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Abstract

In the present work, we investigate amorphous Ta;O3 films prepared using dif-
ferent magnetron sputtering techniques at a constant average power but under
various power delivery conditions in the context of their application as high
index material in optical coatings. We used a broad range of pulse frequen-
cies and pulse durations, discharge voltage and current levels. This allowed
us to systematically assess the effect of the specific deposition conditions on
the growth characteristics, surface morphology, as well as on the optical and
mechanical properties. In particular, we show that the HiIPIMS-deposited films
exhibit enhanced properties such as low surface roughness (~ 0.2 nm), low resid-
ual stress (~ —50 MPa), high refractive index (nsso ~ 2.22) and high hardness
(~ 7.8 GPa). Some of these properties are found to be comparable with the val-
ues reported for fully dense thermally-grown films. The presented observations
are discussed in terms of energetic conditions at the substrate level.
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1. Introduction

High power impulse magnetron sputtering (HiPIMS) is a physical vapor de-
position (PVD) technique providing high ionization of the sputtered material
available for the deposition process [1]. HIPIMS discharges were found to be ben-
eficial in the deposition of single-layer, multilayer and nanocomposite protective
coatings [2], and in substrate pre-treatment for adhesion enhancement [3]. More
recently, HIPIMS has also been used in the preparation of various transparent
metal oxides [4-14], of which many have shown improved characteristics.

For instance, in the context of optical coating applications, NboO5 [14] and
Al; O3 [13] films grown by HiPIMS have exhibited higher refractive indices than
those fabricated by other PVD techniques, as well as moderate internal stresses
(lower than 150 MPa). More specifically, HiPIMS-deposited TiO2 films were
found to possess a higher film density and a higher refractive index in compar-
ison to those obtained by direct current magnetron sputtering (DCMS) [5, 11]
and pulsed-DCMS (PDCMS) [6], due to promoted growth of the rutile phase.
Other reported advantages of films prepared by HiPIMS include a lower surface
roughness [5, 7, 8] and, in the case of transparent conductive oxide (TCO) films,
a lower resistivity [8, 9]. In addition, it has been documented that under certain
conditions the HiPIMS process may be hysteresis-free [10, 13, 14], and can reach
comparable or higher deposition rates than DCMS [4, 5, 13] or bipolar pulsed
DCMS [7].

Despite the steadily increasing number of encouraging observations for HiP-
IMS deposited films, a systematic comparison of the overall coating performance
with respect to the traditional deposition techniques such as DCMS and PDCMS
is still missing. In the present work, we perform a rigorous investigation of the
characteristics of TagOg coatings prepared at a constant average power density
(11 W/cm?) but under various discharge conditions produced using HiPIMS,
PDCMS and DCMS power supplies. We then discuss the evaluated deposition
rates, surface morphologies, and optical and mechanical properties of this high

refractive index metal oxide in the context of its use in optical interference coat-



ing systems. Finally, we propose an interpretation of the results based on the

plasma characteristics and the energetic conditions at the substrate level.

2. Experimental details
2.1. Deposition system and fabrication conditions

All experiments were performed in a pilot vacuum deposition system consist-
ing of a turbomolecularly pumped 7001 stainless steel chamber equipped with
a circular 10 cm diameter magnetron (ONYX-4 HP, Angstrom Sciences Inc.)
facing the substrate holder. The magnetron was loaded with a tantalum target
(99.95 % purity) and was powered by either (i) a Solvix HiP? power supply that
can be operated either in DC or HiPIMS mode, or (ii) a RUBIG Micropulse
MP 120 pulsed DC power supply. In the HiPIMS mode, the HiP? generator
can operate in a frequency range from 5 Hz to 1kHz at a voltage pulse duration
between 10 us and 400 ps, and with a maximum voltage and peak current of
1000V and 600 A, respectively (5kW maximum output power). The MP 120
power supply can deliver pulses 4 us to 1000 us long with a repetition frequency
ranging from 1kHz to 50 kHz and with a maximum voltage and peak current of
1000V and 120 A.

The specific experimental conditions used in this work are listed in Table 1,
together with the most important discharge characteristics of the respective de-
positions. In essence, we decreased the signal duty cycle from high to low values
(DCMS: 100 %, PDCMS: 25 %, and HiPIMS: 5% and 1%) while increasing the
pulse cathode voltage (Ug, from 510 to 860 V) in order to keep the average
power density constant (Py, = 11 W cem™2). This resulted in a ~100 times in-
crease in the peak current density (Jc, from 0.02 to 1.70 Acm~2) and a ~150
times increase in the peak power density (Pqap, from 0.01 to 1.46 kW cm™2).
The PDCMS discharge frequency was set to 10kHz, which corresponds to a
mid-frequency pulsed process. A lower frequency was used in HiPIMS (50 Hz
and 1kHz) in order to maintain the pulse length in the 100 s range. Such
a pulse length is necessary in order to fully develop the high plasma density

discharge and to operate it in a hysteresis-free sputtering regime [14].
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We carried out the experiments at two different working pressures, i.e.
0.25 Pa and 0.80 Pa, in order to evaluate the effect of this parameter on the
deposition rate and on the TayO5 film properties. The gas flow ratios were kept
constant at a given working pressure (Oz/Ar = 0.4 at 0.80 Pa and Oz/Ar = 1.7
at 0.25 Pa), and were specifically chosen to ensure good discharge stability while
providing enough oxygen to produce transparent stoichiometric coatings by
the two studied discharges. The base pressure in the chamber was less than
5 x 10~* Pa prior to depositions.

The Tay O3 films were deposited on both B270 glass and crystalline Si <100>
substrates positioned at a distance of 15cm from the target. No external heat-
ing or biasing was used and the substrate holder was maintained at floating
potential. Deposition time was adjusted depending on the discharge conditions

in order to keep the film thickness nearly constant at 1 um =+ 20 %.

2.2. Discharge and film characterization

Waveforms of the target voltage, Uc, and of the instantaneous cathode cur-
rent, Ic, were monitored by a Tektronix P6015A voltage probe and a Pearson
301X current probe, respectively, and recorded by a Tektronix DP0O3014 digital
oscilloscope. The average target power density, Py,, was then calculated as:

Tc
Py, = f/Ac ; Uc(t)Ic(t) dt, (1)
where f stands for the pulse repetition frequency, Ac for the cathode area
(Ac = 78cm?), t for time and T¢ for the pulse duration during which the
cathode current has a non-zero value. For experiments performed in the DCMS
mode, the target voltage, current and power were directly obtained from the
readout of the DC power supply.
In a similar fashion, the ion flux arriving at the substrate was evaluated by

measuring the average current density at the substrate holder, Jg,, as:

Ts
Jsa = f/AS A IS(t) dtv (2)



where Ig is the instantaneous current through the substrate holder shielded by
a mask with an opening of known surface, Ag = 4cm?, and Tg is the pulse du-
ration during which the substrate current is positive. During the measurements
of ion current density, the sample holder was biased to —100V by a DC power
supply (AE Pinnacle 6 kW) in order to suppress the flow of plasma electrons.

Optical characterization of the films was performed using a variable angle
spectroscopic ellipsometer (RC2 instrument from J. A. Woollam Co.). Ellipso-
metric angles were measured at five angles of incidence (from 55° to 75° in 5°
increments) with wavelengths ranging from 193 to 1690 nm. The ellipsometric
data were then analyzed by the CompleteEASE software (J. A. Woollam Co.),
allowing us to determine both the thickness, d, and the refractive index, n, of the
studied films. The dispersion curves of the TayO5 material were modeled using
the Tauc Lorentz equation [15]. Complementary absorbance measurements were
performed with a Lambdal9 double beam spectrophotometer (Perkin Elmer).

The film surface morphology was characterized by atomic force microscopy
(AFM) using a Veeco Dimension 3100 instrument.

The hardness of the Tas O3 films was evaluated by depth-sensing indentation
(Hysitron Triboindenter) using a diamond tip of Berkovich geometry. The load
function used for these indentations was trapezoidal with a 5s loading segment
followed by a 2s holding segment, and finished with a 5s unloading segment.
The data were analyzed using the Oliver and Pharr methodology [16]. Prior to
testing, the tip geometry and system compliance were calibrated using a fused
silica standard and, before each indentation, the drift of the system was mea-
sured (typically less than 0.1 nm/s) and subtracted from the acquired data. In
order to isolate the coating properties from the influence of the substrate, the
hardness was evaluated as a function of depth in accordance with ISO standard
14577-4. Therefore, each coating was indented by five repetitions of a 5x5 in-
dentation array with a spacing of 20 ym between indentations. The indentation
load within each array was decreased incrementally from a maximum of 10 mN
for the first indentation down to 0.1 mN for the last.

Finally, the internal stress of the coatings was evaluated by measuring the



curvature of rectangular Si strips (10x 50 mm?) before and after film deposition
in a stress measurement apparatus (Tencor FLX-2900). The value of the internal

stress was calculated from the radius of curvature using the Stoney relation.

3. Results and discussion

The dependence of deposition rate (r) as a function of U¢ is shown in Fig. 1a.
At p = 0.80Pa, all pulsed discharges exhibit a lower r compared to the DCMS
discharge (rpems = 8.2pum/h). The lowest r (about 25% of rpoms) is ob-
served for the HIPIMS 50Hz discharge, which presents the highest instantaneous
plasma density. There are several phenomena that can be responsible for this
effect [19-22]: (i) loss of the sputtered material via ionization and subsequent
back-attraction towards the target, (ii) less-than-linear dependence of the sput-
tering yield on the energy of bombarding ions, and (iii) modified target-substrate
transport geometry. At p = 0.25Pa, the deposition rate in the DCMS mode
is twofold lower (rpcms = 4.0 pm/h) but still higher than that in the HiPIMS
mode (rgipims = 3.1 um/h). We believe that the drop of r in the DCMS mode
is actually related to the higher Oy/Ar flow ratio employed at that pressure,
which causes the target to enter the poisoned mode. On the contrary, these gas
conditions seem to increase r in the HIPIMS mode, possibly due to a combina-
tion of self-cleaning effect at the target [14] and better material transport from
target to substrate related to lower number of collisions in the gas phase [23]. It
is also worth mentioning that the deposition rate can be significantly enhanced
in the HiPIMS process by optimizing the magnetron’s magnetic field strength at
the target surface, as shown in our previous work [22]. In fact, it was previously
documented that r of reactive HIPIMS can be comparable or even higher than
that obtained with other frequently used PVD techniques operated at identical
average current [5], or power [4, 7, 13].

In parallel to the deposition of TayOs5 coatings, we have characterized the
ion flux at the substrate holder for all pulsed discharges. Knowing the deposi-
tion rate, we could then determine the instantaneous ion to film-atom ratio, as

plotted in Fig. 1b. (The DCMS values were estimated to be in the range of one
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Figure 1: a) Deposition rate, b) ion to film-atom arrival ratio at the substrate level, ¢) surface
roughness, d) index of refraction at 550 nm, e) hardness, and f) residual mechanical stress of
TazOs5 films as a function of the cathode voltage. The circle and square symbols stand for
experiments at p = 0.80 Pa and p = 0.25 Pa, respectively. Each data point in figures a), d), e)
and f) represents the average of measurements performed on three to four samples deposited
using the same experimental conditions but during separate experiments, except for DCMS
at p = 0.25Pa representing two experiments only. The refractive index of thermally-grown
amorphous TapOs films is indicated for comparison [17, 18].



percent based on various references [24, 25].) The relatively high values of this
ratio for HIPIMS discharges are not surprising, as suggested by previous exper-
imental work on non-reactive HiPIMS process [22, 26, 27]. In fact, the average
ionized fraction of sputtered metal in the flux onto the substrate can approach
unity for certain materials, as indicated by modeling [19]. However, the exact
role of the individual ionized working gas species (Art, Ot and OF) has not
been assessed at the moment. Higher energy per condensing atom brought by
ions increases the film density which directly affects the film roughness, refrac-
tive index and hardness discussed below.

RMS roughness decreases substantially with Uc, as shown in Fig. 1c, where
one can observe a direct correlation with the ion to film-atom ratio at the
substrate (Fig. 1b). This is believed to be the case since as the actual discharge-
driving voltage increases, condensing film atoms receive greater energy due to
the localized heating provided by a higher portion of the incoming ions (in-
cluding the ionized film atoms themselves). Consequently, these adatoms have
higher surface mobility to find more energetically-favorable position on the un-
derlying surface that maximize the number of bonds with their neighbors and
thus minimize the resulting surface roughness.

TasO5 coatings prepared at p = 0.80 Pa present increasing refractive index
values at 550 nm (2.18 < ns50 < 2.20) versus Ug, as determined by ellipsometry
(Fig. 1d). At p = 0.25Pa, the refractive index of the HIPIMS deposited films
is further increased up to 2.22. This value is significantly higher than those
reported for TasOs films prepared by both low- and high-energy PVD and
plasma-based techniques, such as electron-beam evaporation (nsso = 2.07) [28],
plasma enhanced chemical vapor deposition (PECVD) (2.12 < ns59 < 2.16) [29],
dual ion beam sputtering (DIBS) (2.13 < nss0 < 2.16) [30], or pulsed laser
deposition (PLD) (ng33 = 2.18) [31]. In fact, only thermally-grown amorphous
TasO5 films seem to possess comparable refractive index values: ns14 = 2.25 [17]
and ngzz = 2.20 [18], as compared to nz14 = 2.24 and ngzz = 2.20 obtained in
this work. This observation suggests that these films are exceptionally dense,

because of a more intense ion bombardment related to increased Ug and due to



the reduced energy losses through collisions in the gas phase.

In order to verify that the observed elevated values of n cannot be ascribed to
differences in the evaluation methodology, we measured by ellipsometry a refer-
ence TayOj film fabricated by DIBS and we analyzed it using the same optical
model as for the other films. The result of the analysis confirmed a low re-
fractive index value (ns50 = 2.15), in accordance with the previously published
results [30]. It should be emphasized that all deposited films were optically
transparent with extinction coefficient values lower than our instrument detec-
tion limit (K < 107* at 550nm), as confirmed by absorbance measurements.
In addition, none of the investigated films exhibit open porosity, as verified by
dynamic ellipsometry measurements performed with an environmental chamber
under different dry and humid conditions (not shown here).

In Fig. le, we present the measured film hardness (H) values which vary from
7.45 GPa to 7.76 GPa and which present low standard deviations between 0.4
and 1.2%. In a similar trend as that observed for the refractive index (Fig. 1d),
H increases with Ug and the lowest value is obtained for the DCMS deposited
films at 0.25 Pa while the highest value for the HiPIMS deposited film using
50Hz at 0.25Pa. The similarity between refractive index and hardness trends
suggests, as stated previously, that the film density increases with Uc and that
it is highest in the case of the HiPIMS film using 50Hz at 0.25Pa. In fact,
the increase of film hardness with packing density has been previously observed
by several authors, most notably by Wang et al. [32] for aluminum oxide films
fabricated by PECVD. They attributed a decrease in density to gas entrapment
or microvoid creation both of which can contribute to a decrease in measured
hardness such as that observed in this work.

Fig. 1f shows the dependence of the in-plane mechanical residual stresses ob-
tained from profilometry measurements versus Uc. All the measured stresses
were found to be compressive and the HiPIMS- deposited films display signifi-
cantly lower residual stress than those prepared by DCMS and PDCMS. When
comparing the DCMS and the HiPIMS 50 Hz modes, the stress reduction is
as high as 60% at both pressures of 0.80Pa and 0.25Pa. This might look

10



unexpected at first sight. Indeed, most of the ions arriving at the substrates
during HiPIMS pulses possess energies ranging from 0 to 100eV with a max-
imum below 10eV [27, 33]. The impact of ions within this energy range as a
rule generates compressive stresses due to the surface atoms being subplanted
within the growing film [34]. Nonetheless, it has been observed that a small
portion (< 1%) of highly energetic particles (hundreds to thousands e€V) may
induce localized long-living thermal spikes in the film, leading to stress relief
through atomic rearrangement towards the configuration of lowest bonding and
strain energies [34, 35]. This effect was in particular illustrated for amorphous
carbon films [35] and amorphous NbyOs films [30, 36]. Such high-energy parti-
cles might be recoiled Ar neutrals originating from ions accelerated towards the
target which get neutralized upon impact [24, 37]. They could also be nega-
tive O~ ions generated at the cathode surface and accelerated outwards by the
potential drop within the cathode sheath. In particular, the presence of high-
energy O~ ions was recently demonstrated in reactive HiPIMS process [11, 12],
with a pronounced effect on the film structure formation in the case of TiO,
deposition [11]. Thus, it can be speculated that the observed stress relief is due

to O~ ions with a possible contribution of the reflected neutrals.

4. Conclusions

The results of this study demonstrate that despite the differences in the PVD
deposition techniques, namely DCMS, PDCMS and HiPIMS, the properties of
TasO5 films prepared at the same average power follow the same tendency of
becoming denser, smoother and less stressed with the increase of the discharge
voltage. The reason for this appears to be the increasingly significant energetic
conditions of the film growth.

In particular, we showed that the HiPIMS-deposited films possess substan-
tially lower surface roughness (~ 0.2nm) and residual stress (~ —50 MPa), an
indication of the synergistic effect of energetic bombardment by both low-energy
and high-energy particles. Moreover, we observed that the films prepared by
high plasma density HiPIMS discharges operated at a low repetition frequency

11



(f = 50Hz), a low working pressure (p = 0.25Pa), and a high Oy/Ar gas ratio
exhibit refractive index and hardness values (nss0 ~ 2.22, H ~ 7.8 GPa) compa-
rable to those obtained from thermally-grown oxides. The latter results reveal
a very dense, yet relaxed microstructure, which should ensure excellent optical
and mechanical stability for these coatings.

Finally, it is worth mentioning that the trends presented here for TasOj films
prepared by either HiPIMS or other discharge regimes are comparable to those
of NbyOj films investigated in our previous work [14]. This finding suggests
that the positive effects of the HIPIMS process on the resulting film properties
may also be expected for other amorphous metal oxide materials as well, making

them highly suitable for optical coating applications.
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