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Abstract: We discuss an innovative thin film deposition method, Plasma Assisted Super-
sonic Jet Deposition, which combines the chemistry richness of a reactive cold plasma
environment and the assembly control of the film growth allowed by a supersonic jet di-
rected at the substrate. Optical Emission Spectroscopy was used to characterize the plasma
state and the supersonic jet, together with its interaction with the substrate. We obtained
several results in the deposition of silicon oxide thin films from Hexamethyldisiloxane,
with different degrees of organic groups retention. In particular we exploited the features
of emission spectra to measure the plasma dissociation and oxidation degree of the organic
groups, as a function of the jet parameters. If controlled growth is achieved, such films are
nanostructured materials suitable for applications like catalysis, photo catalysis, energy
conversion and storage, besides their traditional uses as a barrier or protective coatings.

Keywords: optical emission spectroscopy; plasma processing; thin film deposition; plasma
enhanced chemical vapor deposition; supersonic jet

1. Introduction

Optical Emission Spectroscopy (OES) is a powerful diagnostic for plasmas [1-3]. It
takes advantage of the presence of energetic particles, which are needed for ionization
processes and which sustain the plasma state. Excited states of atoms, molecules and their
ions can be easily populated by collisions involving such energetic agents. Those states
that can decay radiatively provide the photons that are observed by this technique. Their
measurements provide an insight into plasma processes and plasma parameters. Since
the lifetimes of many among those excited states can be very short, the method also has
the capability of collecting observations in real time. Emissions in the range from the
near-UV to the near-IR, broadly extending the visible spectral region, are easy to collect,
with relatively simple, manageable and cheap experimental setups. Since plasma emission
happens anyway, the diagnostics are inherently nonperturbative. It is also not affected by
the presence of magnetic fields, high voltages or radiofrequency electric signals. The only
limitation is the availability of transparent ports from which it is possible to collect the light
from a suitable set of line-of-views through the plasma. Its main limitation lies in the fact
that its information is somewhat indirect, since only a fraction of the plasma component is
optically active, and the dynamics of the excitation mechanism can be quite complex.

The control at the nanoscale of the structure of thin films deposited and grown onto
material surfaces is considered challenging although rewarding research because of the
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great relevance of applications, including in electronics, energy, health and the environ-
ment [4-8]. It is understood that morphology, structure and grain size of films lead to very
different electronic, mechanical and optical properties, also compared with bulk materi-
als [9,10]. So, the properties of many materials can be enhanced by optimizing the assembly
process. In particular, an efficient control of the nanoparticle’s formation and interaction
during the film growth is required to master complex deposition techniques aimed at a
bottom-up approach [10].

Here we discuss the characterization of one such method, Plasma Assisted Supersonic
Jet Deposition (PASJD) [11-13]. Such deposition techniques are capable of producing thin
films with a desired morphology, without sacrificing the deposition process versatility and
efficiency in terms of surface area, deposition rate and up-scalability. PASJD combines
a reactive plasma for the dissociation of the precursor components with a supersonic jet
expanding into vacuum and impinging onto the material surface. These two steps allow
both fast deposition rates by using high density plasmas and control of the growth by
calibrating the sizes of clusters. Vaporizable and stable monomers could be employed as the
source of thin films of oxides, but also semiconductors or metals. The use of a supersonic
jet allows tuning the kinetic energy of clusters. In particular, when molecular cluster
deposition is performed with supersonic jets, we can have better collimation, stability
and control of the crystallinity [11]. By changing the conditions during processing, it is
also possible to obtain graded films. It is clear that direct measurements of pressure or
velocity would strongly perturb the jet. Particle Image Velocimetry (PIV) [14], Schlieren
diagnostics [15] and Mass Spectrometry (MS) [16] are distinct other analytical techniques
used to characterize plasma jets. PIV is used to capture the velocity field, and the Schlieren
method is used to record regions of different refractive index in a fluid, while the mass
spectrometer is useful to determine the density profiles and the chemical composition of the
sample [16,17]. The first two cannot collect information about the evolution of the plasma
gas phase, whereas the third is quite strongly invasive. However, in the case of a plasma
jet, we can take advantage of the fact that molecules in the jet are an intrinsic source of
light ready to be collected. So, we can register information about excited states” densities
without disrupting the flow. Accurate measurements require stationary flow emission and
minimal jet contamination. More advanced techniques to increase the emitted radiation
collection, such as cavity ring-down spectroscopy, could be considered too [18,19].

The aim of this paper is to analyze the deposition process from the oxidation of the
precursor in the plasma chamber to the transport within the jet of neutral and ionized
molecules reaching the substrate. For this purpose, OES was used, and spectra were
analyzed to extract quantitative relations aimed at a better understanding of the plasma
and deposition process parameters. We aim to show and to point out the extended range of
possibilities that could be exploited through such a diagnosis.

2. Materials and Methods

The PAS]D process was performed in a suitable designed reactor. A layout of the
relevant experimental setup is shown in Figure 1. A general description of the supersonic
plasma jet reactor implementation can be found in our previous works [11]. Here the
vacuum chamber consists of a stainless-steel cylinder (200 mm height, 300 mm diame-
ter), which is evacuated by a pumping system (turbomolecular pump, Leybold TW250,
S =250 L/s, a zeolites trap and a rotary pump, Varian SD-300), which can be throttled by a
CF100 gate valve, so acting as a variable conductance. The plasma source was a commercial
radiofrequency source Copra-GTF (97 mm height, 205/245 mm inner/outer radius by CCR
technologies) [20]. The source chamber is separated from the deposition chamber by a
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4 mm thick plate where a converging nozzle (7 mm end diameter) was drilled. A quartz
window allows one to look at the supersonic jet from one side.

to RF matching box

and generator
9 pressure gauges

PET sample
Copra = x holder
source gas
inlet Ny Opening
Y Valve
RF rin viewport
electrode window
1 jet orifice
GND cylinder
O, flowmeter Gate Valve
HMDSO MicroValve
to pumps

Figure 1. Experimental setup of the plasma reactor.

Experiments described here were conducted using oxygen, whose flow is adjusted by
using one of two mass-flow controllers (Qmax = 50/500 sccm by Aera), and Hexamethyld-
isiloxane (O[Si(CH3)3]2, HMDSO), whose flow is controlled by a micrometer graduated
valve (EVN-116 by Pfeiffer). The pressures in the plasma and deposition chambers, in
Figure 1, named, respectively, P, and Py, were monitored using two capacitance pressure
gauges. A Pirani and a cold cathode gauge were also used to monitor the pressure inside the
plasma and the deposition chamber, above and below the capacitance pressure range. The
pressure ratio between the two chambers, R = P,/P;, can be varied from 25 to 1 to change
the supersonic jet geometry, partially throttling the gate valve over the main pumping
group, leaving the pressure in the plasma chamber almost unaffected.

A reactive plasma was generated inside the plasma chamber by using a 13.56 MHz
radiofrequency power generator (Cesar 1310 by Advanced Energy). A more detailed
description of the source and its operating mode can be found in our previous work [21].
Here we can recall that such inductively coupled plasma provides high and uniform charge
densities and, since the electrodes are not in contact with the plasma, the contamination by
sputtered products is kept low.

The main purpose of the reactor was the deposition of silica-like thin films aimed at
industrial-scale deposition of high-quality, transparent and fitting coatings [22,23]. SiO,-like
films deposited by plasma polymerization were first developed for microelectronics [24].
Since then, they have been applied also as protective coatings in packaging [25-27]. The
most effective path was to start with organosilicon compounds as precursors, like HMDSO
mixed with O, and/or noble gases [28].

Polyethylene terephthalate (PET) in sheets (biaxial oriented, thickness 0.013/0.05/0.1 mm,
by GoodFellows Gmbh) was used as a substrate. The choice was indicated since it is a
suitable polymer, widely used and about which a rich literature in plasma processing
already exists [29,30]. Thin films from HMDSO plasmas were easily deposited onto it, with
adhesion that we have studied in the past [22]. During some experiments, these PET sheets
were attached to a 2 x 4 cm? tin surface acting as sample holder. The latter was located at
different distances from the orifice (10 or 15 mm). However, most experiments have been
conducted with no sample holder inside the deposition chamber.
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Light emitted from the plasma jet axis was imaged with an achromatic lens (f = 200 mm,
by Newport) onto the aperture of a UV enhanced optical fiber (UVIR600, 600 pm diameter,
by Avantes). A movable micrometer scanner (by Newport) allows imaging different
portions of the jet both radially and axially. Emission spectra were measured by means
of a wide band, low-resolution spectrometer (AvaSpec-ULS4096CL by Avantes) equipped
with a 10 um slit, a holographic grating (UA, 300 lines/mm, blazed at 300 nm) and a
4096 pixel CMOS (HAMS-13496). The spectrometer has a resolution of about 0.3 nm and a
spectral band extending from 200 to 1300 nm [31]. The spectrometer wavelength sensitivity
was calibrated with both a deuterium and halogen lamp by Thorlabs. Calibration was
checked against some well-known emitting plasmas, in particular argon discharges for the
near-IR and molecular nitrogen for near-UV. This allows correcting for the device sensitivity
and obtaining the real relative intensities of emission lines at different wavelengths. The
exposure times have been optimized to match the sensitivity while avoiding saturation of
the CCD counts. Dark spectra were routinely subtracted to remove noise and ambient light
contamination [31].

3. Results and Discussion
3.1. The Supersonic Plasma Jet

In this section, the theory describing the gas expansion in a supersonic jet is presented.
When a gas expands into a vacuum chamber, a free expansion process can occur, which
can be approximately modeled as isentropic or adiabatic. The moving gas can form a
supersonic jet if specific conditions are met. This expansion happens also when a gas flows
through an orifice from a reservoir (at constant temperature and pressure) into a partly
evacuated vessel. In this case a supersonic jet is formed if a significant pressure drop occurs
across the nozzle. Downstream, the gas thermal energy transforms into fluid flow, causing
a decrease in temperature. At the same time, as the distance from the nozzle increases,
density and pressure diminish quickly, while the Mach number M, defined by the gas
velocity relative to the local speed of sound, rises. A shockwave is formed, separating the
region inside the jet from the unperturbed residual gas in the vessel. For a circular orifice
such a region is radially symmetric and extends to a few diameters downstream [32-34].

The pressure ratio R is the key parameter describing the free expansion of the jet. R
signifies the ratio between upstream nozzle pressure (in our setup, the plasma chamber in
the Copra source) and downstream pressure away from the jet (in our experiments, the
deposition chamber); see Figure 1. According to gas dynamics theory, a supersonic jet is
obtained provided that R has a value greater than

R = (5) 1)

where 7 is the gas specific heat ratio. The critical R value is small. In our experiments
using oxygen, R > 1.89 is sufficient. The gas reaches the speed of sound, so M = 1, at the
nozzle exit. Then it enters the deposition chamber as an under-expanded free jet, expanding
radially and axially. Along the jet, gas molecules accelerate up to a limit axial velocity Vi,
which can be derived from the energy conservation equation [35,36]

Vim = \/ [29RT,/ (7 — 1)m] @)

where T, is the gas temperature in the plasma chamber. The limit velocity of oxygen gas at
room temperature is about 730 m/s. The supersonic jet’s geometry is shown in Figure 2. It
features a zone of silence where flow is supersonic, confined by oblique and normal shocks.
It ends axially at the so called Mach disk. Gas density and speed peak along the symmetry
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axis (z axis in Figure 2) and decrease radially, separated from the surrounding subsonic
region by oblique shocks.

| Supersonic jet I I Subsonic jet

D=0.93cm Z=2.53cm R
D=1.5cm

M

Figure 2. Schematic diagram shows jet expansion across the nozzle with supersonic areas (full lines)
and gas streamlines (dashed lines). It indicates Mach number changes, Mach disk position (Zy) and
the nozzle circular diameter (d,,).

The expansion geometry scales with pressure ratio R, the higher leading to longer jets.
Empirical equations can be used to determine Mach disk position Zy; and diameter Dy,
where dj, is the orifice diameter [32].

Za = 0.67%dy % VR, Dy = dy * (0.36 % RO6 _ 0.59) 3)

In high pressure systems, where the pressure before the Mach disk is lower than
the background value, this shift can cause abrupt recompression, restoring background
temperature, pressure and density values. For low-pressure conditions, the transition
smoothens. If the gas parameters upstream of the nozzle are known, their values along the
centerline of the expansion can be estimated. Analytical formulas for Mach number and
pressure in the expansion region were obtained within the isentropic flow framework [32]
and plotted in Figure 3a,b, valid for z > dp.

3

M(z) = A(Z;ﬂzl>V—1_;<1j1>[A(Z;nzl>v—l] —1+B[<z;nzl)7—1]— W

P(z) _ j-2/0-1 (7t O INTT 22\ 7 )
P, C\y-—1 “\ 2y ' dy

where A = 3.65, B =0.20, z; = 04 X d,, z= 0.13 X d,, and v = 1.4 for diatomic gases,
like oxygen. If the upstream pressure is known, the centerline expansion pressure can be

estimated using Equation (5). This equation is valid for z > d;;, allowing derivation of a
density relation with axial position z based on rapid and inviscid gas expansion. From
the standard adiabatic relation, we can define the gas density profile [32]. In Figure 3
we show the plots of such formulas for our experimental setup. This description applies
mainly to a continuum regime, where the gas is described using fluid equations. At very
low pressures, limited gas particle interaction occurs along the jet, making shock regions
smoother or vanish. A critical parameter, the Knudsen number Kr, compares gas mean
free path to system length scale. Kn below 0.1 indicates continuum flow, and Kn above
1 signifies molecular flow, with transitional regimes in-between. For a plasma chamber
with a height of 100 mm, K# is estimated at 0.009. In the silence zone, Kn varies from 0.1
to 1 along the z axis due to different gas pressures, leading to a transitional regime and
thickening of the Mach disk with longer gas mean free paths. The system length after the
supersonic jet is around the vacuum vessel radius (160 mm), with a transitional regime
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where the Knudsen number ranges from 0.2 to 0.03, depending on the chamber pressure.
After the Mach disk, if the gas is not fully expanded, the pressure/density trend toward
background values through a quadratic trend as particles freely expand in all directions
subsonically. The density along the z axis can be joined to that before the disk using a
suitable coefficient.

C
n(z) = ”d+? (6)

where nq represents the background density in the deposition chamber [32].
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Figure 3. (a) Mach number estimate along the jet axis according to Equation (4). The Mach disk
location is indicated by a vertical bar over its position, with R the changing the pressure ratio.
(b) Normalized density as a function of the jet axis, estimated according to Equations (5) and (6); the
Mach disk is represented by a dashed bar over its position according to our experimental condition.

So, how does Optical Emission Spectroscopy (OES) enter into this? As explained
above, we collected emission spectra of light coming from view lines focused on small
spots along the jet axis. Figure 4 shows the result of such an exercise. Here the intensity
of the atomic oxygen line at 777 nm is plotted. This is one of the most prominent features
of oxygen plasma emission. It comes from the de-excitation of an excited state of atomic
oxygen. It arises from a 2s?2p33p/°P excited energy level with an energy of 10.74 eV. Its
radiative lifetime is 2.71 x 1078 s; so, even at the maximum jet speed locations, such atoms
have moved only a few tens of microns. In this respect, the intensity profiles could be
transformed easily into excited density profiles and, moreover, if the excitation mechanisms
are understood, into profiles of the exciting agents. In such discharges this directly points
to high-energy electrons and dissociated oxygen atoms in the plasma gas phase. Even
though that could be a quite tantalizing if, this demonstrates the diagnostics power and the
insight into the plasma that it could provide.

Figure 4 shows a comparison between the experimental measurements for the O
777 nm line intensity and the theoretical results for the oxygen density estimated from
Equation (6). For the scale on the right of Figure 4, our experimental condition where a
free expanding jet is created, the gas is expanding freely from the orifice into a partially
evacuated vessel. So, the gas undergoes a supersonic free jet expansion, as discussed above.
So, the molecules are isentropically accelerated, forming a two-dimensional jet structure.
The gas thermal energy is quickly converted into fluid flow while the temperature decreases.
It is clear that this formula is consistent with our experiment. From Figure 4, as we move
7 mm from the orifice, gas density from the left scale reduces to about one tenth. At 4 mm
from the orifice on the right scale, the O 777 nm line intensity decreases more rapidly
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than theory predicts, showing stronger exponential decay. For atomic/ionic species not
in Figure 4, intensity drops where the jet is supersonic, following the isentropic law. This
finding aligns with prior research [16] analyzing the axial profile of O,/Ar plasma with a
mass spectrometer.

T ’*.. T T T T T T T T T T T
o, —=— n(z)/ n(0) from Equation 6
\ ——1(0777)
[T r
14 £10
8
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I
I
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20 2 4 6 8 1012141618 20 22
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Figure 4. OES axial profile for an oxygen plasma (Q = 50 sccm, W = 100 W, R = 14) free expanding jet.
The right scale shows our experimental condition for the free expanding jet for the 777 nm atomic

oxygen emission line, while the scale on the left is for the normalized density profile estimated from
the theoretical calculations for the gas density in Equation (6).

3.2. The Copra Plasma Source

A preliminary analysis was performed collecting the spectra from the plasma region
chamber using a fiber optics vacuum feed-through. The spectra embody emissions from a
large portion of the plasma, and we have not undertaken the aim to study its uniformity
or distribution with respect to the electrodes. More information about the plasma source
can be found in our previous works [21]. Quantitative analysis was conducted on the
intensity variations of specific emission lines associated with atomic and ion molecular
oxygen species present in the plasma, which we discuss more specifically below [37-40]. In
Figure 5 we present the intensities of two atomic oxygen lines as a function of RF power W
up to the maximum of 350 W.

5x10° T T T T T T T
Pure Oxygen Plasma (Q=50 sccm)

= Q777
4x10°4 e 0844 .
Polynomial fit of O 777
Polynomial fit of O 844 "

3x10° 4 s 4

2x10°4 A

Intensity (CPS)

" .
1x10° ol L
¥ e
"9
[

A ll.."'

T T T T T T T
0 50 100 150 200 250 300 350

Power (W)

o

Figure 5. Diagram of the intensity of the A = 777 and 844 nm emission lines, with changing the
Forward-Power level of the RF supply. Plasma was ignited in the oxygen flow rate at Q = 50 sccm
and P, = 9.7 x 1072 mbar.

The rise appears as uniform, without any sharp transition, which is sometimes ob-
served in the switch between the E/H modes [41,42]. A polynomial fit reproduces the
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growth well, which turns out to be nicely parabolic. As we stated above, such plots can be
translated into excited state populations and mediately into exciting agent’s properties. For
our purpose, it is sufficient to point out that the quadratic rise is consistent with a picture
of the global discharge properties where electron density is somewhat proportional to the
power level, as well as the density of atomic oxygen created by impact dissociation of the
parent molecules. No strong changes to the high energy tail of the electron distribution
could be assessed by the smooth rising curves. Details of the emission spectra however
could and should be used to pin down the parameters of a suitable detailed model of such
discharges. In fact, even at a quite basic level of analysis, the fits to the two-emission line
intensity are similar but different, well above the experimental errors. A closer look reveals
that their ratio is not constant, but the 844 nm line intensity growth gradually becomes
steeper up to 250 W of power. At a higher power level, the ratio reaches its maximum, and
it saturates. Since their photons come from two nearby but not coincident excited levels
of the oxygen atoms, small details in their excitation pattern are changing, whether in the
electron energy distribution or, more subtly, in the quenching power from other minority
species. In the subsequent subsection we will discuss more extensively the handles that
OES gives to the curious investigator of the plasma jet. A similar trend was reported for the
other less intense emission lines in the spectra, identified as due to radiative de-excitation
of other atomic oxygen and molecular oxygen ions.

The main alien component In the spectra is the well-known Hy emission line of
atomic hydrogen. This possibly originates from the outgassing of water vapor and other
contaminants from the reactor walls and electrodes. This could help explain this somewhat
peculiar trend. Its intensity ratio with atomic oxygen lines rises at low power levels, then
decreases and restarts, growing again up to the largest power.

3.3. The Plume

It is time to return to the main theme of our research. We investigated in more detail the
shape and the emissivity distribution in the plasma jet. Visual inspection of the discharge
outside the orifice shows a glowing plume extending from it, at first look symmetric around
the axis perpendicular to the orifice plane. Figures 6 and 7 display the intensity profile of
the 777 nm emission line.

T T T T T T T T
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4— holder at 1 cm from orifice | 3

"
sl
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6 | n \ i
1 4 “"n_ LN ZetT3en
\ [ ] |

1(O 777) cps

NI [N T I NN O O L L DAL N B
4 -2 0 2 4 6 8 10 12 14 16 18 20

Axial distance from orifice (mm)

Figure 6. OES axial profile for oxygen plasma (Q = 50 sccm, W =100 W, R = 14).
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Figure 7. OES radial profile for oxygen plasma (Q = 50 sccm, W = 100 W, R = 14).

In Figure 6, three axial profiles are depicted under different conditions. The first profile
shows the experiment conducted without the sample holder in the deposition chamber.
The other two profiles were obtained using the sample holder at two distances (10 and
15 mm from the orifice) within the silence region before reaching the Mach disk in a free
expanding jet. In Figure 4, a free expanding jet forms when no sample holder is used.
This allows gas to expand freely from the orifice, leading to isentropic acceleration and the
formation of a two-dimensional free jet structure. The emission line intensity decreases
exponentially, appearing linear on the logarithmic scale in Figure 6, as it nears the Mach
disk location. The sample holder interposition mainly flattens the profile near the orifice,
followed by a sharp decay to a nearly flat step along the sample holder surface. The
transition zone is located around two-thirds of the distance from the orifice, indicating the
presence of an interposed surface creating a bow shock before impacting the main surface
as expected [36,43]. Again, OES enables non-invasive study of plume shape and position.
Figure 7 shows the emission line intensity radial distribution from the expanding jet plume
at four different axial distances from the orifice (x =2, 7.5, 14.5, 21 mm).

Although the farthest position lies outside the Mach disk location, the plume profile
shows little difference, indicating a smooth transition beyond the silence zone. The fitted
curves shown in Figure 7 demonstrate that the radial profiles of the O 777 nm emission line
intensity exhibit a Gaussian distribution, with highest values aligned to the jet centerline.
The profile widths (o = 2.1, 3.0, 6.5 and 8.7 mm) increase outwards, while their maxima
decrease. The literature offered limited insight on the radial profile under these plasma
conditions. Based on past research, see Ref. [32], the peak impact pressure outside the
shock barrel decreases compared to the centerline pressure. Finally, although data reported
in Figures 4-7 show the measured counting rate from the spectrometer, it could be possible
to translate them into an absolute emissivity value. To this purpose we recall that after
calibration, as discussed in Section 2, 1 count/s at 777 nm corresponds to 3.48 nW/ mZs.
This is obviously the view-line integrated value. Assuming then a symmetry of the radial
profile, for different directions perpendicular to the jet axis, it is possible to extract the
emissivity along the axis and its radial profile by techniques such as Abel inversion [31,44].

3.4. Optical Emission Spectroscopy of Oxygen Plasma Jet

A typical UV /Vis/MIR emission spectrum collected by our OES detection system
from an oxygen plasma jet is shown in Figure 8. Although it depicts the spectrum range
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from 180 to 1300 nm, the emissivity is limited to 300-930 nm. Thanks to the relatively
simple gas plasma chemistry, the identification of the emission lines and bands is somewhat
simplified, highlighting both atomic and molecular excited states optically active in oxygen
discharges. The main feature of the spectra, with the highest intensities, corresponds to
the emission lines at wavelengths of 777 nm and 844 nm, both emitted by atomic oxygen
transitions (from 2s?2p®3p °P and 3P states). The population of such relatively high energy
levels, about 11 eV, indicates the presence of high-energy particles able to excite them.
Their dominance indicates a substantial dissociation of molecular O, into atomic O. As we
discussed above, they are excited very near to the emitting point, hinting at the transport
and diffusion of the plasma state well within the plume. They could be excited from a
ground state or lower lying atomic oxygen states or directly in the impact dissociation of the
parent oxygen molecule. As discussed above, the emissivity dependence from the power
level possibly favors the first mechanism. This should apply also for the plume, where,
being outside the nozzle, the radiofrequency electric field heating electrons should be less
intense and efficient. A better inspection of the spectra uncovers the weaker emission
lines from several other atomic oxygen states, as reported in Table 1 [37]. In particular, we
observe the decay from at least seven different excited levels of atomic oxygen, above 10 eV,
with quite short lifetimes. The wavelengths of the electromagnetic radiation emitted in the
decays span the Visible to NIR range.
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Figure 8. A typical emission spectrum of an oxygen discharge plume (Q = 50 sccm, W =100 W, R = 14,
P, =9.7 x 1072 mbar).

Table 1. Main optical and NIR lines observed in optical emission spectroscopy from transitions of
atomic oxygen excited in the plasma state.

Excited Level

Wavelength (nm)  Transition Rate (s—1) Excited Level E
nergy (eV)
777.37 3.69 x 107 P (3p) 10.741 eV
844.64 3.22 x 107 3P (3p) 10.989 eV
926.28 2.97 x 107 5De (3d) 12.079 eV
436.83 7.58 x 10° 3P (4p) 12.359 eV
645.60 3.85 x 10° 55° (5s) 12.661 eV
615.71 7.62 x 10° SDe (4d) 12.754 eV
533.07 2.71 x 100 5De (5d) 13.066 eV

Again, data reported in Figure 8 show the measured counting rate from the spec-
trometer, and this was used to evaluate the intensity ratios displayed in Figure 9. They
can be corrected to take into account the absolute calibration for each wavelength. After
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this, they can be used to extract the emissivity profiles, as well as the density of excited
states (considering the different transition rates) along the jet axis, for each spectral line, as
recalled above. This effort will be undertaken whether or not a radiative model becomes
available, as we wish and strongly advocate for, through our present work. Figure 9 shows
the normalized intensity of different atomic oxygen lines recorded in the spectra with
respect to the main dominant one at 777 nm as a function of the plume’s axial and radial
coordinates, respectively. For simplicity’s sake, what is provided here in these figures are
the ratios calculated from our raw intensity data.
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Figure 9. Uncorrected relative weight of the different atomic oxygen lines recorded in the spectra
as a function of the plume axial (a) and radial (b) coordinates (Q = 50 sccm, W =100 W, R = 14,
P, =9.7 x 1072 mbar).

However, already from these data we get the information that the intensity of the
atomic O (844.6) line is almost constant with respect to the O (777.4) through the axial and
radial profiles. On the contrary, the normalized intensity for the other emission lines, O
(926.3), O (615.7), O (645.6), O (533.1) and O (436.8) are changing both along the z and the r
directions. For the axial profile, atomic ion weight increases almost linearly from the point
at the orifice. Then the rise is interrupted and becomes somewhat smaller. For the radial
profile, ratios are minimal when crossing the jet axis and somewhat symmetrical at both
sides. The most evident trend corresponds to lines emitted from the highest-lying excited
states. This clearly points towards some spatial structure also in the energy distribution of
the exciting agents, presumably the high-energy electrons in the tail of the EEDF [45].

The Visible portion of the spectrum is dominated by a sequence of molecular bands.
They appear in our wide-range, low-resolution spectrometers as large, jagged peaks, which
are due to the non-resolved rotational structure. The main series is due to ionized molecular
oxygen (O;" 1% negative system, b *X; => a “I1, transitions) [38], the sequence being
related to the different vibrational states excited. Their presence is sufficient to affirm that
plasma is transported into the plume. Since their lifetime is 1.12 ps [39], the excitation
should have happened near to the emitting points. As for the excitation mechanism, we
can repeat the considerations exposed above, which again favor excitation from the ion
ground state rather than formation through direct impact ionization. A more quantitative
analysis can be performed by considering the emission from individual vibrational levels.
States with v = 1/2/3 and 5 are easily identified, and their relative weight is shown in
Figure 10. After correcting for the spectrometer sensitivity and for their lifetimes and
Frank—Condon coefficients [39], the relative populations of the different vibrational states
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can be assessed. This can be used to compare with plasma radiative model predictions or,
at a more simplified level, to extract a vibrational temperature of the molecular ion [46,47].
The relative uniformity of the axial as well as radial profiles points towards a substantial
constancy of the vibrational level distribution, apart from perhaps the radial dependence
shown by the higher v = 5 level emission lines at 525 nm.
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Figure 10. Uncorrected relative weight of the different molecular oxygen ion bands recorded in the
spectra as a function of the plume axial (a) and radial (b) coordinates (Q = 50 sccm, W =100 W, R = 14,
P, =9.7 x 1072 mbar).

Another interesting fact comes from the comparison between atomic and molecular
ion oxygen. The trend is very reminiscent of the behavior observed for the higher excited
state of atomic oxygen. Molecular ion weight is larger in the side regions, both radially
and axially, away from the jet orifice. The motivation could be similar to the one already
mentioned, that is, the spatial differences in the fraction of high-energy electrons. How-
ever, it could also arise from a spatial structuring of the ionization degree within the free
expanding plasma jet.

All the features observed in the spectra with enough intensity were identified. Some
very weak bands were observed below 500 nm. The main impurity signal was detected
from the atomic hydrogen lines from the Balmer series. Their intensity varies but does
not correlate well with the oxygen’s. Its origins stem from the outgassing from walls and
electrodes, especially during the discharge, tentatively from water vapor.

3.5. Plasma Assisted Supersonic Jet Deposition of HMDSO

A typical UV /Vis/MIR emission spectrum collected by our OES detection system
from a pure HMDSO plasma jet is shown in Figure 11a. This is compared with the spectra
from an O, /HMDSO plasma jet, shown in Figure 11b. The former was analyzed to identify
the optical active state originating from the monomer dissociation. Discharges in pure
from a pure HMDSO are generally poor because of stability and other inefficiencies and
are generally mixed with noble gases, such as argon, in viable deposition processes [11].
The whitish weak plume spectrum shows two groups of closely spaced bands merging
into an almost continuous emission with two broad maxima. Two strong bands dominate
the spectrum, displayed in logarithm scale in the plot (Figure 11a). The strongest is
associated with SiOx fragments [38]. The second corresponds to CH radicals. Both features
support a view of a strong dissociation of the monomer as it reaches the plume; atomic
lines of hydrogen (the Balmer series, here observable up to Hs) can be distinguished
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too. Hydrogen abstraction from methyl groups should be its main source. However,
their relative intensities could be used to infer information about the electron energy
distribution, in particular its high-energy tail [31]. Radiative models for much simpler
atoms are quite advanced, because of an interest in thermonuclear fusion research [48,49].
The full identification of the weaker bands is somewhat more complex, also because of
some lack of interest in the literature. We positively recognized a few bands that could
be ascribed to C, radicals, which are commonly observed in hydrocarbon discharges [46],
and SiH fragments [38]. Although their formation in a nonoxidizing plasma gas phase is
not that surprising, their observation supports a picture of strong dissociation and well-
developed interaction between the reactive species before they enter the supersonic jet.
Again, the relatively short lifetimes of the relevant excited radicals imply that the excitation
of radiatively active states has happened practically nearby their observed decays. On
the contrary, the OES spectra of the oxygen and Hexamethyldisiloxane plasma exhibit a
diverse set of emission peaks corresponding not only to the monomer dissociation but also
to the reactions with oxygen. These optical active excited states operate as fingerprints
for recognizing plasma-activated species and breakdown components of the HMDSO
precursor. The key species found, and their related emission wavelengths, are discussed
below. Indeed, the identification of emission lines in Figure 11b is somewhat more complex,
as also discussed in the recent literature [50]. In the NIR, the emission peaks at 777 nm,
844 nm and 926 nm are due to atomic oxygen excited states. Their intensity indicates
the equilibrium between dissociation of O, molecules in the plasma and consumption in
oxidation reactions with the monomer fragments. Another prominent line is emitted by
hydrogen atoms (the Ho Balmer line, seen at 656.3 nm). Its presence is correlated, as in
pure HMDSO plasma, to the abstraction of hydrogen from some of the methyl groups
(-CHs) in the monomer or its fragments. The almost continuous spectrum in the Visible
optical range is composed of closely spaced molecular bands. However, their positions
and relative intensities reveal the drastic modification undergone by the plasma gas phase.
Their sequence in the 450-600 nm region corresponds to transitions of excited states of CO
and CO™, which likely result from the oxidation of the organic components of HMDSO.
Different band systems of CO were visible (Angstrom B ' => A 'T1, 3 Positive b 3% => a
3T1, Asundi a’ 3% => a 311, Triplet d 3IT => a °I1), whereas only the Comet-Tail system (A
211 => X 2%) was identified for the carbon oxide ion. These features completely mask the C,
and SiO/SiH weaker lines seen in pure HMDSO discharges. A subdominant contribution
from molecular oxygen ions could be detected anyways and could be used to study the
balance of HMDSO and O; in the plume plasma, as discussed above. As stated previously,
their presence together with the few bands that could be positively assigned to molecular
CO" ions (in the blue-violet region of ~420-460 nm) supports a continuous ionization in the
plume, producing such ions from parent’s neutral molecules by impact ionization and/or
charge exchange reactions in the plasma gas phase.

On the other hand, the weak evidence of a residual CH emission band (~431 nm),
which was observed as very strong in the high-flow condition of Ref. [51], indicates a higher
degree of HMDSO oxidation reached in the plasma jet, which is required with the aim of
pure silica thin film deposition. Some weak emission lines could be ascribed also to CO,
excited states. They are potentially of great interest for diagnostics purposes, since their
relative weight offers a handle to a quantitative evaluation of the oxidation degree. Again,
this will be relevant for whether conditions for pure SiO, coatings are pursued.

For an insight into the diagnostics capability of OES, we have displayed in Figure 12
the axial profiles of the intensity ratios of a few selected emission lines, uncorrected for
instrument sensitivity. As seen in Figure 12, all those ratios increase along the axis, flattening
downstream for z > d;,. This trend for CO/CO™* points towards continuous oxidation in the
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initial region of the plume, reducing the relative weight of atomic oxygen states. The same
trend for H/CH is more puzzling. It could be ascribed possibly to a greater consumption of
oxidizing agents, such as atomic oxygen, along the jet with respect to the level of monomer
dissociation, which is tagged by H/CH emission lines. Again, the diagnostic’s potential
will be strengthened by a suitable radiative model or at least a framework to evaluate the
main excitation patterns.
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Figure 11. An OES measurement of discharge spectra with 100 W power in the plume of a pure
HMDSO (P, = 1.0 x 10! mbar) plasma (a) and of a mixture of oxygen (P, = 6.9 x 102 mbar,
Q =40 sccm) and HDMSO (P, = 8.3 x 102 mbar) plasma (b).

T T T T
2.0 P A A b
I = e
A
2 o = H 856330777 |
= » CH431.21/0777
H & 404830777
E 197 v CO+4252/0777) T
T
: S N e
T
E
g L ]
1.0 RSISR VR
v
¥
T T T T T T T T

4 5 6 7 8 9 10 1 12
Axial distance from orifice (mm)

Figure 12. Uncorrected intensity ratios for some selected states from H, CH, CO and CO+ with
respect to the atomic oxygen reference line at 777 nm along the axial distance.

It appears that, under the present experimental conditions, oxidation of the methyl
groups develops within the first centimeter out of the nozzle. It seems to reach some definite,
uncomplete level, since emission from unoxidized fragments continues to show up in the
spectra. Our findings support an active involvement of atomic oxygen, whose emissivity
contribution declines more with respect to other species. More detailed studies, changing
the relative weight of O, to HMDSO, and the global pressure and radiofrequency power
would also help to pin down the fairly complicated fragmentation process in plasmas.
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The same approach was shown in Figure 13, but using only excited states from the
different band systems of a CO molecule. There, the axial profiles of the intensity ratios
of a few selected emission lines, uncorrected for the instrument sensitivity, are displayed.
Those ratios, however, remain practically unchanged along the axial profile. This points
towards a substantial uniformity in the excitation pattern of such molecules, even if the
overall emissivity is strongly depleted as the plasma jet propagates along its axis [46]. As a
cross-check the measured ratio between two lines from the same band system was plotted
too. Here the (B'X, v=0=> A ITI, v’ = 0) and the (B'X, v = 0 => A 'TI, v’ = 1) transitions are
compared. Such a ratio is trivially independent from the plasma, as well as the excitation
conditions, reflecting only the different branching ratios arising from the Frank—-Condon
factors of the two bands. The small level of fluctuation, despite the quite pronounced
spatial profiles probed, supports the rather robust solidity of our measurements and in
general the OES technique.
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Figure 13. Uncorrected intensity ratios for some selected electronic excited states of the CO molecules
with respect to the most easily observed Angstrom system line at 483 nm (B X, v=0=> A T, v’ = 1)
along the axial distance.

4. Conclusions

Within our somewhat limited perspective of investigating PASJD processing, we
have analyzed in depth the capability of OES diagnostics. Although limited to some
simplified environment, such as pure oxygen and oxygen/HMDSO binary mixtures, we
have indicated several quantities that could be measured, with a sensible precision and
a restricted effort. In particular the use of the full emission features allows us to control
systematic errors as well as to constrain models and parameters of the plasma state. Physical
quantities like the excitation temperatures or the vibrational distribution function of excited
states could be extracted from such an analysis.

More generally these results could be used to gain insight into the overall conditions
in the plasma gas phase in order to suitably choose the processing operating parameters
to be used in thin film deposition applications. We have therefore taken some effort to
evaluate the weight of emission line subsets and some extended band systems.

A step forward that we have not undertaken is to extract full emissivity profiles along
the jet axis, as well as radially. As we discussed previously, this could be a useful benchmark
for the formulation of suitable radiative models or for their validation. Such tools then
will strongly benefit applicative research in thin film deposition and in general for the
PECVD community.
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