical properties, which are governed by film morphology and phase composition. These properties
5937 ¢ depend.on the interactions of the particles with the substrate. Thus, the energy and flux of atoms and
6038 ‘jons arriving at the substrate are of major importance for tailoring the forming film properties, such
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as microstructure, stress, adhesion, electrical resistivity, stoichiometry, and crystalline properties. Ti-
tanium nitride (TiN) was used in this study because of its excellent mechanical and optical properties,
and it has been used in several applications, such as decorative and wear-resistance [1,2].

Magnetron sputtering is a physical vapor deposition technique that can be operated with different
power supplies: direct current magnetron sputtering (dcMS) to sputter conductive targéts, radiofre-
guency magnetron sputtering primarily used to deposit dielectric materials, and high-power impulse
magnetron sputtering (HiPIMS) [3,4]. In the dcMS process, most of the sputtered species remain in a
neutral state, and their energy is controlled by the degree of thermalization, i.e., the number of colli-
sion events between the sputtered species and the processing gas. The number of collisions can be
directly controlled by the deposition pressure and the target-to-substrate distance.[5]. Their energy
ranges from the energy they gain in the sputtering process and at virtually no collisions (~ 3.2 eV in
average) to fully thermalized species at a larger number of collisions (~0.27eV.in average). Over the last
two decades, HiPIMS has been intensively studied because of its ability to gen\erate sputtered atoms
with a high ionization rate (a few tens of percent). Such pulsed plasma discharges work at a peak
current of approximately two orders of magnitude (low duty cycle: 1 % and low repetition frequency:
< 5 kHz) compared with dcMS.

In conventional dcMS to deposit nitride thin films, the ion flux on the,substrate mainly contains buffer
gasions (Ar* and N*), whereas the sputtered species are mainly in a neutral state. For titanium nitride
(TiN) deposition, the energy flux on the substrate, i.e., the productof particle flux and incident particle
energy determines the growth mode. The TiN grains are preferentially oriented along the [111] direc-
tion for low energy flux, while [200] preferred orientation is‘observed for high energy flux [1,2,6,7].
Compared with ions, it is challenging to characterize energetic neutral-sputtered atoms. Their energy
flux can be measured by mass spectrometry, a retarding field analyzer, and a Faraday cup, but the
atoms must be ionized for detection [8]. Other.devices have been developed and proposed to measure
the energy flux towards the substrate surface without the ionization of incoming species as calorimet-
ric probes [9—-11]. In addition, both ions.and neutral metallic flux towards the substrate were simulated
by Mahieu and Depla [12] using the/Monte Carlo approach of the SIMTRA code.

Tunable diode laser-induced fluorescence (TD-LIF) is a powerful technique for diagnosing neutral sput-
tered atoms with high spatial and spectral resolution, and the plasma remains practically unperturbed
in terms of temperature@nd density [5,13—-16]. Moreover, these measurements have numerous ad-
vantages compared to other optical diagnostics: (1) they allow probing of the ground state of the
sputtered atoms in dcMS, (2):they are highly space and spectrally resolved, and (iii) they allow meas-
urement of the flux and energy of sputtered atoms at the substrate position in front of the target.
Other optical plasma diagnostics can be found in the literature, allowing the sputtered atom velocity
distribution function (AVDFs) description [17-19].

Many previous works have studied TiN coatings deposited using either dcMS [1] or HiPIMS processes
[6,7,20-22], and most of these studies investigated the impact of ion flux on the properties of TiN
films. Thie presentistudy aims to correlate the energy flux of neutral sputtered atoms on a substrate
with the properties of TiN thin films (film texture, microstructure, and morphology) grown in dcMS
discharges where the sputtered particles are mainly neutral. To achieve this goal, we used a balanced
magnetron to reduce the ion flux on the substrate without bias and without intentional substrate
heating. Thus, simultaneous measurements of TD-LIF and mass spectrometry of magnetron discharge
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under different gas mixtures (Ar/N3) were performed to characterize the energy flux of neutral sput-
tered Ti atoms and the ion energy flux, respectively.

Il. Experimental details

The growth of TiN thin films and plasma diagnostics were carried out in a stainless-steel.cylinder, 30
cm in diameter and 35 cm in height. Using mechanical and turbomolecular pumps;the base pressure
obtained was approximately 2x10 Pa. A titanium target, 50 mm in diameter, 3/mm in thickness, and
99.99 % pure, was installed on a 2-inches balanced magnetron cathode cooled by water. The power
source was a MELEC SIPP 2000 power supply (Umax =1 kV; Imax_peak= 200 A): The reactive gas mixture
(Ar and N;) was added to the chamber at various N2/(Ar+N;) flow rate ratios, and the total flow rate
was maintained at 18 sccm. We investigated the gas mixture range ©f 2 % t0'5 % N, where quasi
stochiometric TiN films were formed as shown latter by the measurements of the chemical composi-
tion of the films, the same conditions were found in early work with"another'deposition system [23].
For all the results presented in this work, the average power was fixed at"'5 W cm2 (100 W for the
target area). In addition, all plasma measurements and thin film.depeositions were performed at a tar-
get-to-substrate distance of 5 cm (figure 1).

Plasma diagnostics and film depositions were performed inithe same reactor, and the (100)-oriented
Si substrates were installed using configuration 2, where the ma§netron cathode was installed atop
the chamber [figure 1 (b)]. No substrate bias of'external'heating was applied to the substrate during
the film growth. The energy source on the substrate.comes only from the deposited species, which
are characterized by the diagnostic methods described below. Prior to deposition, all the substrates
were ultrasonically cleaned in acetone for 10°min.and ethanol for 10 min. Table 1 summarizes the
deposition conditions.

Table 1. Summary of deposition conditions for the various realized coatings: reactive gas mixture, pressure,
cathode voltage and film thickness.

%Nz~ N 2% 3% 5%
0.4 Pa 345V 340V 351V
) 3400 nm 3000 nm 2700 nm

Deposition duration: 2 hours
285V 280V 340V

2600 nm 2800 nm 2300 nm

1.3 Pa
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Figure 1. Schematic of the experimenital setup. The cathode magnetron is in position (1) to measure titanium
neutral AVDFs and IEDFs, while it is mqed to position (2) atop the chamber to deposit thin films. The schemes
are to scale. The measured atoms/velocity by TD-LIF technique is the component v;, for the sake of simplicity
it is mentioned v in the text.

The velocity distribution functions of the neutral sputtered atoms were measured using the tunable
diode laser-induced fluorescence technique (TD-LIF). The reader can refer to Desecures et al. [15] for
a detailed description of the TD-LIF experimental setup. The laser source used in this study was a tun-
able diode laser {Toptica Photonics DL 100), which was accorded to probe the transition from
3d2s? (3F) to 3d2 (3F)4s4p (*P°)rof the ground state of neutral titanium sputtered atoms (Ao=398.17
nm). The diodé laser was'tuned to scan a 9 pm wavelength range with a locked single-mode, and the
spectral resolution was 0.005 pm, enabling an accurate description of the Doppler broadening profile.
The typical'scanning frequency for measurements was 50 Hz. The probed volume in the TD-LIF meas-
urements was dpproximately 3 mm3 above the racetrack center, that is, at r=1.25cm and z = 5 cm
(figure 1(a)). The combination of high spectral and spatial resolutions accurately measures the flux and
energy of the deposited species.
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The ion energy distribution functions (IEDFs) of Ar* and N,* were measured using a HIDEN EQP 300
instrument. The plasma was sampled by a grounded orifice of a 100 um diameter mass spectrometer
installed in the virtual position of the substrate (figure 1(a)). Because the mass spectrometer signal
depends on the differences in the acceptance angle for different ion energies and the unknewn trans-
fer function of the mass spectrometer, the measurements do not represent the absolute values of the
ion flux; therefore, we discuss only the qualitative signal variations. Herein, only the qualitative
changes in terms of energy are discussed. However, owing to the reactor geometry, mass spectrome-
try measurements were only performed in front of the target center at r= 0 cm (see figure 1).

The deposition rate was measured via scanning electron microscopy using a eross-sectional view of
the specimens. The microstructure (crystallite size) and preferred orientationrof the films were char-
acterized by X-ray diffraction (XRD) analysis (Briiker D8 Advance with Cu K4 radiatioh, A=1.54056 A) in
Bragg-Brentano geometry (8-26). This mode allows for the identificationof planes parallel to the thin-
film surface. The chemical composition of the films was determined by waveﬁzngth dispersive X-ray
spectroscopy (WDS), also known as electron probe microanalysis (EPMA), using a JEOL JXA-8530F in-
strument. Ti, FesN, and MgO were used as standards to measure the Ti, N, and O concentrations,
respectively. For each sample, the reported chemical compositioniwas obtained by averaging 50 dif-
ferent spots measured on the surface (~ 200 x 200 um?). The topoegraphy and RMS roughness of the
TiN films were investigated in resonant mode using a nan@-observer atomic force microscope (AFM)

developed by CSinstruments.
4

I1l. Results and discussion

llI-1. Correlation between the deposited flux.and deposition rate

Figure 2 shows the neutral Ti (3F2) AVDFs in dcMS discharge at 0.4 and 1.3 Pa, for the different gas
mixtures (N2/Ar). We used the resonance fluorescence signal (Ajaser = Aiir = 398.17 nm), which signifi-
cantly improved the TD-LIF signal compared with previous studies [5,16]. Then, the AVDF profiles and
the atoms populations are accuratelyﬁescribed: thermalized (centered at v =0 km/s) and energetic [v
> 1 km/s =1 eV for titanium atoms] [5] are separated at relatively low and high magnetron pressures
(p=0.4 and 1.3 Pa). The dashed curves represent fitting of the TD-LIF signal. The measured velocity
field is the axial component (component perpendicular to the target surface as shown in figure 1 (a)),
and two Gaussian functions were used to fit the experimental signal, which corresponded to the ther-
malized and energetic atoms populations. Because the measurements were carried out 5 cm away
from the target, sputtered atoms undergo collision with the buffer gas, inducing the energetic popu-
lation to be betterfitted by a Gaussian function instead of the commonly known Thompson function
[24]. The fitting by thesetwo Gaussians results in some discrepancy for negative velocity (v < 0), espe-
cially at low pressure (0.4 Pa, top panel of figure 2). The main goal of the fitting is to better calculate
the flux and energyof the atoms with momentum towards the substrate (positive velocity) to correlate
with the film properties. Only the measurements performed at the substrate position are shown at a
distance z=5.¢e¢m from the target. For a detailed description of the AVDFs' fitting and titanium sput-
tered.atoms transport characterization combined with PIC Monte Carlo modeling in argon gas, the
reader is referred to Revel et al. [5].
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Figure 2. TD-LIF signal of the neutral Ti(J=2) atoms as a function of the percentage of N in gas mixture at
Poc=5 W/cm?, r=1.25cm, z=5 cm and p_= 0:4 Pa (top) and p = 1.3 Pa (bottom). Dashed curves are the fitting of
the measured signal.
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The addition of nitrogen to the argo}discharge completely altered the sputtering process. N> mole-
cules react with the target surface material, forming a nitride layer that induces variations in secondary
electron emission, electron'temperature, and cathode voltage, but also induces variations in the ions
striking the cathode, that.is, Art, No*, and N* allowing sputtering instead of only Ar*in pure Ar gas.
Figure 2 shows that the TD-LIF signal at the substrate positioned at a distance z =5 cm from the target
4810 decreased progressivelywith increasing N, content. This decrease was observed for all atoms regard-

o
N
O 00 N O U»n

4911 less of their energy. This is due to two main changes: (i) poisoning of the target surface in which the
5112 binding energy of TitN (8.04 eV/'[25]) is higher than that of Ti-Ti ones (6.6 eV [26]) and (ii) plasma
5213  variation in which the N*and N>* ions can be less efficient for sputtering compared to the Ar*ion [27].
>314  TD-LIF measurements performed near to the target surface (z= 1.1 cm) at low pressure of 0.4 Pa show
5515  that thessurfacenitridation affects the surface binding energy, we measured an average energy of
5616  4.0%0.2 eV at nitride mode and 3.240.2 eV in metallic mode (100% Ar). The gas mixture does not affect
17  the temperature of thermalized sputtered atoms since they are in thermal equilibrium with the buffer
59 18 { gasuln terms of the energy of the sputtered atoms, an expected difference can be observed when the
6019 “gas pressure is increased; thermalized atoms are increased at a relatively high pressure (p=1.3 Pa)
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compared to the energetic atoms. Indeed, the sputtered atoms leaving the target with an average
energy of 4.0+0.2 eV (nitride mode, 3.210.2 eV in metallic mode) towards the substrate [5] undergo
more collisions than at 0.4 Pa, efficiently transfer their energy to argon and nitrogen particles, and are
more thermalized when they reach the substrate position at p=1.3 Pa.

We calculated the deposition rate from the film thickness determined from the scanning'electron mi-
croscopy images. The flux of sputtered neutral Ti atoms (3F2, 0 eV) was obtained from the AVDFs using
the following formula:

®;_,(cm™2s71) = [* v AVDF(v) dv, (1)

0

where, v is the axial velocity. Figure 3 (a) shows that the parameters, i.e., the flux of sputtered atoms
and the deposition rate, are in good agreement.

Because the TD-LIF measurements were performed on the lower level of the ground state (J = 2), we
assumed that neutral titanium atoms are in Boltzmann equilibrium and ¢calculated the absolute value
of the flux of ground-state titanium atoms as
-2 -1 m-19J Ey—Em
Dapsorute (M2 s74) = Dy {1 + Z]:l —€Xp (_ _)}r (2)
Im kT

where E; and g, are the energy and statistical weight, respectively, of state J and kg is the Boltzmann
constant. The titanium ground state has a triplet structure, in wbich the levels J = 2, 3, and 4 are at
energies of 0, 0.021, and 0.047 eV, respectively. Therefore, Eq. (2) simplifies to

Papsone em™? s71) = &y-a {1+ Prexp (F5) nexn (=57 ®

The temperature of the thermalized atoms was.used to calculate the absolute flux of the Ti atoms. The
absolute flux and deposition rates are showniin figure 3 (b). The flux of Ti atoms reaching the substrate
at2 % Nz and p=0.4 Pawas 6.8x10*cm2 s'! and decreased to 5x10'* cm?s* when 5% N, was added
to the gas mixture. Similarly, the deposition rate decreased from 1700 to 1350 nm h* when the gas
mixture varied from 2 to 5 % N.. By increasing.the pressure p= 1.3 Pa, a slight decrease in the deposi-
tion rate and Ti atoms flux was measured compared to p=0.4 Pa. The influence of the gas mixture was
similar at both pressures. These variations show good agreement between the flux and the deposition
rate for the 0.4 and 1.3 Pa pressures used in this work. In fact, increasing the percentage of nitrogen
induces poisoning of the target and decreases the number of sputtered titanium atoms, resulting in a
corresponding decrease’in the deposition rate. In the studied pressure range, the pressure variation
slightly affected the deposition rate, whereas the sputtered atoms thermalization increased signifi-
cantly when the pressureiincreased (figure 2).
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ux of neutral Ti atoms [(a) J=2 level, (b) the absolute flux of neutral Ti] and the
S discharge as a function of the percentage of N in the background gas at z = 5 cm,

Page 8



Page 9 of 18 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-131985.R2

oNOYTULT D WN =

1lI-2. Influence of deposited energy on the film microstructure, texture, and morphology

As mentioned in the experimental section, TiN films were deposited in the dcMS discharge without
any heating or bias of the substrate. The Ar gas temperature was measured as a function,of the dis-
tance from the target using tunable diode laser absorption spectroscopy. It reaches a high
temperature of 1400 K near the target (z=1.3 cm), but a low temperature of approximately 500 K'was
measured at z =5 cm [5]. Under these conditions, the total energy flux towards thedsubstrate'is the
sum of the different contributions due to the kinetic energy of different deposited species. Thissection
reports the different contributions.

In dcMS using a balanced magnetron, the plasma is trapped close to the target surface, in which the
ion flux into the substrate decreases [4]. Figure 4 shows the IEDFs of Ar* and N>* at.0.4 Pa and 3 %N
in gas mixture. The mass spectrometer signal represents the flux of ions, and two groups of ions arrive
at the substrate: the low-energy group (E < 6 eV) and high-energy group (Eareund 20 eV). The low-
energy group of ions is thermalized with the buffer gas. The high-energy group has been studied in
many works, especially in HiPIMS discharge [28—-30], and is generally attributed to ion acceleration
inside spokes in magnetron plasma. As shown in figure 4, the‘signal magnitude of this high-energy
group is three orders of magnitude lower than that of the thermalized ions. Thus, to calculate the
energy flux towards the substrate, only low-energy ions were considered. In an early study of Ar/N;
magnetron discharge, Petrov et al. [23] demonstrated that Art.ions are the primary ions incident on
the substrate in Ar-N; dcMS discharges, with a flux accounting forfmore than 92 % of the total ion flux
when the percentage of N, was lower than 15 %. It worth/to mention herein that ours mass spectrom-
eter measurements are not calibrated. Thus, the corresponding ion energy flux to the substrate is
calculated using the following expression [31]:

N 1
CI)energy, Ar+( mW cm 2) =2 env; V (4)

where n;and v;are the ion density andthermal ion'velocity, e is the electron charge and Vis the voltage
drop in the substrate sheath. Bradleyet al[32] measured the ions density in dcMS with a cathode of
15 cm in diameter, 0.26 Pa argon pressure, and a dc power of about 1.5 W cm™?, they found an ions
density of about 10® m= at z= 5%¢m.Nnours deposition system at z =5 cm away from the target and
Poc =5 W cm, we assumed an iondensity of 2x10% m3 and an ion temperature of 600 K [5]. Based
on our mass spectrometer.measurements of the thermalized ions (figure 4), the voltage drop at the
substrate sheath was estimated to be 3 V. For these plasma parameters, the energy flux corresponding
to the ion contributions (equation 4) is approximately 0.075 mW cm™.

Regarding the energy.flux.of the electron contribution, the energetic secondary electrons accelerated
in the cathode sheathare_trapped near the cathode surface for ionization by the magnetic field, and
only thermalized'electrons can reach the substrate. Our substrate was grounded, and because the
plasma potential at z="5 cm was positive, the thermalized electrons were pushed away from the sub-
strate. Therefore, their energy flux contributions can be neglected.
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Figure 4. IEDFs of Ar* and N," ions at z =5 cm;3 % Nz Pbc =5 W cm™2, and p = 0.4.

For the neutral species reaching the substrate, the energy flux deposited by Ti atoms (J=2) is obtained
as follows:

1
P onergy =2 =nfy 5 M v? v AVDF(v) dv, (2)

where M (amu) is the atemic mass of titanium and v is the axial velocity. The total energy flux of the
ground state Ti atoms was then deduced by applying equation (3). Figure 5 shows the variations in the
energy flux of the ground state of the neutral Ti atoms and Ar* ions as a function of the nitrogen per-
centage. At p = 0.4 Pa, the energy flux gradually decreases from 0.27 to 0.20 mW cm™ when the
nitrogen percentage increases from 2 to 5 %. This decrease was mainly due to the decrease in the
number of Ti-neutral@toms reaching the substrate. However, at p = 1.3 Pa, where the vapor is more
thermalized, theienergy flux is one order of magnitude lower than that measured at 0.4 Pa. It is on the
order of 0.03 mW cm™?. The most important result is that the energy flux of sputtered Ti atoms is
higher than.that of Ar* ions at a low magnetron pressure of 0.4 Pa. Other sputtered species, such as
nitrogen atoms«(N), could contribute to the energy flux towards the substrate, and its behavior as a
function of pressure is expected to be similar to that of neutral Ti atoms. The knowledge of their en-
ergy flux requires further investigation. In other deposition system, Gauter et al. [33] used direct
calorimetric probe to characterize the energy flux on the substrate during the deposition by HiPIMS
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discharge with copper magnetron, they measured an averaged energy flux of 20 mW cm. Calorimet-
ric probe was also used by Bornholdt et al. [34] to energy flux during the deposition of ZnO by a radio-
frequency discharge of 15 W cm (3 target with 5 W cm2), they found a total energy flux of 30 mwW
cm. In those calorimetric probe experiments, the energy flux is higher than the obtained\by our di-
agnostics because (i) their measurements consider the contributions of all species arriving to the
substrate, (ii) the discharge power is higher than used in our work and (iii) the zinc and copper. have
higher sputtering efficiency compared to titanium.
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I:I Qenergy (Tl) - 0.4Pa ]
0.5 Dypergy (Ti) — 1.3 Pa
I:I ¢energy (Ar+) \‘_
£ 0.20 -
o
=
E
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2 3 5
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Figure 5. Energy flux of neutral of the ground state of Ti sputtered atoms as function of the percentage of N in
gas mixture, calculated at the substrate distance (z= 5 cm), for p = 0.4 and 1.3 Pa.

A. Film composition

Measurement of the chemical composition of thin films is not an easy task when the films contain light
elements, such as nitrogen. The TiN samples deposited were analyzed using EPMA, and the percent-
ages of O, Ti, and N were obtained. The quantitative results are summarized in Table 2. For Ti and N,
the films are quasi-stoichiometric for both pressures (0.4 and 1.3 Pa). The Ti and N concentrations
were approximately 48 and 50 at. % at respectively for the films at 0.4 Pa. At 1.3 Pa, the Ti concentra-
tion was 48 at. % and the/N concentration is 46 at. %. Concerning the oxygen contamination, EPMA
measurements show that the concentration of O element increases in the films from 2 at. % at 0.4 Pa
to 6 at. % at 1.3 Pa. This contamination can be attributed to the residual oxygen in the chamber. Be-
cause theramount/of oxygen in the chamber is constant and weak, the increase in oxygen
concentration with the pressure is due to the decrease in the deposition rate. Indeed, films that grow
at a low deposition rate contain more oxygen. However, the deposition rate at 1.3 Pa is about 85% of
the deposition rate at 0.4 Pa. This decrease seems rather small to explain the increase of O concentra-
tion, from 2'to 6%. The higher oxygen concentration seems induced by film density (denser at 0.4 Pa)
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or by the plasma variation especially the electron density and temperature assuming that the oxygen
atoms are produced by the dissociation of oxygen molecule by electron impact.

Table 2. Concentration of Ti, N, and O elements measured with EPMA (top) for the samples deposited. at 3%N-.

Ti N o
0.4 Pa 501 % 48 +1 % 21 %
1.3 Pa 48 +1 % 46 *1 % 611 %

B. Film texture, microstructure, and morphology

Figure 6 shows the 8-28 X-ray diffractograms of TiN films deposited in deMS discharge for different
gas mixtures at pressures of 0.4 and 1.3 Pa. All films exhibited characteristic.diffraction peaks corre-
sponding to polycrystalline TiN with a cubic (NaCl-type) structure. At 0.4 Pa, the thin films exhibit a
mixed orientation with the (111) and (200) planes. Other planes with negligible intensities were de-
tected and are not shown here. At 0.4 Pa, we observed that the (111) and\(200) planes co-existed, but
the peak corresponding to the (200) planes was highly dominant.’At.1.3 Pa, we observed that the (111)
planes exhibited the highest intensity for all percentages of N investigated. We also observed the
guasi-absence of the (200) planes. The two preferred orientations have different surface energies. In
fact, the family of (111) planes has an atom density greaterthan,.that of (200) planes, thus inducing a
lower surface energy of the (111) planes. Therefore, we can consider that the latter are more stable
and require less energy to be produced than the (200) plane. Thus, the preferred (111) orientation is
the result of deposition under conditions close to equilibrium [6]. Because the TiN films were depos-
ited at ambient temperature and without substrate bias, the texture variation could only be affected
by the energy flux of the arriving species‘and the.chemical composition of the films.
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Figure 6. 6-26 X-ray.diffractograms of TiN films deposited by dcMS as a function of the percentage of N; in the

gas mixture, at p = 0.4 Pa'(left) and 1.3 Pa (right). For films at p = 0.4 Pa— 2 % N the XRD signal was divided
by a factor of 3.

L
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The gas composition and total pressure influence the number of sputtered Ti neutral atoms reaching
the substrate position (figure 3) and substantially affect the energy flux of neutral-sputtered Ti atoms
(figure 5). It should be noted that films with similar chemical compositions have different preferred

Page 12

Page 12 of 18



Page 13 0f 18 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-131985.R2

oNOYTULT D WN =

O 00 N O UL A WN B

orientations. The preferred orientation has been studied in many previous works on dcMS under dif-
ferent energetic ion bombardment conditions [6,35-37], and it is well known that by increasing the ion
energy at the substrate, the preferred orientation switches from [111] to [200]. As shown in figure 5,
at a low pressure (0.4 Pa) we found that the energy flux of the ion contribution towards thesubstrate
is negligible, and the primary deposited energy that can affect the adatom is the energy flux of the
ground state of neutral Ti sputtered atoms. As the switching of preferred orientation from the,[200]
to the [111] one occurs by switching the pressure from 1.3 to 0.4 Pa, we deduce that the energy flux
of the neutral sputtered species (Ti and N) enables the growth of films with [200] orientation. The
(200) preferred orientation is characterized by high hardness compared with the [111] orientation
[7,20].

Using X-ray diffractograms, the (111) and (200) peaks were adjusted using a Lorentzian function, and
the full width at half maximum (FWHM) was determined to estimate the crystallite size based on the
Scherrer formula [38]. The (111) peaks at 1.3 Pa were fitted with two Loréntzian functions because of
the asymmetry on the left of the peak, and the crystallite size was calculated from the FWHM of the
Lorentzian with the highest amplitude. The results are shown infigure 7 (a). There are two groups of
crystallites according to their size. A group of sizes of approximately 184 2 nm corresponding to the
crystallites oriented in the [100] direction normal to the substrate existing in the films at 0.4 Pa. The
second group had a crystallite size of approximately 5.£ 2:nm among the remaining crystallites.
Recently, Viloan et al. [20] reported a high hardness of TiN crystallites with a large crystallite size. This
type of crystallite is obtained when the energy flux of the sputtered neutral is higher than the energy
flux of the ion contribution (figure 5).
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Figure 7. Variations of crystallite size (a) and lattice parameter (b) as function of the percentage of N> in the gas
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Similarly, 'peak fitting was used to calculate the lattice parameter, considering the shift in the
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5923

diffraction angle in the Bragg equation [figure 7 (b)]. This was possible because the calibration of the
XRD instrument was performed using the (004) diffraction peak observed from the Si substrate for all
samples (figure 6). The films deposited at 0.4 Pa exhibit a lattice constant around 4.24 A. The lattice
constant of bulk TiN is 4.24 A in the absence of stress. An increase in the nitrogen rationifn the gas
mixture from 2 % to 5 % induced a slight decrease in the lattice constant from 4.240 A to 4.235A. This
decrease may be related to a slight variation in the concentration of N in the film, which was not
detected by EPMA. However, for the films deposited at 1.3 Pa the lattice parameter was approximately
4.215 A, suggesting the presence of tensile stress in the films. As shown in figure 4pthe energy flux of
sputtered Ti atoms at 0.4 Pa is one order of magnitude higher than at 1.3 Pa/Therefore, the high-
energy flux of Ti atoms seems to allow stress removal in films at low pressures.

AFM measurements were performed to determine the morphology and roughness of the film surfaces
(figure 8). The films deposited at 0.4, 1.3 Pa, and 3 % N with approximately similar thicknesses (~ 2.9
um) were characterized. The film deposited at low pressure exhibited a«very high roughness (RMS
surface roughness = 67 nm). The surface of this film showed large faceted grains, in agreement with
the XRD results. On the other hand, the film deposited at 1.3 Pa show a lower roughness (RMS surface
roughness = 11 nm) and small grains. Once again, the difference inithe film surface morphology may
be explained by the high energy flux of sputtered Ti atoms at 0.4 Pa.

Figure 8. AFM images of the surface of the samples deposited in dcMS, at 2 % N in the gas mixture and p = 0.4
Pa (top) and 13 Pa (bottom).

IV. Conclusion

Themneutral titanium sputtered atoms velocity distribution functions (AVDFs) at the substrate position
were'measured by a tunable diode laser induced fluorescence (TD-LIF) technique in direct current
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1

; 1  magnetron sputtering (dcMS) discharge and correlated to the TiN thin film properties. The measured
4 2  velocity was perpendicular to the substrate (axial velocity in a planar circular magnetron). The flux of
5 3 the sputtered particles was then calculated and correlated with the deposition rate. Their evolutions
? 4  asafunction of the N2 content in the gas mixture are in good agreement. TiN thin films weredeposited
8 5 at0.4and 1.3 Pa, fordifferent gas mixtures Ar/N2close to the conditions where stoichiometric TiN was
?0 6 formed, without bias voltage and heating of the substrates. Their microstructure, texture, and chem-
11 7 ical composition were characterized using X-ray diffraction, EPMA. The films deposited at a low
12 8  pressure (0.4 Pa) show a [200] preferred orientations. For 1.3 Pa, the films weresoriented along the
:i 9 [111] direction and tensile stress was observed. Because the film growth was carried out.without'bias

15 10 and heating of the substrate, we studied the influence of the energy flux (i.e., the product of particle
1611  flux and incident particle energy) of sputtered atoms deduced from TD-LIF measurements on the film
1712 properties. At a relatively low magnetron discharge pressure of 0.4 Pa, we found that the energy of
1913 the ground state of sputtered neutral Ti impinging on the substrate isthigherthan the energy flux of
2014  ionized particles corresponding mainly to Ar*. This high energy flux of sputtered neutral atoms allows
2115 the growth of TiN oriented along the [111] direction. In addition, it allows stréss removal in the films.
2316 At 1.3 Pa where the sputtered atoms energy flux is one orderslower compared to 0.4 Pa the (111)
2417  texture was obtained.
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