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We study the conversion of two polymeric silicon precursor compound

layers (perhydropolysilazane and polydimethylsiloxane) on a silicon wafer

and polyethylene terephthalate substrates to silicon oxide thin films using

a pulsed atmospheric pressure plasma jet. Varying the scan velocity and

the number of treatments results in various film compositions, as

determined by X-ray photoelectron spectroscopy and Fourier transform

infrared spectroscopy. The mechanism suggested for the conversion

process includes the decom-
position of the precursor trig-
gered by plasma-produced
species, the oxidation of the
surface, and finally, the diffu-
sion of oxygen into the film,
while gases produced during
the precursor decomposition
diffuse out of the film. The
latter process is possibly facil-
itated by local plasma heating
of the surface. The precursor
conversion appears to depend
sensitively on the balance
between the different contri-
butions to the conversion
mechanism.
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1 | INTRODUCTION

The fabrication of solid thin films by atmospheric
pressure plasmas is a cost-effective process. It does not
require any vacuum equipment, thus saving investment
and running costs. In addition, the compatibility with
roll-to-roll machines allows for efficient batch proces-
sing.[l] With such a process, flexible substrates like poly
(ethylene terephthalate) (PET) foils can be treated. Their
temperature sensitivity requires the use of a none-
quilibrium or “cold” plasma for the treatment. It is
characterized by the temperature of the heavy species
(molecules, atoms, ions) being much lower than the
electron temperature. A possible application for such a
process is the fabrication of flexible protective encapsula-
tion for thin film electronics and (organic) photovoltaic
cells, for which a polymer substrate needs to be coated
with a permeation barrier layer.™*

Fabrication of inorganic thin films by an atmospheric
pressure plasma process can be grouped into deposition
and conversion processes. The precursor materials for
both processes are typically consisting of a polymeric
silicon or metalloidorganic material sometimes mixed
with a solvent. For the deposition process, the solution is
vaporized using for instance a bubbler with an inert
carrier gas (see, e.g., Inomata et al.®) or an ultrasonic
atomizer (see, e.g., Ward et al.[ﬁ]). It then is injected
upstream or downstream of a plasma discharge, in which
the molecules are ultimately dissociated. The addition of a
vaporized precursor is a method compatible with many
plasma sources. It works with localized plasma jets and
torches!>”! as well as with large area coronal® or dielectric
barrier discharges (DBDs).*'% To avoid contact of the
plasma with the treated surface, remote plasma reactors
are sometimes used.''2! A challenge with injecting the
precursor into the atmosphere is to avoid particle
formation."**'%! These particles are detrimental for many
applications, but in particular for gas permeation barriers,
where they present diffusion paths through the film."'® In
addition, films prepared by injecting the precursor into the
atmosphere often exhibit a porous morphology,'?! which
makes this technology not viable for applications in which
dense films are required.

In a conversion process, the precursor, usually mixed
with a solvent, is transferred in the liquid state directly
onto the substrate, where it is treated using an atmospheric
pressure plasma. For instance, Tsai et al.ll”! spin-coated a

solution of liquid nickel acetate mixed with ethanolamine
and ethanol onto glass substrates. These were subsequently
treated using an atmospheric pressure plasma jet operated
in pulsed direct current mode and with N, as a working
gas. Treatment durations of up to 120s resulted in solid
nickel oxide thin films. The temperature of the gas in
the plasma was around 500°C. The temperature of the
substrate during processing was not measured.””’

The fabrication of nanostructures using a similar
conversion process termed plasma calcination is proposed
by Mudra et al.'® They prepared composite fibers with a
crystalline Al,O; coating and a polymeric core in two steps.
First, polymeric fibers were electrospun from a precursor
solution made of aluminum nitrate as a metal precursor
and polyacrylonitrile in N,N-dimethylformamide as a base
polymer. The original fibers had a diameter of around 1 um.
Plasma treatment resulted in the partial removal of organic
contents and lead to a 160 nm-thick crystalline Al,O; film
on a polymeric fiber core. The overall fiber still contained
65% of the original polymer. The plasma source employed
was a coplanar DBD operated at ambient atmosphere. It
was a nonequilibrium atmospheric pressure plasma
discharge that could be touched by hand."”! A similar
process using the same plasma source was reported for the
production of cerium oxide!*” and titanium oxide!®” fibers.
The treatment times were up to 60 min, during which the
fiber temperature was not measured. We note here, that the
term calcination used to describe the plasma-assisted
conversion is misleading as calcination per definition is a
high-temperature process.”!! Indeed, the term conversion
seems to be more appropriate.

While the conversion of an organic precursor layer to a
thin film via an atmospheric pressure plasma process is
widely applied, the mechanisms leading to thin film
conversion remain rather fuzzy. Here, we discuss the
conversion of perhydropolysilazane (PHPS) and polydi-
methylsiloxane (PDMS) coated onto a substrate, using a
pulsed atmospheric pressure plasma jet (pAPPJ). We
present the general experimental setup in Section 2. The
analysis of the plasma-treated thin films using attenuated
total reflectance Fourier transform infrared spectroscopy
(ATR-FTIR), X-ray photoelectron spectroscopy (XPS), and
scanning electron microscopy (SEM) are presented in
Section 3. Based on these results, we discuss a possible
mechanism relevant to converting polymeric silicon precur-
sor layers at low temperatures into oxide thin films in
Section 4, before we summarize the work in Section 5.
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2 | EXPERIMENTAL SETUP

The atmospheric pressure plasma is produced by a
custom-built plasma jet source excited by a pulsed
microwave at 2.45 GHz. The pAPPJ originates from an
inner tube in which a flowing Ar gas is excited. An outer
tube serves to shield the jet from the atmosphere with a
flow of N,. The Ar and N, flows were 400 and 300 sccm,
respectively (Figure 1). The shielding gas, however, does
not completely prevent the entrainment of the surround-
ing air. Therefore, successive radial diffusion of oxygen
into the center of the plasma jet is observed, and reactive
oxygen/nitrogen species are formed in the discharge. The
pulse duration was 10 us, and the delay (off-time) was
adjusted for an effective input power into the plasma jet
of approximately 3 W of average dissipated power. The
distance between the outlet of the plasma jet and the
sample surface was h = 6 mm. For the process, we had
the plasma jet meander over the sample surface as
depicted in Figure 1. The distance between the two lines
was Az = 0.5 mm with an estimated line width of 2 mm.
For the samples, we varied the scan velocity between
Vsean=2 and 16 mm/s and the number of treatments
between 1 and 10 times.

Two Si-containing precursors were selected for their
different stability to oxidation (Figure 2). These were
ultraviolet (UV)-curable PDMS (micro resist technology
GmbH) and prehydrolyzed PHPS (Merck Performance
Materials). Latter bears a significantly higher pot time
under ambient conditions compared to pure PHPS. Both,
the PDMS and PHPS precursor were dissolved in n-
dibutyl ether (>99%; Merck). For each sample, the
corresponding precursor was spin-coated onto small-
area Si wafer (1cm X 1 cm) and large-area (ca. 5cm X 5
cm) PET foil substrates (Melinex 506; dpgr = 100 um) and
dried at 50°C under nitrogen atmosphere.

precursor layer
substrate

FIGURE 1 Schematic of the experimental setup for scanning/
treatment of a sample surface using a custom-built pulsed
atmospheric pressure plasma jet.
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The plasma-treated samples on Si and PET were
both analyzed by ATR-FTIR with a Varian 670
spectrometer (Agilent Technologies, Inc.) equipped
with a variable grazing angle ATR unit (VariGATR,
Harrick, Ge ATR crystal, at 65°). Spectra were
recorded for 1cm X 1 cm large samples between 4000
and 600cm™' with a resolution of 1cm™" using an
MCT detector. The spectra shown in this manuscript
are not background subtracted. We used this tech-
nique to analyze the decomposition of the films via
the decrease of N-H and Si-H peak areas between,
before, and after the plasma treatment. At the same
time, the technique revealed the oxidation of the
precursor film via an increase in the peak area of the
Si-O stretching vibration in the ATR-FTIR spectrum.
Each experiment was repeated two to five times. Each
of these samples was measured by ATR-FTIR. The
data points in the plots below, therefore, show
the average value while the uncertainty bars indicate the
standard deviation. FTIR-related symbols v, &, p, and w
denote stretching, bending, rocking, and wagging modes,
respectively. The indices 'as’ and 's’ denote asymmetric and
symmetric vibrations, respectively.

The chemical composition of converted films was
studied by XPS with an AXIS Ultra (KRATOS Analytical
Ltd) using a monochromatized Al K, X-ray excitation
source (150 W, 15kV/10mA, spot size 700 um X 300
um). Depth profiles were obtained by alternating steps
of film sputtering with argon ions (0.2 kV, sputter area
2mm X 2 mm) and XPS analysis (10/30s per step). The
samples were not baked before the XPS measurement to
not change the chemical composition after the low-
temperature plasma treatment. The first data point
measured on the surface of the thin film may therefore
deviate from the trend just below the surface. The
average thin film composition was calculated based on
the depth profile data of the thin film excluding the
interface regions.

The thin film morphology was investigated by SEM
on an ULTRA 55 system (Carl Zeiss SMT) at an

(@) PHPS (b) PDMS
i T
Si— N Si—O
(- ¢H,

n

FIGURE 2 Simplified structure diagrams of (a) the
perhydropolysilazane (PHPS) and (b) the polydimethylsiloxane
(PDMS) precursor used in this study.
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acceleration voltage of 1kV. Thin film thicknesses were
determined by spectral reflectance measurements (F20
instrument; Filmetrics).

Density functional theory (DFT) calculations were
carried out using the Minnesota functional family (M06),
which is parameterized for organometallic and nonco-
valent interactions,??! as also shown in previous works
on metalorganic complexes.?>"**! The molecular geome-
tries and energies of the considered molecules were
calculated at the MO6/LACVP** level of theory as
implemented in Jaguar 9.6 program suite.?®! The
LACVP** basis set uses the standard 6-31G(d,p) basis
set for light elements and the LAC pseudo potential for
heavier elements.!*”! Frequency calculations were done
in harmonic approximation, at the same level of theory to
characterize the stationary points on the potential
surface, to analyze the frequency spectra at the standard
temperature of 298.15 K using unscaled vibrations, which
can result in slightly overestimated frequency positions.

3 | RESULTS

3.1 | Comparison between PHPS and
PDMS precursor layers

We start by comparing the conversion of a PHPS and a
PDMS precursor, coated on a monocrystalline Si wafer
substrate, using a pAPPJ. The layers had initial film

(a) (b)
- ' '  o(SiH
27 V(s"le?)‘(L/ ! V(Si-H)
S | ——PHPS reference N
o —— PHPS + pAPPJ treatment J(Si—Hl
& (3W,2mms™") o\ ]
~— | —— Si wafer background vS-0)
31 aN-H) N W
c V(Si-H) <
©
el
—
<}
8
o —
4000 3000 2000 1000 2250 2100
wavenumber (cm™)
H3Si
Structure 1 \
N
/" ain
H, HSi 2
" si—\" ~
2
HN—S \N/ \ X
sH S
/
\ /o
HoN SiH HSi——N H
/ \ \ _N—SiH3
HN—_ NH SiH
Si HySier ./
Hy N

thicknesses of 110 + 5 nm for PDMS and 131 + 3 nm for
PHPS, respectively. They were treated using the pAPPJ
with the gas flow rates and electrical discharge settings
described above. For that, the plasma jet was scanned
over the surface of the precursor layer with a velocity of
2mm/s at 3 W of average dissipated power (Figure 1) and
a distance of Az =0.5 mm between two line scans. Each
sample in this section was treated once.

Figure 3 shows the ATR-FTIR spectrum of an
untreated PHPS precursor film with its characteristic
vibration bands for N-H (W(N-H) 3374cm™ ", 8(N-H)
1180 cm™Y), Si-H (w(Si-H) 2163 cm ™%, 8(Si-H) 1003 cm™?,
w(Si-H) 829cm™), Si-N  (W(Si-N) 922cm™ and
880cm™ '), as well as Si-O (»(Si-0) 1083 cm™ ). After a
PAPPJ treatment with a scanning speed of 2 mm/s, the
intensity of the v(Si-H) band decreases. Based on the v
(Si-H) peak area before and after plasma treatment, a
decrease of v(Si-H) peak area of 61.4 + 5.9% is calculated.
At the same time, the peak area of the Si-O band
increases significantly indicating the oxidation of the
precursor film.

Upon oxidation, a blue shift of the v(Si-H) band to
higher wavenumbers (2163-2172cm™, A=9cm™) is
observed, which can be explained by substituting oxygen
for nitrogen in the polymeric structure. This hypothesis
is supported by DFT-calculated vibrational spectra of
simplified eight-ring structures with and without partial
substitution of oxygen for nitrogen (Figure 3). To
exclude the influence of a hydrolysis reaction, reference

(c)
—~ [ calculated frequency spectral 7
2] i structure 1
- = =]

c viShH) structure 2 4
3_ structure 3
Ke]

- B
®©
-

>
= 4
7]

e

[0]
. —4 4
£

e
2500 2000 1500 1000

frequency (cm™)

Structure 3
N
i Hosie N
HN NH HN\ /NH
HoSi— | —SiH,
H

Structure 2

SiH,

sti\O/Sin

FIGURE 3 Attenuated total reflectance Fourier transform infrared spectroscopy spectra of PHPS precursor films on Si-wafer substrates

before and after plasma treatment: (a) assignment of the characteristic vibration bands; (b) magnification of the v(Si-H) region; (c)

calculated PHPS spectrum for a complex ring structure as well as for simplified eight-ring structures with and without substitution of oxygen

for nitrogen (corresponding structures are shown below the spectra).

85U8017 SUOWILLOD 8A1IE81D) 3|qeatdde 8Ly Aq peusenob afe sejoiLe VO ‘88N JO Sa|nI o} Akeid1 78Ul |UO /8|1 UO (SUONIPUOD-PUR-SLULIB) LD A3 1M ARIq U1 UO//:SdNL) SUORIPUOD Pue SWS | 8U18eS *[£202/80/T2] Uo Akiqiauljuo A8 |im ‘Auew s aueiydoD Aq 622002202 dedd/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘69882T9T



RUDOLPH ET AL.

precursor layers were stored under atmospheric condi-
tions for times comparable to the plasma treatment
and subsequent analysis. The resulting ATR-FTIR
spectra show no significant differences, for example, for
v(Si-H), 6(N-H), and v(Si-O) compared to freshly
prepared precursor layers (see Figure S1). We therefore
attribute the observed oxidation solely to the plasma
treatment of the sample. As a result of the pAPPJ
treatment, the film thickness slightly decreased from
131 + 3 nm for the untreated precursor to 112 + 2 nm for
the converted thin film.

Similar film densification has been observed for
vacuum UV (VUV) light-induced conversion of PHPS
described by Prager et al.!?®! In their work, the
conversion was described as a two-step process. The first
step comprised precursor excitation and initial decompo-
sition with simultaneous formation of H, and NH,.!*®!
Formed radical species in the precursor layer reacted
with O, in a second step to form silicon oxide. It could be
shown that the mass transfer of the formed gas molecules
out of the film, and of oxygen into it, played an essential
role in the conversion process and its overall kinetics.
We suggest that similar processes are relevant for the
conversion attempted here using a pAPPJ.

In contrast to PHPS, PDMS is characterized by its
stability under atmospheric conditions and against
reactions with oxygen and water vapor. Moreover, the
precursor itself already contains oxygen (Figure 2b). For
a complete conversion toward SiO,, methyl groups have
to be removed and replaced by oxygen. Figure 4 shows
the ATR-FTIR spectra of the PDMS precursor layer on
Si substrate exhibiting the characteristic bands for CH;
(v,s(CH3) 2963cm™', vy (CH;) 2904cm™', &(CHs)
1260 cm™, and p(CH;) 780cm™") and Si-O (v,(Si-O)

—~ v,(si-0) P (CHa),
2 , p(CH,)
cr V,s(Si-0) E
:_ —— PDMS reference
Q | |——PDMS + 1 x pAPPJ treatment
S L (3W,2mms") 5(CHy) i
[0}
o
c
®
o
§ Vas(C\Hj) v,(CHj) J(CH,)
m -
4000 3000 2000 1000 900 800 700

wavenumber (cm™)

FIGURE 4 Attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR) spectra of polydimethylsiloxane
(PDMS) precursor films onto Si-wafer substrates before and after
plasma treatment and assignment of the characteristic vibration
bands (left) as well as a magnification of the p(CH;) peak (right).
pPAPPJ, pulsed atmospheric pressure plasma jet.
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1082cm™! and v(Si-0) 1019 cm 1).[*°! After pAPPJ
treatment with a scan speed of 2 mm/s, methyl-related
peak intensities decrease compared to those for Si-O.
This can be attributed to the removal of the methyl
groups from the precursor layer, as was also described
by Berchidevsky et al.l*’! for the UV ozone oxidation of
PDMS films. Based on the methyl-related peak areas for
6(CHs;), v,s(CH3), and v¢(CHj3), a decrease of peak areas
by 18 +2% is determined. Upon pAPPJ treatment, a
slight blue shift of the methyl-based vibrations by
0.5-0.8 cm™! is observed, also indicative of oxidation
of the film.

The thin films obtained after the pAPPJ treatment
show oxidic Si** (103.5eV) for both, the PHPS and the
PDMS samples (see Figure S2). XPS depth profiles show
the oxygen distribution in the thin films. The thin film
from the PHPS precursor (Figure 5a) has a peak in
oxygen content close to the surface (52 at%), from where
the oxygen content is slowly decreasing toward the
interface with the silicon wafer (45 at%). This variation of
oxygen content as a function of film depth could be
explained by the abundant supply of oxygen from the
surrounding air to the surface of the film. At the same
time, the diffusion of oxygen in the film is slow, which
delays the arrival of oxygen species deep in the film. The
oxygen diffusion in the film is therefore likely the rate-
limiting step of the conversion.

For the PDMS sample, film oxidation is limited to the
near-surface region (Figure 5b), with an oxygen content
decreasing from 55at% down to approximately 30 at%
(corresponding to the composition of the untreated
precursor film). In addition, we observe a distinctive
decrease in carbon content at the surface of the film
down to 17 at%, while the carbon content deeper in the
film is 37 at%. A possible reason for the limitation of the
conversion to the near-surface region could be film
densification. As the film decomposes and hydrogen and
nitrogen-containing species are released through the
surface of the film, the film densifies, hampering further
diffusion of gaseous species out of the film and of oxygen
into the film.

3.2 | Velocity-dependence for PHPS
samples

The previous section indicates a faster conversion of the
PHPS compared to the PDMS precursor by the pAPPJ. In
the following, we therefore focus on the investigation of
the pAPPJ-induced conversion of PHPS.

To study the conversion kinetics, we varied the
velocity of the pAPPJ from vy, =2 mm/s (as used in
the previous sections) to 16 mm/s, thus, decreasing the
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FIGURE 5 X-ray photoelectron spectroscopy (XPS) depth profiles of the elemental composition for a perhydropolysilazane (PHPS)- (a)
and a polydimethylsiloxane (PDMS)-precursor (b) film on a Si substrate treated by pulsed atmospheric pressure plasma jet (pAPPJ) with a
velocity of Vgcan =2 mm/s from XPS measurements. The thickness refers to the thickness of the precursor layer before plasma treatment.

PHPS reference

~—~ | |single pAPPJ treatment

2 .

c

>

o)

—

©

- .

[0} v(Si-O)

P !
N-H) .

8 V(Si-H) AN-H)

o

(7}

Qo

©

A

E—— 1
=

240 2000 1600 1200 800

2200 2150 2100 1200 1150 1100 1050 1000

wavenumber (cm™)

FIGURE 6 Attenuated total reflectance Fourier transform infrared spectroscopy spectra of a perhydropolysilazane (PHPS)-coated Si
substrate with a thickness of approximately 131 + 3 nm treated with the pulsed atmospheric pressure plasma jet (pAPPJ) once with scan
velocities between 2 and 16 mm/s. (a) shows an overview spectrum, (b) and (c) show a magnification of the v(Si-H), S(N-H), and v(Si-O)

peaks, respectively.

effective residence time of the plasma jet on a given spot
on the sample. An average dissipated RF power of 3W
was used for all experiments described below. Panel (a)
of Figure 6 shows an overview spectrum while a detailed
view of the v(Si-H) and §(N-H) peaks is shown in Panels
(b) and (c), respectively. The plasma-treated samples
show considerably smaller peak areas for the §(N-H) and
v(Si-H) peaks compared to that of the initial PHPS
precursor. Differences in treatment velocity on the
decomposition of the precursor, however, remain small.

Figure 7 shows the normalized peak areas deter-
mined from the ATR-FTIR spectra. Halving the velocity
Vscan doubles the effective residence time of the plasma
jet at one spot. As a consequence, the v(Si-H) peak area
decreases when lowering the scan velocity of the pAPPJ.

However, it can be seen that the percental decrease of the
V(Si-H) peak area does not decrease by a factor of 2 when
the velocity is decreased by a factor of 2 (0.56 vs. 0.43 at
4 and 2mm/s, respectively). The S§(N-H) peak area
decreases at a higher rate compared to the v(Si-H) peak
area at all treatment velocities investigated here. The v
(Si-0O) peak area is indicative of the oxidation of the film.
Here, we observe the v(Si-O) peak area to increase with
increasing velocity vg..,. This is despite the fact that a
higher scan velocity means a shorter residence time of
the pAPPJ at one spot. We attempt an explanation of this
in Section 3.4.

SEM images of the PHPS precursor samples after
the pAPPJ treatment with a velocity of vs,, =2 mm/s
show surface structures with dimensions of 80-280 nm
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FIGURE 7 Normalized peak areas of §(N-H), v(Si-H), and v
(Si-0) extracted from the attenuated total reflectance Fourier
transform infrared spectroscopy spectra shown in Figure 6.

(Figure 8b). A view of the cross-section image suggests
that these structures are craters with depths of about
20nm (Figure 8c). Increasing the velocity to 16 mm/s
and, thus reducing the effective residence time with the
pAPPJ, has no visible effect on the crater size and
morphology (Figure 8d-f). A possible explanation for
these craters could be an initial fast decomposition
reaction of the PHPS precursor with the formation of
gaseous reaction products such as H, and NH; in contact
with the plasma jet, which could lead to the formation
and accumulation of gas inside the thin film. Upon
placing these samples in the vacuum of the microscope,
these gas bubbles burst and leave behind the craters
observed. In addition, for the less reactive PDMS
precursor layers, no craters appeared after the pAPPJ
treatment (see Figure S3). Effects from substrate charg-
ing on the surface morphology cannot be excluded but
are considered unlikely because the plasma jet provides a
high flux of species of either polarity, that would
immediately neutralize any surface charge.

3.3 | Thickness effects
The PHPS samples from Section 3.1 show a decreasing
oxygen concentration with film depth, which implies that
the oxidation of the precursor is diffusion-limited (Figure 5a).
Here, we therefore study the film conversion for a
131 + 3 nm thick PHPS film as well as for a 40 + 4 nm thick
PHPS film. Both films were treated using the flow rates of Ar
and N, described above and a scan velocity of 2 mm/s.
Figure 9 shows the XPS depth profiles of the
elemental composition for the two films with striking
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differences. The C and N concentrations of the 40 nm-
thick film are significantly lower compared to the C and
N concentrations of the 131 nm-thick film. This indicates
a more complete decomposition and release of the
gaseous species from the thinner films compared to
the first 40 nm of the thick film. Moreover, the oxygen
content is considerably higher in the thin sample
compared to the thick sample. While the concentration
is on average 50 at% in the surface region of the 131 nm-
thick films, it is approximately 60 at% for the 40 nm-thick
film, approaching SiO, stoichiometry. In comparison, a
thermal conversion at 600°C and photochemical conver-
sion at room temperature resulted in an oxygen-deficient
stoichiometry of SiO;4gNgo; and SiO;g4Nge3, respec-
tively (determined by XPS).!3!

The reason for the faster precursor decomposition
can be directly related to the thinner film, which implies
shorter average diffusion lengths for C- and N-containing
species from their origin to the film surface where the
gaseous products are released. The higher oxygen
concentration in the first 40nm under the surface of
the two films is likely due to the lower diffusivity of
oxygen in the dense Si wafer compared to the diffusivity
in the less dense precursor film. Oxygen incorporated
into the thin film is therefore accommodated in a smaller
available volume which shows up as a higher oxygen
concentration. This result suggests that there is potential
for increasing the oxygen content also in the 131 nm-
thick films toward an ideal SiO, stoichiometry by further
optimizing the process.

3.4 | Influence of the number of
treatment steps

In Section 3.2 we have observed that lowering the
effective residence time of the pAPPJ at one spot by
increasing the velocity vsc.y, increases the overall oxygen
concentration in the film. Here, we increase the effective
residence time by keeping the scan velocity constant and
increasing the number of treatment steps. The number of
treatment steps is the number of consecutive single
treatments of the pAPPJ of the sample where every
single treatment is done with the scan velocity of
Vscan= 2 mm/s at an average dissipated RF power of 3 W.

Figure 10 shows the XPS depth profiles of the
elemental composition of two thin films treated once
and 10 times, respectively. While the Si content as well as
the N and C content vary slightly between the samples,
the most striking difference is a considerable difference
in oxygen concentration. For both samples, the oxygen
concentration decreases with increasing depth of the
film, but the difference is approximately 10 percentage
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H2=7146nm

FIGURE 8 Scanning electron microscopy images of the thin film morphology of a perhydropolysilazane precursor layer after pulsed

atmospheric pressure plasma jet treatment. (a, b) Samples treated at a scan velocity of 2 mm/s at different magnifications, (c) a cross-section,
(d-f) samples treated at scan velocities of 4, 8, and 16 mm/s, respectively.

points close to the surface and slightly less when going
toward the interface with the Si wafer.

Figure 11 shows the elemental composition of films
depending on the number of treatment steps. The
composition is averaged over the film depth where
we have excluded the surface and the interface of
the films with the substrate. The graph shows how the
N and C concentrations decrease with consecutive
treatments, while the oxygen concentration increases.
After 10 treatments the composition of the thin film is
Si04 43N0.08Co.06-

At first glance, these results appear to contradict the
observations from Section 3.2 where decreasing the scan
velocity, or increasing the residence time of the pAPPJ on

one spot, leads to a lower oxygen content in the film. Here,
increasing the effective residence time of the pAPPJ on one
spot by increasing the number of consecutive treatments,
increases the oxygen content in the film. The seeming
contradiction could be explained by the film densification
mechanism already mentioned in Section 3.1. When
decreasing the scan velocity, the conversion rate likely
increases as the intensity of plasma-produced species (VUV
photons and oxygen radicals) is higher. This could,
following up the discussion in Section 3.1, lead to film
densification at the surface, hampering further diffusion of
gaseous byproducts out of the film and of oxygen into the
film. In contrast, when increasing the number of treatment
steps, the diffusion processes can take place during the
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FIGURE 9 X-ray photoelectron spectroscopy (XPS) depth
profiles of the elemental composition from XPS measurements for
two perhydropolysilazane (PHPS) samples with thicknesses of
131 + 3 and 40 + 4 nm, respectively. Both films are treated one
single time at a scan velocity of 2 mm/s.

~100 —

o

1 x treatment 10 x treatment
B O1s O1s
® Nis N 1s
A Ci1s C1s
Vv Si2p Si2p

(o]
o
T
I

N

N
o
T

elemental composition (at. %
N
o

<l

100 200 300 400
etch time (s)

FIGURE 10 X-ray photoelectron spectroscopy depth profiles of
the elemental composition of the perhydropolysilazane film on a
Si substrate after a single treatment step and 10 consecutive
treatment steps.

individual treatment steps, which may promote the
conversion also deep in the precursor layer. For process
developments, it, therefore, appears to be important to keep
a fine balance between the decomposition and oxidation
steps on one side and the diffusion processes on the other.

3.5 | PHPS conversion on PET
substrates

In the Introduction, we mention the possibility of
treating temperature-sensitive substrates when using a
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FIGURE 11 Elemental composition from X-ray photoelectron
spectroscopy analysis of the perhydropolysilazane (PHPS) films as a
function of the number of treatment steps averaged over the film
thickness, excluding the surface of the film as well as the interface.
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FIGURE 12 Normalized peak areas of v(Si-H), 8(N-H), and
v(Si-0) extracted from the attenuated total reflectance Fourier
transform infrared spectroscopy data of the experiment with a
scan velocity of vs.,n = 16 mm/s and a different number of
treatments steps.

nonequilibrium or cold plasma. To prove the compatibil-
ity of temperature-sensitive substrates with a pAAPJ, we
deposited a 131 +3 nm-thick layer of PHPS onto a
temperature-sensitive PET film and subsequently treated
it with the pAPPJ.

The conversion of the PHPS precursor films on PET
substrates is deduced from ATR-FTIR measurements shown
in Figure 12. The samples are treated using a scan velocity
of Vsean =16 mm/s and treated once, 5 or 10 times. The
evaluation of the ATR-FTIR spectra shows increasing
degrees of conversion with increasing numbers of treatment
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(a) 1xtreatment
Vean =2 Mm st
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Vian = 16 mm st

FIGURE 13 Scanning electron microscopy images of a plasma-treated perhydropolysilazane film on a polyethylene terephthalate
substrate with (a) one treatment at vy, =2 mm/s (t,s = 1.0s) and (b) 10 treatments at 16 mm/s (t..s = 1.25s). Panel (c¢) shows a vacuum
ultraviolet (VUV)-converted film for comparison. Details of its preparation can be found in Prager et al.”?®! The cracks in the thin film
observed on all samples, going from the upper left corner to the lower right corner, are an artifact of the sample preparation.

steps, as reflected by decreasing values for v(Si-H) bands
and increasing values for 1(Si-O) bands, respectively, in line
with the results of Section 3.5.

Figure 13 shows SEM images of a single time plasma-
treated sample at a velocity of v, = 2 mm/s (Figure 13a)
and a plasma-treated sample that is treated 10 times at a
scan velocity of 16 mm/s (Figure 13b). For both samples,
the effective residence times of the pAPPJ on one spot are
very similar. However, the SEM images show very
different surface morphologies. The sample treated at a
slow scan velocity shows craters, while the sample
treated multiple times using a high scan velocity shows
a protruding structure. This suggests that the pattern
forming on the surface of the plasma-treated samples is
strongly dependent on the kinetics of the conversion. For
comparison, Figure 13c shows the smooth surface of a
VUV-converted thin film.**!

After the plasma treatment, no visible damage is
observed on the PET foils, which suggests that the
plasma conditions applied in this study have a negligible
thermal impact on the substrates. Labeling the process as
“low-temperature” is therefore justified by the ability to
fabricate a silicon oxide thin film on a temperature-
sensitive substrate such as PET.

4 | DISCUSSION

Above, we present experiments with the goal of
converting PDMS and PHPS precursor layers to a silicon
oxide thin film using a pAPPJ under different conditions.
The results indicate a wide range of parameters for
exploring new process windows. In the following, we

discuss possible contributions to the conversion process,
which will help to design new experiments.

At first glance, the here-discussed plasma conver-
sion process resembles that of a VUV conversion
of organometallic layers to oxide thin films. Prager
et al.[?®! describe a VUV process with a PHPS
precursor converted to a silicon oxide thin film. They
used a Xe,* lamp (among others) with an excimer
continuum around 172 nm. In this process, the VUV
photons decompose an organic precursor layer by
cleaving bonds homolytically. This forms a layer
containing silicon radicals as well as H, and NH;
gas. While the latter can diffuse out of the film, the
silicon radicals at the surface of the layer form oxides
using oxygen from the surrounding atmosphere. A
diffusion process ensures the complete oxidation of
the thin film.

C-conversion process (Figure 14). Plasma-produced
species, like VUV radiation can penetrate into the
precursor layer to form Si radicals by cleaving bonds.
VUV radiation is, for example, emitted by argon
plasma that includes the excimer continuum at 126
nm.*" As a result, gaseous species accumulate in the
film. Oxygen from the surrounding air, ozone, or
oxygen radicals produced in the plasma source can
then react with the Si radicals at the surface. A
diffusion process transports oxygen into the film. The
diffusion process may be promoted by local heating
from the plasma source. This could be induced by the
quenching of excited species at the surface of the
precursor layer, from the release of reaction enthalpy
during oxidation, or from the absorption of radiation.
This local heating is mostly limited to the surface of the

85U8017 SUOWILLOD 8A1IE81D) 3|qeatdde 8Ly Aq peusenob afe sejoiLe VO ‘88N JO Sa|nI o} Akeid1 78Ul |UO /8|1 UO (SUONIPUOD-PUR-SLULIB) LD A3 1M ARIq U1 UO//:SdNL) SUORIPUOD Pue SWS | 8U18eS *[£202/80/T2] Uo Akiqiauljuo A8 |im ‘Auew s aueiydoD Aq 622002202 dedd/z00T 0T/10p/wod As | Akeiqjeul|uo//sdny wo.j pepeojumod ‘0 ‘69882T9T



RUDOLPH ET AL.

PLASMA PROCESSES 11 of 13

(a) fragmentation of

(b) oxygen radical

AND POLYMERS

(c) oxygen and gas diffusion

precursor by photons production from local heating
Ar Ar Ar
N2 Nz NZ N2 NZ
20,
- / ‘_—t
0 0+0; rmENG
UV’§ %* 2 ~_ 1/ Arw\\ V NZ
K NH 00 f
Ho, 3 0
SN-§i 0 N
film /
substrate

FIGURE 14 Suggested contributions to the conversion of the perhydropolysilazane (PHPS) precursor layer using an atmospheric
pressure plasma jet. (a) The fragmentation of the precursor via energetic (vacuum ultraviolet) photons. (b) The production of ozone or
oxygen radicals from O, in the atmosphere that can react with the surface of the PHPS film. (c) The diffusion of these oxygen species into the
precursor layer, consecutively oxidizing it. This step could be promoted by local heating of the surface by the plasma source. (c) Likely to be
rate-limiting. Note that the selection of chemical species in the schematic is for illustrative purposes only and should not be understood as a

comprehensive list of species.

precursor layer and remains below the threshold for
damaging the temperature-sensitive PET substrate
(Section 3.5).

For PHPS and PDMS we observe strikingly different
conversion results, though. The reason for the PDMS
conversion to be limited to the near-surface region
compared to PHPS could be a faster decomposition of the
precursor followed by the release of gaseous species and
the oxidation of the film. If these steps proceed faster
than the diffusion of oxygen species deep into the film,
then the film densifies at the surface, effectively limiting
further diffusion of species out of the film and deep into
the film. A possible gaseous by-product from the
decomposition of PDMS is CH,. This has a much larger
kinetic diameter (380 pm!*?)) compared to ammonia
(260 pm'**!), a by-product of PHPS, which additionally
could hamper the conversion process of PDMS compared
to PHPS.

A purely VUV-driven and a plasma conversion
process, therefore, differ in three aspects. The source
of VUV photons using a plasma process is right at the
surface of the precursor layer. This allows us to run
the process in ambient air, which is known to absorb a
large part of the VUV spectrum. Second, the plasma
produces oxygen radicals such as ozone or atomic
oxygen, possibly accelerating surface oxidation.
Finally, the plasma may heat the surface of the thin
film to promote the diffusion of oxygen species into
the film as well as the release of gases formed inside
the film.

5 | SUMMARY

We here discuss a method to convert wet-chemically-coated
polymeric silicon compound (precursor) layers into solid
thin films using a pAPPJ. In such a process, PHPS precursor
layers are partially converted into a SiO, thin film. We
suggest three contributions that are relevant to the overall
conversion process: First, plasma-produced species, such as
VUV photons, decompose the precursor by cleaving bonds
to hydrogen and nitrogen. Second, plasma-produced oxygen
radicals and ozone bond to the surface of the film. Third,
gaseous species produced during the plasma-induced
precursor decomposition diffuse out of the film. At the
same time, oxygen diffuses from the surface into the film.
The diffusion of species into and out of the film appears to
be hampered if the decomposition and oxidation proceed
too fast. We explain this by densification of the thin film
surface which hampers further diffusion of species in the
film. This indicates that for an effective conversion
process, one needs to find a balance between the
decomposition and oxidation kinetics on one side and
diffusion kinetics on the other. We show that the conversion
process is compatible with temperature-sensitive substrates
such as PET.
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