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Abstract
A titanium target was reactively sputtered in an Ar/O2 atmosphere by (i) conventional direct
current magnetron sputtering (DCMS), (ii) high-power impulse magnetron sputtering
(HiPIMS), and (iii) bipolar HiPIMS (BPH) discharges for the deposition of titanium dioxide
thin films without intentional heating and biasing. In the HiPIMS and BPH cases, the peak
current density was set to either 0.32A cm−2 or 0.86A cm−2. The time-averaged power density
delivered to the plasma was set to ≈1.2 Wcm−2 in each case. For the BPH discharge, a positive
pulse of +300 V was applied after the negative pulse to accelerate the positive ions toward the
substrate. Energy-resolved mass spectrometry analysis has shown a low-energy peak for DCMS
while a high energy tail extending in the range of several tens of eV was observed with HiPIMS.
In the BPH discharge, the energy reached ≈300 eV for Ti+ ions, which is in agreement with the
applied positive potential. According to the x-ray diffraction patterns, amorphous coatings were
obtained with DCMS, while rutile TiO2 was obtained with both HiPIMS and BPH. However, in
the BPH case, diffractograms were characterized by more intense high-angle diffraction peaks
highlighting a modification of the growth process for these conditions. Rutherford
backscattering spectrometry analysis has shown that a higher amount of argon atoms were
incorporated into the TiO2 films which are found to be slightly understoichiometric for the BPH
discharge. It was also found that the refractive index, n, varied as a function of the sputtering
regime with the highest value obtained in the HiPIMS case (n = 2.73 at 550 nm). Finally, the
experimentally determined optical data were compared to the ones extracted from NASCAM
simulations which are found in good agreement except for the BPH case.
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1. Introduction

Titanium dioxide (TiO2) has a wide range of applications in
optics, catalysis or electronics [1–3]. In bulk form, TiO2 is
a polymorphous material existing in three crystalline struc-
tures: anatase, rutile and brookite. Tetragonal structures are
formed for both anatase and rutiles phases, while brookite is
orthorhombic [4]. However, in the form of thin films, only
anatase and rutile structures are usually observed [5].

Anatase TiO2 coatings are synthetized for their interest-
ing properties such as high corrosion resistance and chemical
stability, wide band gap as well as excellent optical transpar-
ency in the visible and near infrared regions [6–8]. The rutile
phase, which is often synthetized at high temperature, typic-
ally above 600 ◦C [4], is mainly used in optical applications for
its high refractive index (2.75 at 550 nm [9]). As the refractive
index varies with wavelength, it might also be influenced by
many other parameters such as the morphology of the film sur-
face (correlated to the thickness), film density or temperature
[6, 10, 11].

More particularly in the case of photocatalytic applica-
tions, the control of the TiO2 crystalline constitution is a
key parameter for improving the efficiency of the photocata-
lytic reaction which is generally limited by the high recom-
bination rate of photoinduced electron–hole pairs [3, 12].
In this regard, a film composed of ≈60% anatase and
≈40% rutile exhibits optimal performances (50% improved
photo-reactivity) as compared to pure anatase as shown by
Su et al [13].

The deposition of TiO2 films by means of physical vapor
deposition (PVD) techniques has been demonstrated in numer-
ous studies [9, 14–17] showing that the process paramet-
ers such as pressure, gas mixture, magnetic field config-
uration, power delivered to the plasma, etc influence the
film growth and consequently the film properties. Numerous
authors [18–22] have shown that replacing the direct current
(DC) plasma source by a high-power impulse magnetron sput-
tering (HiPIMS) one, allowing to deliver at the cathode short
electrical pulses with very high power density, dramatically
changes the film density and phase constitution since the ion-
ization degree and kinetic energy of the film-forming species
are significantly increased [20]. For HiPIMS discharges, pure
rutile films are generally characterized by larger grains and
smoother films [23] than those for direct current magnetron
sputtering (DCMS) films, while (pulsed) DC magnetron sput-
tering using similar working conditions mainly leads to the
growth of amorphous or anatase films [3, 9, 17]. Furthermore,
in the HiPIMS case, the rutile films can be synthesized without
(post-)annealing treatment [9]. The energy transfer during the
film growth phase is therefore a key parameter for controlling

the structural and optical properties of TiO2 films [16]. Many
contributions can participate to the energy transfer during the
deposition by magnetron-based processes: (primary and sec-
ondary) electrons, heavy particles bombardment (i.e. fast neut-
rals and ions) as well as electromagnetic radiations originat-
ing from the plasma bulk and from the heated target surface
[16, 24, 25].

More recently, bipolar HiPIMS (BPH) started attracting
attention since this technique aims to control the ions kinetic
energy without applying a substrate bias. In the BPH case, the
negative (plasma) pulse, necessary for sputtering and ioniz-
ing the metal atoms, is followed by a positive voltage pulse
to accelerate the positive ions towards the substrate surface
[26]. Plasma diagnostics of BPH discharges [26–32] as well
as the analysis of film properties [33] have been reported in
the literature.

In this study, we chose the reactive sputtering of TiO2

as a model system. High positive voltage was applied at the
cathode (+300 V) during BPH as compared to other works
[31–33]. First, energy-resolved mass spectrometry was carried
out for DC, HiPIMS and BPH plasmas in order to establish the
relationship between the plasma phase and film growth for a
broad range of plasma parameters. Secondly, the deposition
of ≈100 nm thick TiO2 films was carried out for each case
to study how the plasma conditions influence the film proper-
ties (i.e. composition, microstructural and optical properties).
Energy resolved mass spectrometry data were also used as an
input for kinetic Monte-Carlo—based modeling of the film
growth from which the film refractive index was extracted and
compared to ellipsometry results.

2. Experimental setup

2.1. Vacuum chambers

In our study, two different vacuum chambers equipped with
a balanced magnetron source were utilized with the aim to
compare and validate the mass spectrometry results. The first
vacuum chamber (VC1) is a cylindrical stainless-steel high
vacuum chamber, 250 mm in diameter and 450 mm height,
as schematized in figure 1. A dry primary pump producing
a vacuum level of ≈ 10−2 Torr was connected to a turbo-
molecular pump (Edwards nXDS6i 260W) to reach a residual
pressure of≈ 10−7 Torr. The total working pressure was main-
tained at 5mTorr (0.67 Pa) by a closed-loop throttle valve for
all experiments. The Ar (99.999% purity) and O2 (99.999%
purity) gas mixture was introduced into the chamber at total
constant flow rate of 44 sccm by means of a mass flow con-
troller (Brooks Instrument 0154) with a constant ratio O2/Ar
set to 8%. This ratio ensured the poisoned regime to be reached

2

https://doi.org/10.1088/1361-6463/ac118e


J. Phys. D: Appl. Phys. 54 (2021) 415202 M Michiels et al

Figure 1. Schematic views of (a) the PVD process chamber (VC1,
not to scale) and (b) the lab-made half bridge power supply for the
generation of BPH pulses. Pulse width modulation (PWM) is
generated by microcontroller to produce isolated synchronized
signals for driving the insulated gate bipolar transistors (IGBTs). In
HiPIMS mode, only the left arm of the half bridge is utilized. The
numbers correspond to (1) the 100µm in diam. mass spectrometer
orifice, (2) the Ti target, (3) the lines of forces of magnetic field,
(4) the load-lock chamber for sample introduction, (5) the
connection to the substrate holder, (6) the Si substrate, (7) the
substrate holder and (8) the gas inlets. The notations (A) and (C) are
used for anode and cathode, respectively.

whatever theDC,HiPIMS or BPH regime (the transition to this
poisoned regime occurred below 5% in each sputtering regime
in our conditions). A balanced magnetron source, supporting
a 4-inch circular planar Ti target (99.99% purity), was placed
at the bottom of the vacuum chamber with the substrate loc-
ated in front of the target, 80 mm above. The substrate holder
was electrically grounded in all experiments for the sake of
comparison. The ≈100 nm thick films were deposited onto
low resistivity single crystal silicon wafers (5× 10−3 Ω·cm,
< 100> orientation). Dust from the substrate surface was
removed using a spray of dry air.

The second vacuum chamber (VC2), a six-way cross-
shaped stainless-steel (400 mm long with ISO200-K flanges)
chamber, was mainly dedicated to complementary mass
spectrometry measurements. A residual pressure of 5× 10−7

Torr using a turbo-molecular pump (500 l/s Pfeiffer Vacuum)
was reached. After gas introduction using Bronkhorst mass
flow meters, the working pressure was fixed to 5mTorr using
a high vacuum gate valve. The flow rates were tuned to 40

Figure 2. General voltage (black curve) and current (blue curve)
waveforms during the BPH discharge. A voltage drop exists during
the negative pulse which is induced by series resistors as shown in
figure 1(b). The peak power value at the end of the negative pulse is
≈33 kW (grey curve).

and 3.5 sccm, for Ar and O2 respectively, ensuring a constant
ratio O2/Ar of 8%. The circular balanced magnetron (2 inches
ONYX from Angström science) was equipped with a 3 mm
thick Ti target.

The films were deposited in VC1 using two peak cur-
rents, i.e. 26 and 70A. In order to obtain energy-resolved
mass spectrometry measurements in VC2 matching with the
plasma deposition conditions implemented in VC1, the plasma
analysis measurements were carried out in VC2 by applying
a peak current density identical to the one applied in VC1,
namely JP1 = 0.32A cm−2 (corresponding to IP− = 26A in
VC1) and JP2 = 0.86A cm−2 (corresponding to IP− = 70A in
VC1). In the DCMS case, an Advanced Energy MDK 1.5 K
power supply was utilized in VC1 while a Kurt J. Lesker
PD500X3 was utilized in VC2. In both HiPIMS and BPH
cases, a lab-made power supply more precisely described in
the next section was utilized.

2.2. HiPIMS and BPH plasma source

The electronic circuitry shown in figure 1(b) was based on a
half bridge topology allowing short bipolar high-power pulses
to be generated at the cathode (labeled C on the figure). The
time-evolution of the cathode voltage, cathode current and
power supplied to the plasma in our conditions are shown in
figure 2. It is important to note that 2Ω resistors were utilized
for limiting the peak current flowing through IGBTs resulting
in an ohmic voltage drop as observed during the negative pulse
(black curve in figure 2). In our study, the negative pulse dur-
ation was fixed at 20µs and the pulse repetition frequency and
discharge voltage were modified independently (see table 1).
In VC1, the DC average power was fixed at 100W correspond-
ing to the power density on the target surface of≈1.2W·cm−2.
In the HiPIMS and BPH cases, the time-averaged power, Pav,
(varying from 100 to 150 W) was calculated with a 40 ns time
resolution using equation (1).

Pav =
1
T

ˆ T

0
uc(t) · ic(t)dt (1)
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Table 1. Main electrical parameters used in this work for film deposition in VC1 and for discharges operated in the poisoned regime
(0.66 Pa and 8% of O2).

U− (V) U+ (V) IP− (A) JP(A·cm−2) f (Hz) Pav (W)

DCMS — — — 3.5 × 10−3 — 100
HIP26A 670 0 26 3.2 × 10−1 505 106
HIP70A 870 0 72 8.6 × 10−1 143 115
BPH26A 670 300 26 3.2 × 10−1 505 145
BPH70A 870 300 70 8.6 × 10−1 143 150

where T is the pulse repetition period in HiPIMS or BPH
regime, uc(t) and ic(t) are the instantaneous cathode voltage
and current, respectively (see figure 2).

It has to be mentioned that, for the BPH discharges in VC1,
the power fraction delivered to the plasma during the positive
pulse was≈40% resulting in the increase of the average power
in this case (i.e. 150W) while the power fraction was≈27% in
VC2. Note that Pav was varied by ±5% during the deposition
time.

A wide bandwidth 1 MHz Tektronix TCP303 Hall effect
current probe combined with a TCPA300 amplifier was con-
nected to a Tektronix DPO4034 digital oscilloscope to meas-
ure the discharge current while the discharge voltage was
measured with a Tektronix high voltage probe P5100. It
is important to note that the discharge voltage was meas-
ured directly at the cathode and short oscillations at the
beginning of both negative and positive voltage pulses were
observed. These oscillations, however, did not affect the res-
ults described in this work.

In the HiPIMS and BPH cases, the samples were called
HIP26A, BPH26A, HIP70A, and BPH70A, with the num-
bers corresponding to peak current values during the negat-
ive pulse, IP− = 26A and IP− = 70A, respectively. For clarity,
this notation was utilized in the rest of the paper while fur-
ther information about the definition of BPH parameters can
be found elsewhere [30]. In the BPH case, the delay between
the negative and the positive pulses, τ±, was fixed at 10 µs and
the positive pulse width, τ+, was fixed at 250 µs. For HIP26A
and BPH26A, the value of the negative voltage, U−, was set
to 670 V while for HIP70A and BPH70A, U− = 870 V, as
summarized in table 1.

2.3. Plasma diagnostics

In VC1, the relative ion density in the magnetron discharge
was measured by a differentially pumped HIDEN Analytical
HAL 7 EQP100 energy-resolved mass spectrometer enabling
ion energy scans from 0 to 100 eV in 0.05 eV/charge steps. The
electrically grounded extraction orifice, 100µm in diameter,
was located at 160mmabove themagnetron cathode on its axis
of symmetry, i.e. 80 mm away from the position of substrate
holder.

In VC2, the energy resolved mass spectrometer (Hiden
Analytical, EQP1000) enabling ion energy scans from 0 to
1000 eV faced the magnetron center at a distance of 90 mm
whereas a 200µm grounded orifice was used. An auto-tune
procedure was performed for each species [34, 35] in different

eV/charge steps (i.e. 0.1, 0.2 and 0.4 for DCMS, HiPIMS, and
BPH cases respectively) in order to adjust the different internal
parameters of the mass spectrometer and to optimize the signal
intensity.

2.4. Film characterization

The film morphology was observed using a field emission gun
scanning electron microscope (FEG-SEM Hitachi SU8020).
The electron accelerating voltage was kept constant at 3 kV
and a secondary electron detector allowed the sample morpho-
logy to be observed.

The surface roughness was measured by Tapping Mode
atomic force microscopy (AFM) with a Mutlimode 8 from
Bruker, equipped with a Nanoscope V controller and using
etched Si probes from Nanosensors (reference PPP-NCHR).

The film thickness was determined by contact profilometer
(Veeco 150 Dektak apparatus) from which the deposition rate
was calculated as summarized in table 2.

The phase constitution of the samples was analyzed by
grazing incidence x-ray diffraction (GIXRD) using a PANalyt-
ical Empyrean diffractometer working with Cu Kα1 radiation
(λ = 0.1546 nm) in grazing configuration with an incidence
angle of 0.5◦. The x-ray source voltage was fixed at 45 kV and
the current at 40 mA. Diffraction data post-treatment was car-
ried out using commercial Panalytical Highscore software for
phase identification as well as for crystal average size (D) cal-
culation based on the Scherrer equation:

D=
λ ·K

β · cos(θ)
(2)

where λ is the wavelength of CuKα radiation, K is the particle
shape factor, β is the full width at half maximum of the intens-
ity peak and θ is the Bragg angle.

The elemental composition was obtained by Rutherford
backscattering spectrometry (RBS). Each sample was ana-
lyzed using an alpha beam at 3.05 MeV for sensitivity to oxy-
gen content. The spectra were collected by two passivated
implanted planar silicon detectors at 135◦ and 165◦ and recor-
ded using MPA3. The detectors were calibrated using three
incident energies ranging from 2 to 3.05 MeV using a SnO2

standard glass. The electronic calibration as well as the ratio
between the solid angles of these detectors were determined
by fitting those calibration spectra with DataFurnace [36]. All
the spectra were acquired on the same location on the sample
and were fitted self-consistently with DataFurnace, using the
stopping power provided by SRIM database (www.srim.org)
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Table 2. Metal-ion to gas-ion ratios and effective ion mean energies calculated on the actual discharge parameters. The deposition rates RD
calculated using profilometer data (expressed in nm.min−1) and RD calculated using RBS data (expressed in at.cm−2.s−1) in DCMS,
HiPIMS and BPH regimes are shown.

Ti+

Ar+
Ti+

Ar++O+ ⟨ϵAr+⟩ ⟨ϵTi+⟩ ⟨ϵO+⟩ ⟨ϵAr2+⟩ ⟨ϵTi2+⟩ ⟨ϵO2+⟩ RD RD
(%) (%) (eV) (eV) (eV) (eV) (eV) (eV) (nm.min−1) (1014at .cm−2 .s−1)

DCMS 0.2 0.2 1.4 6.4 5.4 4.1 11 10.9 0.78 1.67
HIP26A 26 5.8 3.3 7.2 7.6 10.9 12.3 15.7 0.55 1.22
HIP70A — — — — — — — — 0.21 0.56
BPH26A 0.4 0.3 226.2 203.3 132.5 528.3 460.0 53.9 0.49 1.22
BPH70A 7.5 2.7 279.1 184.2 164.6 582.6 500.0 67.3 0.19 0.52

as well as the evaluated cross-section functions available on
the SigmaCalc [37] website (http://sigmacalc.iate.obnisk.ru/).
Additionally, the film density was derived from the RBS data
combined with the film thickness (see section 3.3).

The complex refractive indices of the samples were determ-
ined from spectroscopic ellipsometry measurements per-
formed at two incidence angles (70◦ and 75◦) with a rotating
compensator spectroscopic ellipsometer (from J A Woollam
Co. Inc. M2000x), measuring in the visible wavelength
range (450–750 nm). The analysis software used was Com-
pleteEASE 5.04, also from J A Woollam Co., Inc. The data
analysis was done by creating a basic 3-layers model (Sicr:
crystalline silicon substrate; SiO2: native silicon oxide layer;
TiO2) using CompleteEase database values for the Si sub-
strate, SiO2, and pure TiO2 (Cody-Lorentz oscillators) and
then allowing the software to simulate the best fit parameters
for each layer.

Kinetic Monte Carlo simulations were performed with the
NASCAM software package as described in detail by Tonneau
et al [38]. The relative number of atoms and ions coming to
the substrate, as extracted from mass spectrometry measure-
ments for different deposition conditions, served as input data
for those simulations finally allowing the computation of the
microstructure and refractive index of the TiO2 coatings.

3. Results and discussions

3.1. Energy-resolved mass spectrometry

In the present work, two different vacuum chambers were used
at the same pressure and average power (the power density
was≈1.2 W·cm−2) because, as explained in the materials and
method section, the VC2 was equipped with a mass spectro-
meter that enabled detecting ions with kinetic energies up to
1000 eV. In VC1, the energy-resolved mass spectrometer was
limited to 100 eV which is not sufficient when, during a BPH
process, U+ is set above +100 V and/or if multiple charged
ions must be detected. The Ar+, Ti+ and O+ ion energy dis-
tribution functions (IEDFs) obtained in both vacuum chambers
are given in figure 3.

Despite the absolute values of the mean energies, energy
maxima and ion counts (extracted from the IEDFs) were
not identical (see supplementary materials, available online
at stacks.iop.org/JPD/54/415202/mmedia), the evolution of
the IEDF of Ar+, O+ and Ti+ ions was qualitatively very

Figure 3. Time-averaged MS measurements of Ar+, Ti+ and O+

between 0 and 100 eV in first (VC1, left column) and second (VC2,
right column) vacuum chamber in the DCMS (a), (e), HiPIMS (b),
(f) and BPH (c) and (d), (g), (h) discharges. The change in IEDF
shape can be related to the distance between target and mass
spectrometer head (160 mm for VC1 and 90 mm for VC2).

similar when going from the DCMS regime to the BPH regime
whatever the data were acquired in VC1 or VC2 (in the
0–100 eV range). Indeed, in DCMS and HiPIMS regimes, typ-
ical features of the IEDFs can be found in figures 3(a), (e) and
3(b), (f), respectively. In the BPH case (see figures 3(c), (g) and
3(d), (h)), however, an important part of the metal ion popu-
lation was accelerated to higher energy corresponding to U+.
This explains why the decrease of the Ti+ signal intensity (see
red curves) is observed with BPH in the 0–100 eV range as
compared to the HiPIMS case [28]. This mass spectrometry
study demonstrates that the IEDFs acquired in the VC2 can be
used for discussing the evolution of the properties of the films
deposited in VC1 in DCMS, HiPIMS and BPH regimes.

The time-averaged Ar+, Ar2+ , Ti+, Ti2+ , O+ and O2+

IEDFs measured in VC2 are given in figure 4 for the studied
discharges. From these measurements, the ion population as
well as the population ratios of Ti+/Ar+ and Ti+/(Ar++O+)
were calculated by integrating the measured IEDFs while the
average ion energy ⟨ϵ⟩ was determined using the equation (3)
below:

⟨ϵ⟩=
´∞
0 ϵF(ϵ)dϵ´∞
0 F(ϵ)dϵ

(3)
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Figure 4. Results of the time-averaged MS measurements in VC2
for Ar+, Ar2+ , Ti+, Ti2+ , O+ and O2+ in the DCMS
(a), (e), HiPIMS (b), (f) and BPH (c) and (d), (g) and (h) discharges.
For better visibility, the energy scale of the DCMS (a), (e) and
HiPIMS (b), (f) conditions has been adapted in (i), (k) and (j), (l),
respectively.

where ε is the ion energy, F(ε) is the measured IEDF for either
Ar+/2+, O+/2+ and Ti+/2+.

In the DCMS and HiPIMS cases, the Ar+ and Ti+ time-
averaged IEDFs exhibited energy tail extending up to≈20 eV
(DCMS) and≈30 eV (HiPIMS) [39] (figures 4(a) and (b) or (i)
and (j)) while, as expected, these values were higher for double
charged ions, i.e.≈32 eV for Ar2+ ions (DCMS) and≈40 eV
for Ar2+ and Ti2+ ions (HiPIMS) (figures 4(e) and (f) or (k)
and (l)). However, the energy tail of the O+ IEDFs exhibited
much higher values, up to ≈30 and ≈70 eV in DCMS and
HiPIMS regimes, respectively.

The time-averaged IEDFs in reactive unipolar HiPIMS
regime are widely reported in the literature [23, 39–41], such
IEDFs present a high-energy tail generally extending up to
several tens of eV. On the other hand, in the BPH case, a sig-
nificant amount of single and double charged ions were detec-
ted and the IEDFs exhibit very high energy population (up to
900 eV) as shown in figures 4(g) and (h). Such observation
was also recently reported by Keraudy et al [28]. More par-
ticularly, the IEDF of Ar2+ ions displayed consistent features
as compared to Ar+ (figures 4(c) and (d)), i.e. a low-energy
peak 0–40 eV followed by a pronounced high-energy com-
ponent which peaks at≈600 eV for Ar2+ ions. This behavior
was similar for Ti2+ ions. It has also to be mentioned that the
Ti2+ and O2+ signal intensities were found to be significantly
lower than the Ar2+ one.

In addition, the Ti+/Ar+ ratio was equal to ≈0.2% in the
DCMS case (see table 2). In the HIP26A discharge, the ratio

Ti+/Ar+ was much higher (≈26%) which is a typical fea-
ture of this regime [20] while it drastically decreased for the
BPH26A discharge (≈0.4%). Hence highlighting the predom-
inance of gaseous ions detected at the mass spectrometer loc-
ation in the BPH case (see black curves in figures 4(c) and (d))
as compared to the metal ion (red curves) resulting in a signi-
ficant part of the energy supplied to the growing film by (fast)
argon ions. Note that the Ti+/[Ar++O+] ratio exhibited the
same behavior as shown in table 2. To get further insight into
the variation of the ion fluxes in the BPH case as compared to
the unipolar HiPIMS case, the ratio R of the total ion count
(calculated by integrating the IEDF over the entire energy
range), RBPH/HiP, has been calculated using equation (4):

RBPH/HIP =

´∞
0 ϵFBPH(ϵ)dϵ´∞
0 ϵFHIP(ϵ)dϵ

(4)

where ε is the ion energy and F(ε) is the measured IEDF.
From equation (4), in the BPH26A discharge, we found

RAr+ = 470 for Ar+ ions, RO+ = 7 for O+ ions and RTi+ = 3
for Ti+ ions. Hence, as the fraction is greater than one, it can be
understood that applying the positive voltage, U+, increases
the metal and gaseous ion flux reaching the mass spectro-
meter orifice in the BPH discharge as compared to the HiPIMS
case. Moreover, it could be speculated that the high value of
RBPH/HIP for Ar+ ions could be attributed to an enhancement
of the ionization degree of the argon gas, i.e. available in very
large quantities in the plasma volume, due to electrons which
are returning back to the cathode at the moment of positive
voltage ignition as well as the presence of high kinetic energy
ions of any nature (see figure 4).

Additionally, increasing the discharge peak current in the
BPH case decreases the average energy ⟨ϵ⟩ of the metal ions
(≈10%) highlighting energy losses during the transport in
the plasma phase. As discussed in our previous paper [30]
in the metallic regime, these energy losses could be attributed
to the angular distribution of the sputtered species in highly
energetic regime [42] affecting the transport and detection of
the charged species by the grounded head of the mass spectro-
meter.

The averaged kinetic energies, ⟨ϵ⟩, calculated using
equation (3) for the various plasma ions probed in this study
are reported in table 2 showing that ⟨ϵ⟩ for gas and metal ions
are consistent with the literature when comparing DCMS and
HiPIMS discharges [39]: ⟨ϵTi+⟩ slightly increased from 6.4 to
7.2 eV. In the BPH case, U+ dramatically increases the aver-
age energy of single and double charged ions ranging from
132 to 280 eV and 54 to 583 eV, respectively, as shown in
table 2. On the other hand, the maximum energy of gaseous
ions in BPH discharges (higher than the corresponding U+)
can be partially explained by the overvoltage, approximatively
500 V as shown in figure 2, appearing during a short time at
the moment when U+ is applied at the target resulting in an
energy shift toward higher values.

In addition, the contribution of the high energy popula-
tion to the total ion account is presented in table 3 hence
highlighting a substantial fraction of gas ions (mainly argon)
accelerated with U+ correlating well with the observations of
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Table 3. High energy ion population (200–400 eV) on the total ion
flux (0–600 eV) ratio calculated for both BPH condition with
U+ = 300 V.

Ar+200−400 eV

Ar+ (%)
Ti+200−400 eV

Ti+ (%)
O+

200−400 eV

O+ (%)

BPH26A 66 65 43
BPH70A 93 59 53

Viloan et al [32] who studied the reactive sputter deposition
of TiN. Concomitantly, sputtered material can be accelerated
and transported radially away from the cathode and lost to the
walls [43] resulting in the slight decrease (from 65% to 59%)
of the high energy Ti population on the total Ti flux ratio as
shown in table 3. Likewise, due to the increase of the aver-
age ion energy in the BPH case, the radial acceleration of a
higher amount of charged species during τ+ could affect the
deposition rate as discussed in the next section.

3.2. Deposition rate

The absolute static deposition rates RD, defined as the thick-
ness of deposited film per time unit [44] are summarized in
table 2.

In the DCMS case, RD = 0.78 nm·min−1 whereas, with
HiPIMS, RD was lowered at the same average power to 0.55
and 0.21 nm·min−1 in the HIP26A and HIP70A discharges,
respectively. Such decrease being consistent with the unipolar
HiPIMS literature [44–46]. In the BPH case, however, RD is
further reduced by ≈10% as compared to the HiPIMS case.
Similar behavior was observed if RD is divided by the power
applied to the discharge which was not exactly 100 W for
BPH plasma (not shown here). In addition, it is shown that the
deposition rates extracted fromRBSmeasurements (expressed
in atcm−2·s−1) feature the same trend to those calculated from
mechanical profilometer data (see table 2).

It is known that the deposition rates achieved in HiPIMS
discharges are typically a fraction of those achieved during
DCMS [20]. In the case of reactive sputtering of TiO2 from
a Ti target, a large disparity in the HIPIMS-to-DCMS depos-
ition rate ratio can be found in the literature [47, 48], typically
from 0.3 to 1.2. Regarding the BPH discharges, few deposition
rate values [31, 33] were reported. For instance, RD appeared
to decrease (≈15%) by increasing the positive reverse voltage
U+ (from 0 to 200 V) as observed by Velicu et al [31] dur-
ing BPH operation mode. Considering the densification effect
of the deposited thin films due to high energetic bombard-
ment, the total deposition flux at the substrate was estimated
to remain constant whatever the value of the positive tar-
get voltage. These authors concluded that the gravimetric
deposition rates remained nearly unaffected by the increase of
the positive target voltage. On the other hand, the deposition
rates of Cu films across the center-line length of a rectangular
Cu target were studied by Wu et al [33]. They showed that
the increase of U+ and τ+ can improve RD (≈10%) as com-
pared to the unipolar HiPIMS regime but with values still
lower than for the corresponding DCMS case. Finally, a small

Figure 5. Grazing incidence x-ray diffraction patterns of ≈100 nm
thick TiO2 films grown on silicon substrates for various sputtering
plasmas: (a) DCMS, (b) HIP26A, (c) HIP70A, (d) BPH26A and
(e) BPH70A. The break in the x-axis is made to avoid displaying the
intense diffraction line coming from the silicon single crystal used
as substrate.

(≈15%) decrease of RD was indicated by Viloan et al [32] as
U+ increases from 0 to 150 V. The main part of this decrease
occurred already when applying +10 V. Large disparities
of RD in the BPH case are found from these various reports,
involving different materials and deposition conditions. On the
other hand, it is generally admitted that bombarding growing
films by high energy ions (i.e. with kinetic energies higher than
200 eV) is usually not recommended for thin film deposition,
since film re-sputtering and subsequent drop of RD become
probable.

3.3. Film properties

As discussed in section 3.1, the contribution of the high energy
species could result in modification of the microstructure,
texture and surface morphology as reported in several pub-
lications [15, 49, 50]. In this regard, the GIXRD patterns of
≈100 nm thick TiO2 films grown at 5mTorr on silicon wafers
are shown in figure 5.

The TiO2 film grown in DCMS regime was amorphous
(figure 5(a)) while the GIXRD patterns corresponding to the
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Figure 6. SEM micrographs showing surface roughness of TiO2

films deposited on silicon substrates in DCMS (a), HiPIMS (b) and
BPH (c) and (d) regimes.

samples grown with HiPIMS (see figures 5(b) and (c)) exhib-
ited an intense (110) rutile peak at the angle of 27.9◦. Weaker
rutile peaks could also be observed in the angular range 35◦–
42◦. For both BPH samples (see figures 5(d) and (e)), however,
high intensity peaks appeared at 63.2◦ and 66.2◦ which could
be attributed to the rutile (002) and (221) peaks, respectively,
while the (110) peak is absent suggesting that the nucleation
and growth of TiO2 films were affected by the deposition con-
ditions [14]. The enhancement of high angle peaks could be
related to (argon) doping effects which could greatly influence
the growth orientation as similarly observed by Xu et al [51]
in the case of N-doped TiO2 coatings. Nevertheless, further
investigations are required to obtain a deeper understanding
of the film growth in BPH regime.

On the other hand, the sputtering regime also affects the
TiO2 film topography as shown in figure 6. Operating at low
ion energies, as in the DCMS case, leads to rather porous
films (figure 6(a)) whereas energetic ion bombardment dur-
ing the film growth promotes denser films with smoother sur-
faces [50] (figures 6(b)–(d)). Indeed, in this case, impinging
ions have enough energy to enhance adatom mobility, lead-
ing to the densification of the material as discussed by Anders
[52].

In addition, the RMS roughness of our films was stud-
ied by AFM and the data are summarized in table 4 for
1 × 1µm2 scan windows. The highest value of RMS rough-
ness (12.85 nm) was found for the DCMS sample which is
typical for low energetic deposition conditions while lower
and similar values (≈1.4 nm) were found for the HIP26A,
HIP70A and BPH26A samples, considering the experimental
error. Furthermore, in the BPH70A case, the RMS roughness
was slightly decreased (0.78 nm) showing that intense and
energetic ion bombardment may promote very low film sur-
face roughness which can be related to re-sputtering of the

Figure 7. SEM micrographs showing fractured cross section of
TiO2 films synthesized in DCMS (a), HiPIMS (b) and BPH (c) and
(d) regimes. Thicker TiO2 films of ≈430 nm (a), ≈290 nm (b),
≈310 nm (c) and ≈140 nm (d) synthesized in the same plasma
conditions are shown.

growing TiO2 surface [53, 54] while, at the same time, the
crystallite size increased from ≈3 to ≈10 nm (see table 4).
Additionally, the cross sectional SEM micrographs of thicker
TiO2 films synthesized in the same conditions support the
notion of microstructural densification of the films with ener-
getic plasma conditions (figure 7). Such a microstructural
change can be explained by the intensified ion-induced adatom
mobility and suggests a transition from zone T (DCMS film)
to zone 2 (HiPIMS films) to reach zone 3 in the case of BPH
depositions, as referred to the structure zone diagram [44].

Besides, the film density as well as the density of defects
in the material (e.g. the incorporation of argon in the film)
may be modified if high energy Ar+ ions impinge on the
film surface [55]. RBS data given in table 5 show that lar-
ger amounts of argon atoms were incorporated in the depos-
ited layer in the BPH case (≈2.5%) as compared to HiPIMS
(≈0.1%–0.4%) and DCMS (≈0.01%) regimes. These results
are in line with the presence of highly energetic argon ions in
the plasma phase [31] highlighted by our mass spectrometry
measurements (see section 3.1).

From these RBS data, the film density, D, was determ-
ined using equation (5) by summing the Ti, O and Ar ele-
mental densities (other detected elements were not considered
because of the low content in the film) as:

D=
∑
el.

TRBSM
NATF

(5)

where TRBS is the equivalent thickness (expressed in thin film
units, i.e. 1015 at cm−2), M is the atomic mass (expressed in
amu), NA is the Avogadro number, TF is the film thickness
measured by Dektak profilometer.
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Table 4. AFM RMS roughness, average crystallite size, refractive index at 550 nm measured by spectroscopic ellipsometry and porosity
calculated from ellipsometry data of amorphous and rutile TiO2 films deposited by DCMS, HiPIMS or BPH. AFM images are available in
the supplementary materials.

Phase Thick (nm) Rough (nm) Cryst. size (nm) n550 Ellip. por. (%)

DCMS Amorp. 106 ± 2 12.85 ± 0.07 — 2.41 —
HIP26A Rutile 111 ± 4 1.37 ± 0.25 3.6 2.53 29
HIP70A Rutile 98 ± 3 1.48 ± 0.12 2.7 2.73 17
BPH26A Rutile 109 ± 2 1.27 ± 0.34 10.7 2.49 31
BPH70A Rutile 121 ± 11 0.78 ± 0.38 9.9 2.60 23

Table 5. Chemical composition of TiO2 films deposited on silicon wafers measured by RBS analysis. Thin film unit (TFU) corresponds to
1015 atoms cm−2. The film density, D, was determined from RBS measurements by summing the Ti, O and Ar elemental densities.

Ti (TFU) O (TFU) Ar (TFU) Ti
O (%) Ar

Ti + O (%) Density (g·cm−3)

DCMS 272 604 0 45 ± 3 0.0 ± 0.0 3.6 ± 0.1
HIP26A 325 659 4 49 ± 2 0.4 ± 0.0 3.9 ± 0.1
HIP70A 282 621 1 45 ± 2 0.1 ± 0.0 4.0 ± 0.1
BPH26A 273 561 23 49 ± 2 2.7 ± 0.3 3.5 ± 0.1
BPH70A 324 626 24 52 ± 3 2.6 ± 0.2 3.6 ± 0.3

It was found that, as reported in table 5, D = 3.6 g cm−3

for the amorphous DCMS sample which is typical of low
energetic conditions. This DCMS density value was lower
than the ones of the rutile HiPIMS samples (D = 3.9 g cm−3

and D = 4.0 g cm−3 for HIP26A and HIP70A, respectively),
closely matching the reported density of bulk rutile TiO2 [56]
(4.17 g·cm−3). In the BPH case, the film density was lowered
as compared to the HiPIMS samples for both BPH conditions
(3.5 and 3.6 g cm−3 for the BPH26A and BPH70A samples,
respectively).

In addition, the Ti/O ratio was also calculated from RBS
measurements (see table 5). The latter was not significantly
affected by U+ in the case of the BPH26A discharge (Ti/O =
0.49 in both HiPIMS and BPH cases) while this ratio seems
to increase in the BPH70A discharge (considering the error
bar), as compared to the HiP70A case, from 0.45 to 0.52 which
could be explained by the re-sputtering of the deposited mater-
ial during the deposition process [57] and in particular the pref-
erential sputtering of O atoms as calculated in figure 8. The
latter displays the sputter yields of a thin (100 nm) TiO2 layer
bombarded by energetic Ar and Ti ions as calculated by the
Monte-Carlo-based TRansport of Ions in Matter [58] (TRIM)
code. The ≈7 eV ions produced in DCMS and HiPIMS plas-
mas (figure 4) do not cause any sputtering of the film whereas,
in the BPH regime, re-sputtering by both Ar and Ti incident
ions become probable as the average ion energy is dramatic-
ally increased in this case. Consequently, due to the preferen-
tial sputtering of oxygen, the TiOx film grown under BPH70A
conditions appears to be under-stochiometric (TiO1.9) in com-
parison to the other conditions (TiO2.0− 2.2). Concomitantly,
the re-sputtering of the growing film in the BPH70A discharge
leads to reduced film deposition rate, as previously discussed
and presented in table 2.

This study highlights the effect of an intense ion bombard-
ment during film growth on the crystalline constitution, film
morphology and density which ultimately may modify the

optical characteristics of the TiO2 coatings, the latter being
analyzed by ellipsometry in the next section.

3.4. Optical properties

The refractive indices of the TiO2 films at λ= 550 nm, denoted
as n550, were evaluated from spectroscopic ellipsometry
measurements and summarized in table 4. The optical thick-
nesses of the TiO2 layers corresponded to those measured by
Dektak mechanical profilometer. The thickness of the SiO2

underlying the TiO2 coating varied from 13 to 18.2 nm.
We found that, at λ = 550 nm, the refractive index corres-
ponding to the DCMS coating (n = 2.41) was below those
measured for the HIP26A (n = 2.53) and HiP70A (n =
2.73) deposited films, such behavior being consistent with
the literature [7, 9, 59, 60]. However, the refractive index was
slightly decreased for both BPH samples as compared to the
HiPIMS samples, i.e. n = 2.49 for the BPH26A sample and n
= 2.60 for the BPH70A sample.

It is known that the refractive index can be influenced by
the film thickness as well as the density of pores within the
films [6]. On the other hand, trapping of the sputtering gases
in growing films [61] (as observed in section 3.3) can also res-
ult in the decrease of the refractive index as observed by Wei
et al [62]. It has to be mentioned that the refractive index at
λ = 550 nm of TiO2 thin films is generally found between
n = 1.7 and n = 2.7 [2, 60] while n = 2.849 was repor-
ted by Tanemura et al [63] for RF-MS deposited rutile TiO2

films, such value being explained by the fine crystallinity of
the samples. Accordingly, the porosity P of our films was cal-
culated using the following equation [64]:

P=

(
1− n2c − 1

n2d− 1

)
× 100(%) (6)
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Figure 8. Sputter Yields calculations of a 100 nm thick TiO2 layer
using TRIM software. The presented values are calculated for Ar
(solid circles) and Ti (solid squares) incident atoms as a function of
their average energy.

where nd is the value obtained for a rutile TiO2 single crystal
[65] (nd = 2.95 at λ= 550 nm) and nc is the measured refract-
ive index of the TiO2 film.

Unipolar HiPIMS regime promotes lower film porosity
(P ≈ 17%) as reported in table 4. In the BPH case, however,
the porosity increased to P ≈ 31% with BPH26A and P ≈
23% with BPH70A. This behavior was found to be in good
agreement with the film density values calculated from RBS
measurements as reported in table 5. Moreover, as shown in
figure 9, a qualitative correlation is established in the variation
of the refractive indexmeasured by spectroscopic ellipsometry
(blue curve) and the density of the TiO2 films (red curve) cal-
culated from RBS measurements.

The increase in porosity observed under high energetic
deposition conditions could be attributed to the formation
of defects, e.g. vacancies resulting in the shift in stoi-
chiometry and maybe others [66], as discussed in section 3.3
(the Ti/O ratio in the film being equal to 52% for the
BPH70A condition), this hypothesis nevertheless requires fur-
ther investigations. In our conditions, the amorphous, colum-
nar and porous DCMS film is characterized by the lowest
refractive index while the low porosity of the HiPIMS coatings
results in the highest refractive index (n= 2.73 at λ= 550 nm).
Furthermore, the BPHfilms are characterized by lower refract-
ive indices as compared to the HiPIMS ones which is mainly
attributed to the incorporation of argon within the films and
other defects. In the next section, the properties of virtual films
modelized by kinetic Monte Carlo calculations, through the
NAnoSCAle Modeling (NASCAM) code, were compared to
the experimentally grown films.

3.5. NASCAM modeling

The mass spectrometry results summarized in table 6 served
as input data for kinetic Monte Carlo-based simulations per-
formed with the NAnoSCAle Modeling (NASCAM) code.

Figure 9. Refractive indices, n (solid blue squares), of 100 nm thick
TiO2 coatings measured at λ = 550 nm by spectroscopic
ellipsometry and calculated ones, nmodel (empty blue squares), using
NASCAM software package (based on the Bruggeman effective
medium theory). The density of TiO2 films (solid red triangles),
extracted from RBS measurements, is shown as well as the reported
(calculated) density values of bulk rutile TiO2 [65] and amorphous
TiO2 [68].

Knowing the ion fluxes reaching the substrate (see section 3.1),
it was nevertheless necessary to estimate the flux of Ti and O
neutrals to the substrate. In this regard, based on kinetic the-
ory of gases, the oxygen flux was calculated assuming fully
thermalized particles. The energy and velocity distribution of
Ti neutrals was also calculated at the substrate position con-
sidering collisions of Ti atoms with the plasma gas on their
path from the target to the substrate. Such distributions were
calculated thanks to the SIMTRA code [67] (data not shown)
considering the deposition geometry used in this study. If the
ionization rate is known for one of the species, then one can
link the flux of neutrals to the fluxes of ions. It was assumed
that the ionization rate of Ti was equal to 0.1 for DCMS dis-
charge and about 0.8 for HiPIMS discharge as measured by
Konstantinidis et al in previous works [69] resulting in the rel-
ative amount of Ti atoms and Ti ions shown in table 6.

The substrate size was 100 × 10 atomic cells and the total
number of deposited atoms were about 1.0× 106 in order to
obtain≈100 nm thick films. In the BPH case, NASCAM sim-
ulation highlighted the role of Ar flux causing sputtering and
densification of the film (see table 6) resulting in a total num-
ber of deposited atoms up to 1.2× 106 for the HiPIMS/BPH
discharges.

The optical properties of the coatings were calculated based
on the Bruggeman effective medium theory allowing the com-
putation of the refractive index at λ = 550 nm of the TiO2

coatings, nmodel, as shown in figure 9. The nmodel values were
compared to the refractive indices measured by spectroscopic
ellipsometry. Note that, as the NASCAM code can only sim-
ulate amorphous coatings, one cannot expect significant dif-
ference in the optical properties of the TiO2 films simulated
in both HiPIMS and BPH cases. Nevertheless, we found at
λ = 550 nm, nmodel= 2.53 and n = 2.41 for the DCMS
case, this later value being slightly higher than the literature
values (≈2.2–2.3 [9, 70]). In the HIP26A case, nmodel= 2.59
and n= 2.53, such values being close and consistent with
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Table 6. Relative amount of atoms and ions coming to the substrate for different deposition conditions (calculated from the metal-to-gas
ratios shown in table 2). The relative TiO2 film densities calculated using NASCAM package are also shown.

Ti Ti+ O+ Ar+ Rel. dens. value

DCMS 1 0.11 23.1 46.3 0.8
HIP26A 1 4 53.6 15.4 0.97
BPH26A 1 4 238 1052 1.0
BPH70A 1 4 94.8 53.3 1.0

the literature [9]. In the BPH case, nmodel value was found
to be the highest (nmodel = 2.96) while, contrariwise, it is
the HiPIMS film that exhibits the highest measured refractive
index.

The significant increase of nmodel in the BPH case can be
correlated to the increase of the calculated density of the BPH
films (see table 6). In contrast, the measured densities of the
HiPIMS samples are clearly higher than those of the BPH
samples (see red solid triangles in figure 9) resulting in the
decrease of n for the BPH samples (see blue solid squares in
figure 9). This highlights that the film density is a key para-
meter regarding the variation of the measured and simulated
refractive indices in the present study. On the other hand,
because NASCAM cannot simulate argon trapping properly,
this might also explain the high nmodel calculated for the BPH
discharges as compared to the measured refractive indices, n,
correlating well with the study of Wei et al [62] who observed
a decrease in the refractive index for several lithium niobate
samples due to argon implantation.

Consequently, the experimentally measured refractive
indices are in good agreement with the simulated ones, excep-
ted for the BPH case which is mainly explained by the signi-
ficant amount of trapped argon atoms inside the film for this
particular condition.

4. Conclusion

TiO2 films were deposited in a broad range of discharge con-
ditions including DCMS, HiPIMS and BPH processes and a
detailed plasma and thin film characterization was carried out.
From the data presented in this work, several conclusions can
be drawn.

It is found that the crystalline constitution of the TiO2

films is intimately correlated to the plasma discharge char-
acteristics and energy supplied to the growing film. Our data
show that the phase constitution evolves from amorphous, for
the coatings synthesized by DCMS, to pure rutile films in
the case of HiPIMS discharge. Ultimately, the x-ray diffrac-
tion pattern of the rutile films is characterized by the pres-
ence of peaks at higher angles for the highly energetic BPH
case. Beside crystalline constitution, film morphology, dens-
ity, and surface roughness also vary. Furthermore, in the case
of the BPH process with+300 V positive voltage applied after
the negative pulse, argon trapping in the layer becomes sig-
nificant, and a slight increase of the Ti/O ratio is observed.
Cross sectional SEM observation of the films deposited in
this condition appears to demonstrate the formation of dense

structures with low surface roughness. Nevertheless, ellipso-
metric investigations show that low porosity films synthetized
under HiPIMS condition exhibit the highest refractive index
(n = 2.73 at λ = 550 nm) while it is found to be lower with
the BPH process.

Finally, NASCAM modeling predicts that the films virtu-
ally deposited under BPH conditions should have the highest
density because of the intense ion bombardment. Ultimately,
re-sputtering of the film occurred therefore promoting a lower
deposition rate. This behavior was in good agreement with
experimental observations. We have also shown that refract-
ive indices were strongly dependent on the synthesis method
and energy supplied to the growing film.

This study further contributes to a comprehensive under-
standing of the correlation between the process parameters,
the plasma phase, and the film properties. Our results highlight
the importance of tailoring the discharge electrical parameters.
Finally, it should also be mentioned that a well-studied mag-
netic geometry combined with finely tuned electrical paramet-
ers can improve the deposition rate and other films properties.
This topic is of a particular interest for bipolar magnetron sput-
tering and will be studied in the near future.
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