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ABSTRACT

Gas flow sputtering is a sputter deposition method that enables soft and high-rate deposition even for oxides or nitrides at high pressure (in the
mbar range). A unipolar pulse generator with adjustable reverse voltage was used to optimize thin film growth by the hollow cathode gas flow
sputtering system. In this regard, we describe our laboratory Gas Flow Sputtering (GFS) deposition system, which has been recently assembled
at the Technical University of Berlin. Its technical facilities and suitability for various technological tasks are explored. The first experimental
efforts are presented by the example of TiOx films on glass substrates obtained at various deposition conditions with forced Argon flow. The
influence of pulsing parameters, power, and oxygen gas flow on the plasma generated is studied. The films were characterized by ellipsometry,
scanning electron microscopy, x-ray diffraction, and x-ray reflectivity. Optical Emission Spectroscopy (OES) was also used to characterize
the remote plasma, and the substrate temperature was measured. The pulsing frequency (f) is a significant factor that provides additional
substrate heating by about 100 °C when the plasma regime changes from f = 0 (DC) to 100 kHz. Such a change in frequency provides a
significant increase in the OES signals of Ti and Ar neutrals as well as of Ti* ions. With pulsed operation at high power, the GFS plasma is
capable of heating the glass substrate to more than 400 °C within several minutes, which allows for crystalline anatase TiOy film deposition
without external heating. For deposition below 200 °C substrate temperature, low power DC operation can be used.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0148807
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I. INTRODUCTION

The hollow cathode discharge has been known since 1916,
when Paschen investigated it as a UV-light source and found that
the thus generated plasma is characterized by high electron flux
and low temperatures of neutrals and ions.! Later, this technology
was used for the activation of evaporation and, finally, as a sput-
tering deposition technique.” Gas Flow Sputtering (GFS) has been
intensively developed since the 1980s by several groups in parallel.
Special attention has been drawn to this technique owing to the high
ionization degree of plasma and, at the same time, the low energy
of its species. These factors together secure high deposition rates
under soft growth conditions.”" Compared to magnetron sputter-
ing, GFS has the following advantages: (i) low process vacuum in the

mbar range and, consequently, cheaper machinery; (ii) stable reac-
tive process due to spatial separation of sputtering and reactive gases;
and (iii) relative compositional freedom (variable doping, mag-
netic materials, gradient oxynitrides, complex oxides as delafossites,
and composite films). Additionally, this method combines physical
vapor deposition (PVD) and plasma enhanced chemical vapor depo-
sition (PECVD) processes in a single system that allows the in situ
production of nanocomposite thin films.” A thorough investigation
of titania nanocomposite films for photocatalytic applications was
the subject of the European project NANOHAP several years ago.’
Titania films deposited by various sputtering techniques were inves-
tigated and evaluated extensively over the years.” ' In this sense, it
is a good material to compare and assess any different or modified
approach to sputtering. The GFS method, with its high deposition
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rate and thermalized state of plasma, usually results in films with
insufficient optical application density but useful catalytic poros-
ity. The use of reverse (positive) voltage (Uy.,) pulses can decrease
the negative charging of the substrate surface and provide intensive,
low energetic ion bombardment, which enhances diffusion. In this
work, we investigated how variable reverse voltage influences the
microstructure, crystallinity, and optical properties of titania films.
Our small GFS system is equipped with the modern 10 kW Tru-
Plasma power generators (Hiittinger GmbH), which allow us to set
Urey from 0 to +100 V with a frequency up to 100 kHz and a pulse
time of 2 ys. Optical emission spectroscopy (OES) analysis was also
performed to characterize different plasma conditions and engage
these data with the properties of titania films.

1. DESCRIPTION OF THE GFS SYSTEM

Figure 1 shows the opened vacuum chamber (75.3 dm? in vol-
ume and 55 cm in diameter) of the GFS deposition system used in
this work.

The substrate holder has an argon gas supply (behind) and a
coaxial reactive gas inlet (in front); see also Fig. 11. Tubular targets
have a 60 mm length, a 50 mm outer diameter, and a 40 mm inner
diameter. It must be conductive, in the simplest case—metallic,
which is far more affordable in such a form than ceramic ones.
Therefore, in most cases, the deposition of oxides requires a reac-
tive process. The inlet of reactive gas is outside the sputter-source
(see Fig. 11), which prevents interaction with the target surface if
a high enough argon flow is ensured. Our system has the follow-
ing choice of reactive gases: Oz, N>, and the forming gas Ar/Ho.
This choice allows depositing oxygen free metal films, oxides with
variable oxygen stoichiometry, oxynitrides, nitrides, and films with
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gradient composition. The reactive gas may also be used as a carrier
for the desirable admixing of suitable vapors. In this way, a water
vessel is connected via a needle valve to the oxygen line to obtain
films of such materials as In,O3:H (IOH).!? Another available option
in our GFS system is the precise feeding of, e.g., tetramethylsilane
(TMS) vapors. The decomposition of this compound in the reac-
tive zone may provide Si-doping or the incorporation of Si/SiOx
nanoparticles into the depositing films, increasing their resistance
to corrosion.”””"” Moreover, the target may be assembled from dif-
ferent segments. In this way, doped or complex oxides as well as
composite films can be deposited. For example, ten small, 0.1 mm
thick rings correspond to ~1.8 % impurity incorporation at the same
sputtering rate.'® These features enable exceptional compositional
freedom.

The substrate holder is movable, which enables execution of
(i) substrate pre-treatment in the pre-treatment section and Ar pre-
sputtering for target conditioning; and (ii) deposition in stationary
or dynamic oscillating regimes. Substrate pre-treatment may include
(i) heating from both sides (back and front) and (ii) plasma etch-
ing by applying a bias voltage to the substrate holder. In both cases,
various gases (Ar, N, O, and Ar/H;) can be fed through the pre-
treatment section. Two temperature-controlled heating units are
used for substrate heating. One unit is placed behind the substrate on
the substrate holder, and a second unit is placed in the pre-treatment
station to enable both-side substrate heating. Before deposition, the
substrate-to-source (ds;) distance can be set in the range of 1.5, .. .,
and 4.5 cm by positioning the sputter source. A variation of other
deposition parameters is given in Fig. 1(b).

Real-time control of the hardware components, setting of the
deposition parameters, and creation of the process recipes are con-
ducted using a programmable logic controller-based control cabinet
(GHS Prozeflautomation GmbH'”). The communication between

(b)

substrate
(5 x 5 cm2; T,; 25-600°C)
distance
reactive gas 4 plasma I (1.54.5 cm)
Inlets .
(5-250 sccm)
cooling |
hose
pulsed reverse
target — voltage
(cathode) (10|-100 kHz
‘ I 10-100 V)
) power
argon inlets > f ' (50-1500|W)
(250-5000 sccm)

wall ?
(anode)

FIG. 1. (a) Top-view photo of the GFS deposition chamber with the following main units: 1—sputter-source with the tubular target inside; 2—linearly movable (path is shown
by an arrow) substrate holder; and 3—treatment station with gas supply and splitter. The letters “H” denote the infrared heating units, and the “PJ” points at a painted plasma
jet, representing its approximate look. Sputter-sources can be set at different distances from the substrate holder, as shown by a double arrow. (b) Schematic representation

of the GFS deposition process in cross-section.
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hardware and software occurs via PROFIBUS,'® which works as a
parallel rail. A baud rate in this case does not allow detecting and
managing arc-events on a sub-microsecond scale. A special arc-
management routine patented (EP2026376A) by Hiittinger GmbH
is realized via the PVD-Power software, which includes a digital
oscilloscope and trend features. Two unique features, namely vari-
able reverse voltage, adjusted to 100 V, and complex arc recognition,
are shown in Fig. 2.

Setting the reverse voltage (Uye) for a short moment relieves
the positive charging of the target. Furthermore, the ion bombard-
ment of the substrate is enhanced during such an operation. This
enhances, in turn, the range of set parameters within which the
process remains stable.

Arc recognition occurs in three possible routines. The current-
based detection reacts when the output current exceeds the user-
defined Inmax-threshold. The dU-detector works when the output
voltage starts falling faster than the user-defined voltage change.
And finally, the cross U x I observation of voltage and current acts
when either output voltage or current goes beyond the user-defined
thresholds.

Once an arc has been detected, the output power is switched
off. At the same moment, the time controller and the break time
counter are initiated. After a break, the shut-down signal is released,
and output power returns to its previous setting value with a ramp,
which is programmable. The detection time is assuredly less than
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FIG. 2. Unique features of the TruPlasma power supply: (a) example of
an adjustable reverse voltage in a pulse-mode: reverse (positive) voltage
Urev =100V, frequency f = 10 kHz, and pulse time t = 10 us; and (b) arc-detection
and handling at DC operation, dU criterion alarm. The plots are printed from the
digital oscillography screens and adopted.
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100 ns, and the switch-off time does not exceed 300 ns. Usually, at
an arc-accident, the output voltage drops much faster than the out-
put current increases, which is why the dU criterion allows detecting
arcs at a very early stage. As a result, powerful arc-management
allows for the stability of the deposition process even with the steady
occurrence of micro-arcs.

Ill. INVESTIGATION OF THE GFS PLASMA

Our deposition process may be presented as shown in Fig. 1(b),
where a glow discharge with a high plasma density appears inside
the tubular hollow cathode (target) as a result of applying a negative
voltage to it. Langmuir probe measurements revealed plasma den-
sity in the order of 10'* cm™ at the substrate position.'” Sputtered
atoms are transported from the inner surface to the remote sub-
strate with laminar argon flow. At the outlet, the pressure drops, and
a stagnation point over the substrate is created. Grazing flow over
the substrate forms a diffusion layer with a stable concentration gra-
dient for the species being deposited. High process pressure (mbar
range) stipulates small mean free path values (mm range) for the gas
species. Multiple collisions provide high ionization and thermaliza-
tion degrees in the GFS plasma. A reactive gas can be added outside
the hollow cathode and react at the substrate surface with the sput-
tered material. More details on the ranges of deposition parameters
are shown in the figure. The plasma parameters [piw: = 0.34 mbar,
q(Ar) = 1000 SCCM, and q(O,) = 80 SCCM] for titania films were
chosen based on previous expertise.””"*!

A. Heating of the substrate surface by GFS plasma

Since thermalized GFS plasma may transform thermal energy
into a substrate, we estimated its impact. No intentional heating was
used. In our work, substrate temperature (Ts) was measured using
the thermal profiler SuperM.O.L.E.® Gold 2 (Electronic Controls
Design, Inc., USA). Three type K thermocouples were sequentially
placed on a substrate as shown in Fig. 12(b) and measured T’ in par-
allel. The thermocouples were fixed using special thermal grease.””
Since the temperature steadily increased during the first deposition
minutes [Fig. 12(a)], its value was fixed 6 min after plasma ignition.
Figure 3 shows T measured depending on plasma conditions and
glass thickness for two different discharge powers. Two different
glass types were taken: 3.1 mm thick low-iron soda lime glass type
Diamant (Saint-Gobain Glass, Germany) and 0.7 mm thick borosili-
cate glass Eagle XG (Corning, USA). As one can see, higher discharge
power causes a higher surface temperature. Thinner glass is heated
to generally higher surface temperatures. A high pulsing frequency
is a factor in providing a stronger thermal impact. This circumstance
is also known in the literature.”

The temperature of the substrate surface determines lateral
diffusion during deposition, which in turn depends on plasma
conditions (total pressure, power generation).

Heat accumulates on the surface via (1) condensing parti-
cles transferring both kinetic and potential energy; (2) bombarding
species (ions, electrons, and neutral atoms); and (3) positive ions
recombining with electrons at the surface.”

As shown in Fig. 12(a), substrate temperature increases rapidly
after the ignition of plasma and, after several minutes, approaches a
limit that corresponds to thermal equilibrium. The temperatures in
Fig. 3 were measured after 6 min of exposure to the GFS plasma.
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FIG. 3. Glass surface temperature in the middle of a substrate depends on the power [(a) and (c)—500 W; (b) and (d)—1000 W], pulsing conditions [DC regime corresponds
to (0; 0)], and glass thickness [(a) and (b)—3.1 mm; (c) and (d)—0.7 mm]. Each T-surface was displayed based on 14 (one at DC and 13 at plasma conditions) measurement
points. For deposition, titanium target with q(Ar) = 1000 SCCM, q(O) = 80 SCCM, and pge, = 0.34 mbar have been used.

The measured temperatures will most probably differ from the
ones on the real surface due to the difference in emissivity between
glass and metal. Still, the gathered values reproduced a difference in
plasma impact itself, especially in cases of more conductive and thick
films (Fig. 3). As one can see, temperatures may vary from ~150°C
to more than 450 °C depending on plasma conditions. In a balanced
magnetron plasma, relatively low substrate heating is explained by
the confinement of the secondary electrons and ions close to the
target.” An unbalanced magnetron plasma heats substrates more
due to the bombardment of the surface by neutral particles and fast
electrons.'”*”"" Still, substrates are usually placed far away from the
target in those processes, and the thermal impact is low. In addi-
tion, the process pressure in magnetron sputtering (MS) is about two
orders of magnitude lower than in GFS. Finally, an impingement
rate (Z) for plasma species is outstanding in the latter case,

_ P

2= —F
V2mmkT

where P is the gas pressure, m is the particle mass, k is Boltzmann’s
constant, and T is the temperature (kinetic energy).”* This, in com-
bination with the transport of plasma (see Figs. 1 and 11) to the very
surface of a substrate, secures far more effective energy transfer as
compared to any other low pressure sputtering technique.”"”'
Recombination of the ion-electron pairs at the substrate surface
and convective substrate heating are the major mechanisms of sub-
strate heating by plasma. In the recombination of an ion-electron
pair, a third body is needed to conserve energy and momentum after
recombination. In a gas phase, threefold collisions are unlikely and,
hence, very rare. In contrast, collisions with any surface (substrate
or wall) represent the predominant mechanism of plasma energy
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losses. According to Kaelber, about 90% of the recombination energy
is transferred to the substrate via such collisions."”” Convection also
plays a significant role since the “fresh” plasma is constantly deliv-
ered to the substrate with a gas flow [q(Ar) = 1000 SCCM] and a
corresponding speed exceeding 1 cm/s.

Radial gas distribution over the substrate stipulates decelera-
tion of the flow. At the same time, plasma energy dissipates. This all
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suggests a lower T at the substrate edge compared to its center, right
in front of the plasma source outlet. We measured the difference
(AT) between the temperature in the middle of a substrate and the
average one for the side points [see Fig. 12(b)]. At 500 W DC power,
AT was found to be around 20 °C for the thick glass and ~50 °C for
the thin one. When DC power increases from 500 to 1000 W, AT
rises for both substrates by about 10 °C. In a pulsed regime, AT gets

TABLE I. The electronic state configurations, wavelengths, and energies of the upper and lower states of the emission lines

are studied in this paper.

Species Wavelength (nm) Energy levels (Ex — E;) Configurations

Argon I 367.52 15.2-11.82 3s23p°(P112)6p-3s23p° (PP112)4s
Argon 419.83 14.58-11.62 3523p°(P312)5p-3523p° (CP32)ds
Argon I 464.75 15.57-12.91 3523p° (P312)9d-3523p> (CP32)4p
Argon 696.54 13.33-11.55 3523p° (PP1j2)4p-3523p° (CP312)ds
Argon I 706.72 13.30-11.54 3s23p° (*P1/2)4p-3s73p° (*P32)4s
Argon I 737.21 14.76-13.08 3523p° (*P3)2)4d-3s73p° (*P312)4p
Argon I 750.39 13.48-11.83 3s23p° (*P1j2)4p-3s73p° (*Py1j2)4s
Argon I 762.89 14.95-13.33 3s23p° (*P1/2)4d-3s73p° (*P112)4p
Argon | 772.38 13.15-11.54 3523p° (*P3)2)4p-3s73p° (*P32)4s
Argon [ 800.62 13.17-11.62 3523p° (P32 )4p-3s23p° (PPy2)ds
Argon [ 810.37 13.15-11.62 3523p° (P312)4p-3s23p° (P2 ds
Argon II 410,39 22.51-19.49 3s*3p*(3P)5s-3s?3p* (3P)4p
Argon 1T 434.81 19.4-16.64 3s*3p*(3P)4s-3s73p* (3P)4p
Oxygen I 777.19 10.74-9.15 25%2p>(*$°)3p-2572p° (*S°)3s
Oxygen I 844.62 10.99-9.52 25%2p>(*$°)3p-2522p° (*S°)3s
Titanium I 318.65 3.89-0 3d*(*F)4p-3d*4s*
Titanium I 363.52 3d?(CF)4s4p('P°)-3d%4s’
Titanium I 364.62 3.40-0 3d?(1D)4s4p(3P)-3d*4s
Titanium I 375.29 3.35-0.047 3d?(*D)4s4p(*P)-3d%4s>
Titanium I 394.87 3.14-0 3d*(“F)4p-3d*4s’
Titanium I 398.97 3.13-0.021 3d*(CF)4s4p(‘P°)-3d%4s”
Titanium I 429.11

Titanium I 452.73 3.55-0.813 3d°(*F)4p-3d° (“F)4s
Titanium I 467.51 3.72-1.07 3d*(*F)4p-3d*4s*
Titanium I 500.72 3.29-0.818 3d°(*F)ap-3d° (“F)4s
Titanium I 502.56

Titanium I 506.21 4.61-2.16 3d*(a*D)4p-3d°(*D?)4s
Titanium I 520.11 4.48-2.09 3d*CCF)4s4p(*P*)-3d%*4s(*F)5s
Titanium I 793.85 3.44-1.88 3d2(*F)4s4p(‘P*)-3d>(*G)4s
Titanium II 263.86 8.54-3.84 3d*(CF)4d-3d*CF)4p
Titanium II 274.65 8.38-3.87 3d*(F)4d-3d*CF)4p
Titanium II 282.13 8.06-3.66 3d*(F)4d-3d*CF)4p
Titanium I 295.2 8.06-3.86 3d2(*F)4d-3d*(F)4p
Titanium II 308.14 7.74-3.72 3d%(*F)5s-3d*CF)4p
Titanium II 322.94

Titanium II 334.37 3.86-0.15 3d?(’F)4p-3d’
Titanium II 348.36 7.87-4.31 3d?(*F)5s-3d*CF)4p
Titanium II 454.4 3.97-1.24 3d?(CF)4p-3d°(*P)4s
Titanium II 465.72 3.90-1.24 3d?(CF)4p-3d°(CP)4s
Titanium II 518.59 4.28-1.89 3d?(CF)4p-3d*(*G)4s
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about 15-20 °C higher than in a DC case. These facts show that the
higher the thermal impact of plasma, the more inhomogeneous the
temperature.

B. Optical emission spectroscopy (OES) analysis

Optical emission spectroscopy (OES) was used to analyze the
emission footprint of our GFS plasma. The FloTron FT-X3 (Nova
Fabrica Ltd., Lithuania) spectrometer with a 200, ..., and 900 nm
spectral range and 1.1 nm spectral resolution was used. Figure 13
shows how the optical probe unit was positioned inside the GFS sys-
tem. An additional argon flow of 50 SCCM was used to save the
optical window from deposition. In the Appendix, the raw OES spec-
tra obtained for the Ti/Ar/O-plasma with (a) DC-power and (b)
distance from nozzle variations are shown (Fig. 14). In all cases,
the probing took place along the imaginable central line of a PJ.
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Comparing oxygen-free plasma with the one containing oxygen as
a reactive gas [Fig. 14(a)], we detect the following differences: The
excitation of argon ions and neutrals is suppressed in the presence
of oxygen (compare spectra in the range of 730-780 nm for neu-
trals and 420 nm for ions). In contrast, Ti-neutrals get more excited
in the presence of oxygen (450-520 nm region). We also detect
excited TiO species and oxygen atoms resulting from secondary
collision events. Since the main material of interest in this work
is titania, we further concentrate on oxygen-containing plasma.
Higher power leads to higher excitation of species and higher ion-
ization intensity [Fig. 14(b)]. Excitation significantly declines with a
backtrack from the target [Fig. 14(c)]. These results agree with the
literature.””

The details of all emission lines found are given in Table I. The
excitation energies for argon (>13.15 eV) and oxygen (>10.74 eV)

(b)
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FIG. 4. 2D representation of plasma composition: Ti (a), Ti* (b), Ar (c), and Titanium to Argon ratio (d) depending on discharge regime. Titaniumsyn includes optically active

Tiand Ti* species, and Argons,m includes Ar and Ar* species.
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atoms are significantly higher than for titanium (>3.13 eV).”

This explains why we detect mostly Ti-lines. The high ionization
energy of Ar-atoms (15.76 eV) stipulates an even higher excita-
tion energy for Ar" ions (>19.4 eV) that cannot be a pproached
in conventional magnetron plasmas.”” Ar-ions form in High-Power
Impulse Magnetron Sputtering (HiPIMS, also known as HPPMS:
High-Power Pulsed Magnetron Sputtering) processes because of the
use of high-power pulses.”

The excitation of crucial species changes depending on f and
Urey parameters, as shown in Fig. 4. It is worth noticing that the
main tendencies are preserved if just the intensities (the amplitudes
but not the peak areas) of the main maxima for each optically active
component are taken rather than the sum of all relevant peaks for
the same. The intensities of the Ti, Ti*, and Ar emission lines boost
stepwise in the pulsed mode with increasing frequency. The same

(a)

ARTICLE pubs.aip.org/aip/rsi

phenomenon was described by Britun et al., where a strong emission
intensity of Tiion lines was observed in HiPIMS discharge compared
to DC magnetron sputtering (DCMS).*’ The reverse voltage affects
emission intensities negligibly.

IV. DEPOSITION OF TITANIA FILMS

Titania films have several electro-optic applications specified by
the material properties, such as refractive index, density, phase com-
position, bandgap, conductivity, and others.” ** We follow in our
development the concept of soft deposition of oxide layers, which
means a low temperature of the substrate, low energy of species
in a gas phase, and low UV irradiation approaching the substrate
surface.
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FIG. 5. Data of ellipsometry for GFS-TiOx layers deposited without intentional heating on glass for 150 s. Thick glass (a) and (b) are compared with thin glass (c) and (d).
Dependence of the real part of refractive index (a) and (c) and thickness (b) and (d).
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TiO; thin films were deposited on glass substrates by the GFS
hollow cathode, using Ar working gas and O, reactive gas. The
Target is made of Titanium (purity 99, 99%). The glass substrates
were cleaned with acetone and then dried with nitrogen gas before
deposition.

Three phenomena and observations were presented: The
dependency of deposition mode (DC and varied pulse), power, and
oxygen flow. The deposition conditions, for titania films were as fol-
lows: q(Ar) = 1000 SCCM (standard cubic centimeter per minute),
q(03) = 80 SCCM, Dy = 1.5 cm, tgep = 150 s, P = 500 W, DC the
Prot = 0.34 mbar, and no intentional heating. Eagle XG glass was used
as a substrate.

To disclose how the optical properties of titania films change
with plasma glowing conditions we used the Sentech Ellipsometer
SE 850 (Sentech, Germany) with a p-spot (which focuses the beam
to 200 ym in diameter at the polarizer unit). The measurements
were conducted at a fixed 70° incident angle in a spectral range of
280-850 nm. The spectra obtained were fit using SpecRay/3 soft-
ware. A detailed description of the optical model used is given in
the Appendix. Based on that, we obtained optical constants (refrac-
tive index n and extinction coefficient k) as well as layer thickness
and an estimation of roughness (effective medium approximation).
For films’ comparison, we took those values at A = 550 nm. X-ray
diffraction (XRD) patterns were acquired in Bragg-Brentano geom-
etry using the D8 Discover (Bruker AXS, Germany) instrument
with Cu K, radiation. A standard set of axial parallel plate colli-
mators, 0.6 mm slits, and the LYNXEYE XE-T detector were used.
Acquisition steps were 0.03°/5 s. The x-ray reflectometry (XRR)
measurements were performed. On the same instrument, using
Gobel-mirrors and slits, 0.2 mm primarily and 1 — 0.6 - 0.2 mm
secondarily were applied for coupled scans with 0.01° and 2 s
acquisition steps.

A. Influence of the pulsing parameters

As shown in Fig. 6, the titania layers’ crystallinity depends on
a pulsing regime. It is worth stressing that no intentional heating
was used. As shown in Fig. 5 thick glass (a) and (b) are com-
pared with thin glass (c) and (d). A dependence of the real parts
of the refractive index (a) and (c) and thickness (b) and (d) on
the pulsing conditions, frequency (f), and reverse voltage (Urev) is
presented.

Pulsing operations result in up to three times thicker titania
layers as compared to DC ones. Generally, a distinctive increase in
films’ thickness was detected for both thin and thick glass when f
increased. On the other hand, the refractive index remained almost
unchanged in the case of thick glass and became higher in the case
of thin glass substrates. This can be explained by a higher tempera-
ture in the latter case. The value of reverse voltage has no valuable
influence on the film thickness, but it enlarges the refractive index of
titania films.

The XRD results reveal some crystallinity in the films deposited
onto thin glass only at the 100 kHz pulsing mode, regardless of the
Urev value (Fig. 6). Other titania films are x-ray amorphous. All tita-
nia films obtained on thick glass were found to be x-ray amorphous.
These results, in combination with Fig. 3, give a crystallization tem-
perature that lies between 350 and 400 °C. This is consistent with the
results published elsewhere.*’
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FIG. 6. XRD patterns obtained in symmetric scanning mode for the TiOy films
deposited at various pulsing conditions on thin glass. The following settings were
fixed: 500 W, q(Ar) = 1000 SCCM, q(O;) = 80 SCCM, and tge, = 150 s. The
diffraction maxima exclusively correspond to the anatase phase.

The thermodynamic stability of rutile is higher than that
of anatase. Nonetheless, in the pressure range of interest, the
anatase-to-rutile reconstruction starts due to slow kinetics only at
temperatures above 600 °C.** Without intentional heating, we do
not reach this temperature.

The anatase phase is also known to form easily at high gas pres-
sure during sputtering.”” This is linked to the high deposition rate
and reduced film density. This point will be considered below in
more detail.

A comparison with Fig. 4 shows that the thermal impact
of pulsing frequency is interrelated with the optical emission
intensity of such species as Ti*, Ti*, and Ar* (starlets point at
excitation).

B. Influence of DC power

The influence of power on layer growth was investigated at
different deposition powers. The ellipsometry results show that
an increase in the applied power results in thicker layers with a
higher refractive index (see Fig. 7). The refractive index is known
to correlate with TiO, density.'*"” Anatase reveals a lower refrac-
tive index (2.566 vs 2.742 at 550 nm)*® and lower density (3.89 vs
4.23 g/cm’) than rutile. Amorphous titania has even less n than
anatase.”’

Furthermore, oxygen stoichiometry also plays an important
role. Thus, Ti,O3; and TiO have densities of 4.49 and 4.95 g/cm3,
respectively. Both oxides reveal, in direct comparison, higher refrac-
tive indices than stoichiometric TiO,.”" One may expect under-
stoichiometric oxides to form in the face of oxygen shortages for
reactive deposition processes. Particularly in the reactive depo-
sition of TiOx, p(O,) largely impacts the deposition rate and
crystallization.”!

Herewith, we used the XRR to estimate the density of the films
in question. As shown in Fig. 16, the thicker the film gets, the smaller
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FIG. 8. XRD patterns obtained in symmetric scanning mode for the TiOy films deposited in the DC regime with various power (a) and time (b). In the former case, deposition
time was 150 s; in the latter case, power was 1000 W. In all cases, oxygen flow was 80 SCCM, and the target-to-substrate distance was 1.5 cm. The reflexes are ascribed to
the anatase phase (PDF 01-070-6826). A starlet in (b) points to the possible presence of the under-stoichiometric TigO11 phase (PDF 00-011-0454).

its density. Two thinner films are apparently oxygen deficient. The
thickest film, which is crystalline [see Fig. 8(b)], shows a density
lower than the theoretical one of anatase. That basically points to
the presence of porosity. At the same time, the n-values slightly but
continuously increase with increasing thickness [Fig. 7(b)]. This dis-
agreement may only be explained by the insensitivity of ellipsometry
to the kind of porosity that we have in our titania layers.”” Indirectly,
higher porosity in the very top layer of thicker TiOy is reflected
in larger roughness (Fig. 16) or effective medium approximation

(EMA) thickness (Fig. 15). In fact, this phenomenon is common in
sputtered films. Selectively, we detected for the films of compara-
ble thickness a good correlation between XRR-density and refractive
index.

The influence of power on the crystallinity of titania films is
shown in Fig. 8(a). Only the crystalline anatase phase was detected
in the films deposited at 1000 W power. Since the optimized
optical model describing thick TiOx films includes three layers (see
Fig. 15), and this fact is supposedly related to the continuous heating
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FIG. 9. Data of ellipsometry for the titania films deposited at different q(O;). An
entire layer’s thickness is in relation to the average weighted refractive index (real
part, n, determined at 550 nm) depicted.

of the substrate surface by plasma [see Fig. 12(a)], we also pre-
pared and analyzed the deposition time (tqp) series [Figs. 7(b) and
8(b)]. Increasing the deposition time results in thicker and denser
layers.

We notice that the XRD patterns of the crystalline films from
different series but deposited at the same conditions differ some-
what [compare Figs. 8(a) and 8(b)]. This phenomenon was observed
more than once, and we suggest the boundary Ti/O stoichiometric
conditions be the reason.

ARTICLE pubs.aip.org/aip/rsi

C. Influence of the oxygen stoichiometry

The influence of oxygen flow on layer properties was investi-
gated for the crystalline films, which were obtained using 300 °C
substrate heating, to secure a crystalline state of the films.

As follows from Fig. 9, higher oxygen content in the gas phase
led to thinner films. It means that the deposition rate decreases
with q(O;). This trend may be explained by the formation of Ti-O
species in a gas phase, which reveals, in turn, poorer diffusion to the
substrate surface than single atoms or ions. They are finally elimi-
nated to a large extent by the gas flow. The refractive index depends
mostly on crystallinity, layer density, and stoichiometry. They are
all generally related to the deposition temperature.”” The maximum
refractive index is known to increase in value with oxygen content in
TiOx films; however, its position shifts along the wavelength axis in
an unsystematic way.”* It means that at a fixed wavelength, we may
detect both an increase and a decrease of the n with oxygen. There-
fore, the decrease of n at higher q(O;) is most probably related to the
shift of its maximum to another wavelength.

The XRD patterns of titania films deposited with variable reac-
tive oxygen flow and the corresponding plane view of the samples
are shown in Fig. 10. Low q(O2) results in nonhomogeneous films
with a dark bluish fleck in the middle. The measurements were per-
formed exactly in the middle, and a phase analysis on the larger
20-range revealed no presence of metallic titanium. It does not
necessarily exclude the occurrence of a metallic phase; however, a
detected shift of the (101)-diffraction maximum toward a larger 26-
angle coinciding with the disappearance of the darker middle area in
the film rather points at a changing oxygen stoichiometry in TiOx.
Indeed, even the low content of Ti’* ions in titania may cause such
a coloration.™
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FIG. 10. XRD patterns obtained in symmetric scanning mode for the TiOx films deposited in the DC regime with various oxygen flows were noticed. In all cases, g(Ar), power,
and D;_s were 1000 SCCM, 500 W, and 1.5 cm, respectively. The (101)-peak corresponds to the anatase phase (PDF 01-070-6826). The corresponding photographs of the
samples on glass are also shown.
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V. CONCLUSIONS

The lab GFS system with the reverse (positive) pulsing voltage
supply is described in detail. The deposition method is evaluated
using the example of Titania films. A comprehensive set of exper-
imental data characterizing plasma conditions in relation to the
film’s properties is presented. The thermal impact of GFS plasma
was found to be dependent on pulsing parameters. The pulsing fre-
quency (f) is a significant factor that provides additional substrate
heating by ~100 °C when the plasma regime changes from f = 0
(DC) to 100 kHz. Such a change in frequency provides a significant
steady increase in the OES signals of Ti and Ar neutrals as well as
Ti* ions. GFS plasma may be used to heat the substrate surface to
more than 400 °C within several minutes. As a result of this impact,
crystalline anatase TiOx films can be deposited without intentional
heating. To reach crystallization temperature, either power in DC
mode or pulsing frequency at a fixed power should be increased.
Such significant warming of the substrate surface during deposition
stipulates a steadily changing microstructure across the film thick-
ness. This interrelates with the drift in optical properties, density,
and crystallinity. Only the top layer gets crystallized if no intentional
heating is used. Since the deposition rate in a DC mode is lower
than in a pulsing one, the highest density and refractive index can
be reached when the intentional heating and DC deposition modes
are combined.

FIG. 11. Photo of the glowing GFS-PJ with the marked gas fluxes. The conditions
are DC 500 W, q(Ar) = 1000 SCCM, and g(O,) = 80 SCCM.
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APPENDIX: SUPPORTING INFORMATION (a) o Ti*
+ v Ti
Fitting the S1/S; spectra obtained for the thick titania films dis- O TiO
closed the necessity of using a multilayer model to minimize the o, : gr
mean square error (MSE). 0 I L (4| Lo Art
The film’s microstructure changes when it gets thicker (Fig. 15). 5 AL LE ) 1 Ll A
This phenomenon originates from the strong heating effect of g 4(0,) = 80 sccm
plasma, which especially develops within the first few minutes 5 |
[Fig. 12(a)]. Table II illustrates how the MSE values differ for 2- g
layer (2L) and 3-layer (3L) optical models describing titania films .3
of several hundreds of nanometers in thickness. = 5
As one may see, the higher the substrate temperature, the more ] l
the 3L model has been applied to all titania films analyzed in this i LY A ll l il LA
work. q(0,) = 0 sccm
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taining 50% of a dense TiOx (Brendel model) and 50% of the air was

used to model the surface roughness. Wavelength (nm)

TABLE II. Comparison of the optical models in terms of MSE for different deposition
conditions.
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FIG. 14. Optical emission spectra of the Ar/Ti plasma at different conditions. (a)
Impact of oxygen reactive gas at a 1.5 cm distance from the source and 500 W

0S:€€ L ¥20T YdIen G

FIG. 13. Optical probe construction for the GFS plasma analysis: SS—sputter discharge power. (b) Effect of power on reactive plasma composition. (c) The differ-
source; OF—optical fiber with vacuum throughput; OW—optical window; and ence in reactive plasma composition [q(Ar) = 1000 SCCM and q(O,) = 80 SCCM|
Ar—argon gas supply for shielding. The dashed line shows the axial center of between 1.5 and 3.0 cm distances from the source. In all cases, a DC-discharge
the SS and plasma jet, and parallel to it, a double-sided arrow shows the linear regime was used. The attribution of characteristic emission maxima was based on
degree of freedom for the probe fixation. the literature data.?®°
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FIG. 15. SEM cross-section image of the titania film deposited at 500 W, 100 kHz, 50 V, 2 us, and 150 s on a Si wafer without external heating. On the right is a corresponding
graphical representation of the triple layer (3L) model, which was used for fitting the corresponding ellipsometry spectrum in SpectraRay. A 2L model would include one dense

Brendel layer and one EMA layer.
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FIG. 16. XRR results for the titania films deposited with various deposition times
(a). The films are the same as those presented in Fig. 7(b). (b) A fitting result for
the thickest film (150 s deposition time), where “raw” presents the measured curve
and “sim” presents the simulated one. The inset shows the density profile, where
the glass substrate is shown in gray and two contributions to the titania layer—in
light magenta and light gray colors. Thinner films in (a) were simulated with a single
contribution.

The Brendel-oscillator model was used to model a bulk part of
the film (as shown in Fig. 15) in the middle-infrared (MIR) range.
It is based on a harmonic oscillator model and describes the stan-
dard deviation of the Gaussian distribution of the center frequency
of the harmonic oscillator. The complex dielectric function &(v) can
be expressed in the following forms:

(V) = €00 + i x(v), (A1)
k=1

1 7 (x - vor)? vjzzk
x(v) = exp| — o * N A2
«(v) ak\/27t_f°° p( 20° ) XV vy (42)

where xy is the susceptibility of the Brendel oscillator k, v is the
resonance frequency, vy is the damping of the oscillator, Vpk is
the oscillator strength, oy is the standard deviation of the center
frequency, and k is the oscillator index.”’*

The following relationships determine the refractive
index n and extinction coefficient k, which represent the
real and imaginary parts of the complex refractive index

(N* =n—ik)," ®
n=%\/\/s§+s§+sl, (A3)
k= %\/\/sf+s§—£1. (A4)

The refractive index fyeighted represented in the paper was calculated
from the following relationship:

n1d1 + nzdz + n3d3

di+d2+ds (A5)

Nweighted =
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