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ABSTRACT

Plasma-enhanced atomic layer deposition has gained a lot of attraction over the past few years. A myriad of processes have been reported,
several reviews have been written on this topic, and there is a lot of interest for industrial applications. Still, when developing new processes,
often heuristic approaches are used, choosing plasma parameters that worked for earlier processes. This can result in suboptimal plasma
process conditions. In order to rationally decide which parameters to use, we systematically studied an inductively coupled RF oxygen
plasma source (13.56 MHz) for powers up to 300 W, a pressure range between 10~* and 102 mbar, and a flow range between 10 and
400 sccm. We discerned between chemically active “radical” species (atomic O and excited, metastable O,) and ionic particles (0, OF, 03,
and O7), which can have an additional physical effect to the film. Optical emission spectroscopy (OES) was used to study the generation of
O and atomic O in the plasma source region. It is shown that the concentration of plasma species increases in a linear way with the
plasma power and that the atom-to-ion fraction increases with both the power and the gas flow. To study the effect of plasma species in the
remote region, near the sample position, an electrostatic quadrupole analyzer was used to gauge fluxes of OF, OT, O;, and O~. Even a
moderate increase in pressure can drastically reduce the ion flux toward the substrate. The formation of bubbles or blisters in films can be
linked to ion-induced compressive stress, and, hence, it can be mitigated by an increase in the gas pressure. Finally, A, O; was deposited in
lateral high-aspect ratio structures to investigate the effect of plasma power and gas pressure on the partial pressure of radical species.
Simulated profiles were fitted to experimental deposition profiles to estimate trends in the radical partial pressure, and a linear relationship
between radical partial pressure and the power was found. This correlated with the density of atomic O species as observed in the OES mea-
surements in the plasma source region. The methods presented in this work are also applicable to characterize other reactor geometries,
plasma sources, and gas mixtures.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001094

I. INTRODUCTION deposited per pulse (or per AB-cycle) is precisely controlled. To
avoid precursor condensation and to assist in overcoming the reac-

capable of coating complex and challenging substrates in a uniform tion barrlfer o_f the chemical process, the substrate very often needs
and conformal way with the A-level thickness control. It achieves 0 be maintained at an elevated temperature. On the other hand,
this by the sequential pulsing of precursor molecules in the gas this temperature should not be too high to avoid decomposition of
phase and reactant gases (e.g., H,O, O,, O3, N;, H,, NHj, and the precursor molecule (typically below ~300°C, although this is
H,S), which are either temporally or spatially separated, typically in ~ very precursor-dependent). Numerous ALD processes have been
an AB-type cycle' (with A and B denoting the different pulses). In developed in this way. Sometimes process development is ham-

Atomic layer deposition (ALD) is a coating technique that is

this way, the reagents can only react on the available surface. pered by lack of reactivity and other factors, resulting in no, or
Because the reactions are self-limiting, the amount of material extremely slow, growth. Additionally, at lower temperatures, more
J. Vac. Sci. Technol. A 39(6) Nov/Dec 2021; doi: 10.1116/6.0001094 39, 062402-1
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impurities from the precursors may be incorporated into the film.
To alleviate these issues, one of the steps in the AB-sequence can
be altered by means of a plasma. This way, new, activated species
are created, opening up reaction pathways that are not available for
thermal ALD processes. This extension of thermal ALD is called
plasma-enhanced atomic layer deposition (PEALD).”

A. Challenges for PEALD

Recently, Knoops et al.” had reviewed applications, materials,
reactor designs, and challenges for PEALD. PEALD-deposited thin
films have fewer impurities and are denser than thermally grown
ALD films. Lower substrate temperatures become accessible, while
the precise thickness control and uniformity of thermal ALD are
maintained. On the other hand, the highly energetic species and
UV radiation from the plasma can damage the films, conformality
is harder to achieve than with thermal ALD, and often process
parameters are chosen in a heuristic way.

1. lon bombardment

It has been shown by Profijt et al. that UV radiation and ions
from the plasma can damage the film in some cases. When the
plasma is ignited, very quickly, a so-called sheath is formed:’ the
electrons can reach the chamber walls or any objects placed in
the plasma much quicker than the ions. Hence, a region with more
ions than electrons is created near all grounded surfaces. Positive
ions are accelerated toward the surface when they enter this region.
This acceleration can lead to ion energies of several tens to hun-
dreds of electron volts,” which is sufficient to cause considerable
damage to the films, or at least physically change them.”"

One form of ion-induced damage to films comes into the
form of film delamination and the formation of bubbles, sometimes
referred to as blisters. Caused by compressive stress, these
unwanted features have been a long-known issue in the deposition
and processing of thin films. In the context of physical vapor depo-
sition, a similar phenomenon is known as atomic peening:**
recoiled Ar atoms impinge on the substrate, resulting in a denser
film and increased compressive stress.

Other observations of bubble (or blister—we will use the
terms interchangeably) formation in ALD layers were made during
an annealing of thermally deposited ALD films. However, in this
case, film damage was linked to residual tensile stress, and the
release of trapped hydrogen, leading to the formation of H,O and
H, gas. Then, the barrier properties of AL,O; prevent this gas from
diffusing out of the film.””"* Exposure of multilayers to hydrogen
neutrals and/or ions leads to blistering in a similar way."” In the
case of AlL,O3, a higher deposition temperature can be used to
decrease the number of hydrogen atoms and thus reduce internal
stress'* to avoid blistering.'” Another known case of blister forma-
tion is during ALD growth of noble metals such as the ALD of
ruthenium'® and iridium.'”

Ion bombardment during ALD has also been used as a way to
tune material properties (e.g., for the deposition of Ga,03, TiO,,
and Zn0).'*” Over the past few years, substrate biasing has
received increasing attention, and for good reason: by biasing a
substrate, it is possible to increase the energy of the ions reaching
it. The concept of atomic layer annealing as described by Shih
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et al.,”’ where the annealing effect from an Ar plasma greatly influ-
ences the crystal phase of AIN, shows as well that the energy and
momentum transferred from a plasma can strongly alter film prop-
erties. These papers demonstrate that the energy and bombardment
of these impinging ions could be used to tailor material properties.
However, one should realize that this effect is inherently not con-
formal and it adds another layer of complexity to the system.
Therefore, the topic of substrate biasing is considered out of scope,
but hopefully, the interested reader will find the ion measurements
in Sec. I1I B of value.

2. Conformality

It often proves hard or impossible to coat challenging (3D)
substrates in a conformal way with a PEALD process.”*° The
aspect ratio (AR) is defined as the depth of a feature over its width,
if necessary with a correction factor to compare different geome-
tries.”” The main reason PEALD processes fail to coat deep inside
high-aspect ratio structures is that the activated species, created by
the plasma, recombine at the surface. The higher the aspect ratio of
the structure, the higher the probability that after a number of colli-
sions with walls, activated species have recombined into nonreactive
species. This depletion of reactive species results in nonconformal
growth. If we define W coating as the number of precursor molecules
necessary to conformally coat a feature, for thermal processes, it can
be shown that Wi coating < AR? in the diffusion-limited regime,
while for plasma-enhanced processes, it becomes exponentially
harder to coat high-aspect ratio structures [ coating exp(AR)].”
Facing this challenging problem, it should be the aim to maximize
the yield of active species near the entrance of a high-aspect ratio
structure, in order to upscale PEALD in an economically attractive
fashion.

3. Heuristic parameter selection

The use of PEALD as a key enabler for several technological
breakthroughs demonstrates its potential, but fundamentally, the
properties of the plasma itself and the impact of plasma parameters
on the deposited film and its saturation behavior are much less
understood. If PEALD is used on a specific tool with a fixed
plasma source and little room to play around with positioning or
substrate biasing,”’ only a few process parameters can be controlled:
the flow and pressure in the chamber (which are obviously related
but not equivalent), the gas mix, and the plasma power. These
parameters are described in more detail in Sec. S1 in the supple-
mentary material.”®

Often, a heuristic approach is taken when choosing process
parameters, relying on prior experience and parameters used for
other processes. Given the fact that plasma-enhanced processes
may saturate very quickly on planar substrates, often this is suffi-
cient for process development. Still, changing pressure, flow, or
power may change the properties of the plasma and hence change
the yield of active species or ion flux toward the substrate.

It is partly understood how these process parameters affect the
ion energies. Very interesting and inspiring work has been done by
Boris et al. and Wheeler et al. but their work was mainly directed
toward control of ion fluxes.”"***’ In contrast, the creation of reac-
tive species that contribute to the deposition is often overlooked.

J. Vac. Sci. Technol. A 39(6) Nov/Dec 2021; doi: 10.1116/6.0001094
Published under an exclusive license by the AVS

39, 062402-2


https://avs.scitation.org/journal/jva

JVSTA

Journal of Vacuum Science & Technology A

Tinck and Bogaerts have simulated an inductively coupled oxygen
plasma in a pump-type reactor geometry, in relevant pressure and
power ranges’’ and determined fluxes for different substrate geom-
etries. The plasma is described well but it is difficult to draw practi-
cal recommendations from this modeling effort.

B. Oxygen plasma species

In this work, oxygen plasmas are used. As mentioned before,
the addition of energy to the gas by igniting a plasma creates new,
reactive species, and because of the electric fields generated,
charged species can hit the substrate surface with large energies. In
a first-order approximation, these species are created by electrons
hitting gas molecules. As the electron temperature changes, the rate
coefficients for certain processes change along.”’

The species generated in the plasma include ions (O3, 0T, O5,
and O7) and atomic oxygen (O). Neutral but metastable excited
molecular and atomic oxygen might as well be present in significant
concentrations.

In PEALD, growth during the plasma step is usually attributed
to the creation of radicals and their chemical interaction with the
surface groups. Atomic oxygen would be a good candidate as the
main driver for surface reactions and also singlet delta oxygen
(*Ag), an excited molecular oxygen species with a long lifetime and
increased reactivity toward organic groups cannot be excluded.

On the other hand, we consider the main contribution of the
ions (05, O*, O, and O™) as physical: they do not contribute to
the growth in a chemical sense but the energy they bring to the
surface may significantly change the film properties.’

C. Paper outline

By now, we have defined three challenges for the PEALD prac-
titioner in the field: controlling damage to the films by ion bombard-
ment, optimizing conformality, and building a better understanding
of the effect of plasma source or reactor parameters to species gener-
ation in the plasma. In Sec. S1 in the supplementary material,”® we
define power, pressure, and flow as relevant plasma parameters for
PEALD. By investigating how these parameters affect oxygen plasma
properties, effectively tackling the problem of how to select suitable
plasma parameters, we can possibly gain an understanding of causes
and mitigations for the ion bombardment and conformality prob-
lems along the path. A schematic overview of the system under study
together with characterization techniques can be found in Fig. 1.

First, we will scan the relevant parameter space (Fig. 2) with
optical emission spectroscopy, probing the plasma region. This will
provide a basic insight into how power, pressure, and flow affect
the generation of atomic oxygen (O) and positive molecular ions
(O3) in the source region.

In a second part, we will study the remote region with an elec-
trostatic quadrupole plasma (EQP) analyzer. This allows us to
study the flux and energy of OF, OF, O;, and O~ ions that effec-
tively reach the sample substrate in the relevant parameter space.

Finally, these measurements are related with actual deposi-
tions. The physical effect of ion bombardment is linked to a series
of A,O5; samples deposited at different pressures, while the change
in concentration of chemically reactive species with plasma power
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FIG. 1. Schematic diagram of the ALD reactor with plasma source and mea-
surement techniques, serving as a summary of this work. In reality, the EQP
device and the sample stage are situated on the axis of the plasma column in
the two vacuum systems used for this work.

and pressure is addressed through a series of depositions in lateral
high-aspect ratio (LHAR) structures.

Il. EXPERIMENT
A. Reactors and plasma source

All depositions were performed in a home-built, cold-wall,
vacuum-type ALD reactor with remote inductively coupled plasma
(denoted ALD in Table I). Ion energy measurements were done
with a Hiden EQP1000 tool in a dedicated, cubic chamber
(denoted EQP in Table I). The inner dimensions of this chamber
were 50.0 x 50.0 x 50.0cm?. The EQP inlet was located 27 cm
from the top of the chamber, right below the plasma tube. A metal
cylinder with a diameter of 25.0 cm was placed into this chamber
to confine the plasma and to mimic the typical ALD chamber
geometry. At the bottom of this cylinder, below the EQP entrance,
regularly spaced holes were drilled to imitate the effect of pumping
below the sample stage. The turbo pump itself could be screened
with a variable gate valve with an action of 26.0 cm. This way the
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FIG. 2. Optical emission spectroscopy (OES) parameter space explored in this
work. Each marker represents an OES spectrum of the plasma integrated for at
least 50 s. The flow and the power were controlled in four different experiments,
each experiment with a different closing of the gate valve (0 cm or completely
open, 10, 15, and 20 cm). This way, one flow can lead to different pressures,
indicated by markers of the same color. The total action of the gate valve was
26 cm (completely closed). Missing points indicate where no correct matching
happened. For lower pressures, the power was limited to 250 W.

effective pumping speed could be controlled. Oxygen gas entered
the chamber from the top of the plasma column with a mass flow
controller (MKS 400 sccm, N, rated) controlled by an MKS 247C
four-channel readout. The RF generator and plasma column from
the ALD chamber were used on this system as well. Automated
control of the experimental parameters was done with a National
Instruments USB-6008 module.

For all experiments, we used the same plasma tube, coil,
cables, and generator (Advanced Energy Cesar 136, 13.56 MHz).

ARTICLE avs.scitation.org/journalljva

An automatic matching unit was used, and so for all measure-
ments, the reflected power was 0 W. The plasma setup was moved
between the EQP characterization tool and the ALD reactor. At all
times, the pressure was allowed to stabilize before the plasma was
ignited.

B. Optical emission spectroscopy

OES measurements were performed with a fiber coupled
Ocean Optics QE65000 spectrometer both on the ALD reactor and
the EQP chamber with the fiber attached perpendicular to the
plasma coil, aimed at the center of the plasma. It was verified that
trends observed in the reactor were identical compared to those
observed on the EQP system. The integration time was set to 1s but
afterward all spectra recorded within the same regime were averaged
to increase signal-to-noise ratio, after subtraction of a background
spectrum. Plasma emission did not change significantly over time in
the same pulse. Minor changes occurred when the plasma was
pulsed very long (more than 60 s), but internal differences were at
least an order of magnitude smaller than differences between spectra
taken at different conditions. As for higher flows and powers, the
emission peak at 777 nm was too intense and saturated the detector
in some parts of the parameter space, the region 762-792 nm was
left out of the calculation of the total number of counts (for all
spectra). The peaks were integrated without subtraction of the broad
background contribution of the plasma.

Additional infrared optical emission spectra were obtained
under similar circumstances on the EQP chamber with an Avantes
Avaspec-NIRS512-1.7-HSC-EVO (900-1700 nm). In this experi-
ment, plasma pulses of 10 s were given for a range of powers and
flows.

C. Electrostatic quadrupole plasma

The Hiden EQP1000 is a versatile tool that can be used for the
detection of neutrals, through electron impact ionization (as demon-
strated in, e.g., Ref. 31), or for the direct detection of ions (as, e.g.,
described in Ref. 32). For EQP sampling, the plasmas need to be
maintained for a longer time than a typical ALD pulse time. 60 s
pulses of plasma were given with 60 s breaks in between. OES mea-
surements were taken to assure that the plasma conditions were
similar to those in the ALD reactor. Because of very high counts at
low pressures and detector saturation, we did not study the lowest
flows with the EQP experiment. Instead, the 100-400 sccm range

TABLE I. Overview of experiments described in this work with the part of the parameter space they cover.

Flow Pressure Power

Technique Reactor (sccm) (mbar) (W) Figure

OES EQP 10-400 1x107%-1x 1072 50-300 2 and 6
IR-OES EQP 10-400 6x107*-1x 1072 50-250 5

OES ALD n.a. 6x107*-1x 1072 20-250 4 and $3

EQP EQP 100-400 23%x1072-1x1072 50-250 7 and 8
Depositions ALD na. 35x107*-1x 1072 150 9
Depositions ALD na. 5x107° 50-200 11
Depositions ALD na. 6x107*-1x1072 150 12
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was studied in steps of 50 sccm. For positive ions, we used an energy
step of 0.2 eV, while for negative ions, an energy step of 0.5 eV was
used. For all EQP experiments, the valve toward the pump was
completely opened. We tried to measure atomic oxygen in several
ways with the EQP tool in the residual gas analysis (RGA) mode,
threshold ionization mass spectrometry (TIMS), and the negative
RGA mode. However, the signal-to-noise ratio of the measurements
was insufficient due to the high background signal of dissociation of
oxygen in the ionization source for RGA, and the relatively low sen-
sitivity and ionization cross sections of TIMS measurements for low-
pressure high-energy species.

D. Depositions

All films referenced in Sec. III C were deposited with 200
cycles of TMA-O,* at 120°C substrate temperature.
Trimethylaluminum (TMA) (Strem, 97%) and O, (grade 5.0,
99.999% pure) were used for the depositions. A cycle consisted of
55 of TMA at 2 x 1073 mbar, followed by 30 s of pump time. The
oxygen pulse consisted of 5s of gas flow in order to stabilize the
pressure (which was varied from 3.5 x 107* to 1.0 x 1072 mbar),
followed by 5s of plasma power, again 5s regular gas flow, and
concluded by a 30s pump step. The plasma power used for all
depositions was 150 W. O, was inserted directly in the reactor for
the depositions shown in Fig. 9. A similar experiment was per-
formed with the gas inlet at the top of the plasma column.

For the conformality analysis, we performed two sets of depo-
sitions. A first set consisted of six depositions with 200 cycles of
TMA (95, 5x 107> mbar) and oxygen plasma (variable pulse
length, 5 x 107> mbar) in a macroscopic, lateral trench (Fig. 3)
with opening height 1 mm, width 10 mm, and depth 20 mm, result-
ing in an aspect ratio of 20 and an equivalent aspect ratio of
10.”*° The deposition temperature was 100°C. The second set
consisted of five depositions with 200 cycles of TMA (55,
5x 1073 mbar) and oxygen plasma (5s plasma pulse length,

FIG. 3. Schematic view, exploded and assembled, of the macroscopic test
structures used. Stacking two pieces of Si with a polytetrafluoroethylene (teflon)
spacer in between results in a laterally oriented, rectangular hole.
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150 W, variable pressure) in the same trench structure with a depo-
sition temperature of 120 °C.

The excess TMA dose delivered should be sufficient to ensure
that the deposition profile is determined by the oxygen plasma
step. After deposition, the thickness profiles were measured with a
mapping ellipsometry setup with one datapoint every millimeter
(Figs. 11 and 12). The thickness was normalized assuming a satu-
rateg thickness of 22 nm (200 cycles with a growth per cycle of
1.1 A).

The film thickness was measured with a J.A. Woollam F2000
spectroscopic ellipsometer; and blister formation was studied with
an FEI Quantafeg SEM.

E. Simulation and fit of deposition thickness profiles

The simulation and fit of deposition thickness profiles were
done using a Markov chain approach described elsewhere.” We
implemented our own version of this algorithm. A comparison to
the original code can be found in the supplementary material.”®
The simulation relies on transmission probabilities: when a particle
collides at depth z;, the probability of its next collision can be cal-
culated as a function of z, assuming cosine re-emission and the
view factors for the geometry under study. The transmission proba-
bilities were calculated for a square hole,” although the simulation
itself was performed in 1D. The equivalent aspect ratio of this hole
was 10, to be able to compare the simulated profile with the deposi-
tion thickness profile. Sometimes, a slight thickness increase has
been reported at the bottom of the deposition thickness profile,
although this was not observed here. Hence, to model the bottom
segment, instead of diffuse cosine re-emission, specular reflection
of particles was assumed.

Ill. RESULTS AND DISCUSSION
A. Plasma region: Optical emission spectroscopy

Optical emission spectroscopy is sometimes, but not often,
used in ALD research to investigate reaction products during the
plasma pulse.”® Here, it is used as a tool to study the plasma itself.
The addition of an actinometer gas such as Ar was considered and
rejected, as the main interest was to probe the pure O, plasma as
used in ALD configurations, and it has been shown that the addi-
tion of Ar plasma may change the film and plasma properties.”” As
a result, only qualitative conclusions will be made.

1. Components of the spectrum of oxygen plasma

Some optical spectra, obtained by varying the power at a fixed
pressure, are plotted in Fig. 4. Qualitatively, all spectra are very
similar. By plotting on a log scale, a lot of features can be seen.
Atomic components can be mapped using Grotrian diagrams,”
which are compiled in Ref. 39, while the molecular spectra of O, and
ions have been compiled by Krupenie."” A general resource for the
identification of molecular lines is supplied by Pearse and Gaydon."’

Singlet delta ('A;) molecular oxygen might as well be of inter-
est for ALD. Because this excited molecular oxygen is metastable, it
is hard to detect optically due to its low Einstein coefficient
A’ =2.58 x 10*s™!. This leads to a very long lifetime (ultimately
depending on the gas pressure)’” but it is very reactive toward
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FIG. 4. Spectra of the plasma at different powers on an ALD reactor, and a fixed pressure of 2 x 102 mbar. The y axis is logarithmic to show all features. A list of tran-
sitions is compiled in the supplementary material.”® The gray zones indicate the zones used for integrating the counts for molecular ions (05, 547-566 nm) and atoms

(O, 840-850 nm). A similar figure where the power is kept constant and the pressure is varied can be found in Fig. S3 in the supplementary material

1.%° The peaks at

the left (between 300 and 400 nm) are due to the A’IT, — X2IT, molecular ion system.

organic groups. The energy difference between the 'A, state and
the ground state of molecular oxygen is 0.98eV or 1265nm.
Krupenie mentions additional optical transitions at 1067 nm and
possibly as well at 924 and 1580 nm due to vibrational levels."’
Preliminary infrared emission spectra were collected for a range of
flows and pressures. Peaks at 1265 and 1067 nm were indeed
observed (Fig. 5). However, these peaks seem to be self-absorbing
because of neutral O, molecules that get excited into the metastable
state upon catching a photon with the right energy. This renders
integrating the peaks, as performed in I1I A 2 for the other species,
impossible. In contrast, the detection of these peaks shows that

metastable 'A, molecular oxygen might as well play an important
role in ALD growth.

We identify lines of atomic oxygen (O) in singlet, triplet, and
quintet configurations, and lines of molecular ions O (first and
second negative systems). No clear signs of O,, OF, O;, or O~
emission were found.

To study the trends in intensity for O and O5, a typical transi-
tion was selected for each. The peak caused by the triplet 3p>P —
35280 transition at 844 nm was integrated for the atomic O, and for
the molecular ion Oj, the peak around 560 nm was integrated.
These zones are indicated in Fig. 4.
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FIG. 5. Infrared spectra at different powers and a flow of 200 sccm. The self-absorbing 1Ag regions are indicated in gray.
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2. Trends in OES spectra

When interpreting OES results, the following relationship
relates an observed line intensity to the amount of species in the
excited state p:*’

Lok = ni(p)A pr, 1)

with I being the intensity of the line that corresponds to the radi-
ative de-excitation of a plasma species i (with density #;) from an
upper level p to a lower level k. The factor A 5 is the Einstein coef-
ficient, which determines the probability of this transition. Hence,
on the one hand, we can define a depopulation process for n;(p) as

[8ni(p)

o } =m(p)Y  Ap @)
radiative k

On the other hand, several mechanisms may contribute to the
population of the energy level p. First, we consider the creation of
the species i, either in ground state or in excited state p, through
electron interactions,

Oon;
5 — XS (B ), ©
8t creation from ng

with 7, being the electron density, ng the neutral gas density, and
X5i€(E., v) the rate coefficient of the creation process (in m?s1),
which depends on the electron energy distribution or (if it can be
defined) the electron temperature. Furthermore, vibrational excita-
tions of the parent molecule v may as well heavily impact the rate
coefficients. Examples of the electron-mediated creation mecha-
nism for an O, plasma are direct electron ionization and dissocia-
tion processes and also dissociative electron attachment.** Species
can be created in the ground state or in an excited state p, in partic-
ular, excited O through dissociative attachment.

Other similar creation pathways exist through electronic inter-
action with other plasma species j,

Oon;
{—t} = Z NeM; XCre . (4)
ot creation from #;

j#i

For oxygen plasma, nonelectronic interactions can as well
have large rate coefficients, for example, the O + O~ — O+ O or
O, + O interactions. This results in

on;
& SDI)UIET NG
t non—electronic creation

J#i k#i

where the resulting species can again be in the ground state or in
the excited state. The latter may be favorable given the chemical
energy released in these interactions.”
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Finally, we consider populating the level p from lower lying
levels k of the same species i through electronic excitation

6”1‘(]7)
ot

=n, Y mi()Xg(Ee). (6)

:| excitation k<p

The mechanisms listed above are not all possible mechanisms.
We have neglected depopulation processes such as nonradiative
de-excitation pathways, wall interactions, and pumping. This is
possible when electron densities are sufficiently low. In steady-state

conditions, the total [0" ilp )] 1: 0 and the mechanisms listed are
total

sufficient to interpret the observed trends.

The integrated O and OJ peaks as well as the total intensities
of the optical spectra scale in a quadratic way with power (Fig. 4),
but only a limited effect of pressure and flow on the total intensity
is observed. This can be explained by assuming a linear increase of
Me, Mo, Nos, and other plasma species with plasma power. The
increase in density of plasma species n; along with the electron
density n, follows directly from Eq. (3). However, the optically
observed lines are proportional to the excited species density n;(p).
For oxygen plasma, both electronic and nonelectronic processes
might play a role. The relevant contributions to the steady-state

population and depopulation processes are Eqs. (2), (5), and (6),
leading to
ka = ”i(P)Apk (7)
o [ani(P):| ’ )
ot radiative

x5 + )
|: ot radiative 8t non—electronic creation at excitation

=D mmXE ey m(OXp(E)  (10)

j#i k#i k<p

if ne, n;, nj, and ny scale linearly with the power; this explains the
quadratic behavior of the intensity of the spectrum with the power.
The proportionality indicates that a level p might decay radiatively
to multiple other levels, and the approximation symbol indicates
that only the main terms are taken into account.

The effects of flow and pressure are harder to pinpoint. To
study trends in the creation and excitation rate coefficients X(E,), it
is instructive to normalize the integrated intensity for the selected
ionic and atomic peak by the total intensity of the spectrum. This
way, the quadratic effect is removed.

These normalized intensities are shown in Figs. 6(c) (OF)
and 6(d) (O). As the power and the flow increase, the ionic fraction
decreases, and the atomic fraction in the spectrum increases.

Creation rate coefficients for the different processes were
obtained from the work of Gudmundsson:*® for molecular ions
e+ 0, - O, ++e+e the rate coefficient increases with
increasing electron  temperature:  2.34 x 1071 x T}% x exp
(—12.29/T,) m? s7!. For neutral atoms, two processes contribute to
their creation: for e + O, — O + O, the creation rate coefficient
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FIG. 6. (a) Total intensity as a function of plasma power. A quadratic relationship appears. Given the size of the parameter space, it is remarkable how similar the total
intensity values are. (b) Universal trend for scaled atomic and ionic intensities. (c) Intensity of the ionic line at 547-566 nm, scaled with the total intensity without the satu-
rated line. High flow and high power seem to reduce the ionic fraction in the plasma. (d) Intensity of the atomic line at 840-850 nm, scaled with the total intensity. High
flow and high power seem to increase the atomic fraction in the plasma. These data are presented in different ways in Figs. S4 and S5 in the supplementary material.”®

is  1.07x 1075 x T, x exp(—6.26/T,)m*s™! and for
e+0, - 0+0+e, the creation rate coefficient is
1.41 x 1071 x T%% x exp (—12.62/T,)m*s~!. This leads to a net
decrease in O production with increasing electron temperature.

% on—electronic creation 15 0Ny dependent on the gas tempera-
ture and the respective densities of OF, OF, and O.
OT+0" - 0+0 has a rate coefficient of 4.00 x 107!
><(300/Tg)0'43 m>s~! and Of + O~ — O, + O has a rate coeffi-
cient of 2.60 x 10714 x (3»00/Tg)0'4r4 m3s7L

Hence, from the decrease in ionic fraction as opposed to the
increase in atomic fraction with increasing flow, we infer that, at
least for an oxygen plasma, increasing the flow leads to a decreased
electron temperature [Fig. 6(b)]. A similar effect can be seen with

the power: an increased power leads to a decreased electron
temperature.

From this, it follows that the ratio [g)ﬂ] is inversely propor-
tional to the electron temperature. At high’ power and high flow,
the electron temperature will be lower and the relative fraction of
oxygen atoms will be higher (despite the creation of more electrons
and in general more plasma species at higher powers), while at low
power and low flow, the relative fraction of ions will be higher.

The effect of pressure on the atom-to-ion ratio is only minor:
in Fig. 6, the data from all spectra with all valve positions are
plotted, varying the pressure while maintaining the same flow. It
can be seen that the effect of variations in flow is much larger. This
might not immediately catch attention, as the points obtained at
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FIG. 7. Energy spectrum for the incoming ions as a function of pressure (by increasing the flow) and power. (a) Distributions for atomic, positive ions (O*) (b) for molecu-
lar, positive ions (O3 ). For all species, a dramatic decrease in ion flux can be observed with increasing pressure. Spectra collected for powers 75, 125, 175, and 225 W

confirmed the trends but were omitted for the sake of clarity.

the same flow are plotted on top of each other. Slices at 200 W are
provided in Fig. $4 in the supplementary material.”® As mentioned
before, in the absence of a valve to control the pumping speed,
increasing the flow will result in an increased pressure as well.

During the experiments, it was observed that the plasma
region became visibly smaller with increasing pressure, probably
due to increased nonradiative decay processes at higher pressures.
This is not visible in these graphs, as we measured at the center of
the coil, although this effect is somewhat visible in Fig. S5 in the
supplementary material.””

At this point, a preliminary conclusion can be made, based on
OES measurements at the center of the plasma region: the concen-
trations or partial pressures of dissociated species (via detection of
atomic O) and ions (via detection of molecular OF) both increase
in a linear way with the power. The ratio between these two partial
pressures is determined by the electron temperature, mediated by

the flow, and the plasma power. As such, higher flows and powers
lead to a higher atom-to-ion ratio, while the absolute number of
both O and O is mainly determined by the power.

n, and T, are peaked in the center of the plasma, which is the
reason this is the brightest region. However, the density of other
plasma species can stretch far beyond the plasma region, as the
effective use of remote plasma for ALD readily suggests. This is
why in Secs. IIT B-IIT D, we will investigate the plasma species in
the remote zone.

B. EQP measurements: lons in the remote region

Ion energy distribution functions were measured with an EQP.
We discern four kinds of ions: atomic, positive ions (O™), molecular,
positive ions (O3), atomic, negative ions (O~), and molecular, nega-
tive ions (O3 ). The distributions (shown in Figs. 7 and 8) show
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several general trends: a higher power always results in more ions,
but with higher pressure, less ions reach the sampling orifice (at the
substrate position). This can be attributed to an increased collision
probability (with subsequent neutralization) and thus a shorter mean
free path toward the surface at higher pressures.

Below 150 W, the plasma potential, equal for O and Oj,
seems to increase with increasing power (Fig. 7). For powers above
150 W, the plasma potential remains constant with power between
40 and 60 eV, depending on the pressure. For positive ions, higher
intensities seem to correlate with a higher plasma potential (hence
more jons reach the surface with more energy) and the saddle
shape characteristic for ion energy distributions in RF plasmas can
be observed.

Oxygen, due to its high electronegativity, has the tendency to
create electronegative plasmas. Optical transitions are not available
for negative species, as the excess electron is removed rather
than excited. EQP measurements show that the O~ contribution is

indeed large and spreads out over a wide energy window
(0-500 eV) (Fig. 8). Consistent with the modeling results of Tinck
and Bogaerts,”’ the O, contribution is negligible. However, the
energies of the negative ions are surprisingly high, and the energy
distributions of the negative ions are much broader than those of
the positive ions. At this point, we have no explanation for the
high-energy values observed. We believe that the general trends
observed for negative ions are valid, but we want to stress that
further research into the energy distributions of positive and nega-
tive ions is necessary, in particular, in seeking an explanation for
the high energies for negative ions.

C. Impact of ions on ALD depositions

To test the effect of pressure on deposition quality, two series
of AL O; depositions were performed: in these experiments, all
parameters were fixed, except for the gas pressure. In the first
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FIG. 9. SEM images of samples grown with varying O, pressures but otherwise an identical process (200 cycles TMA-O,*, 150 W). (a) 3.5 x 10~*, (b) 1.0 x 1073,
(c) 6.2 x 102, and (d) 1.0 x 102 mbar. As the pressure is increased, the amount and the size of the features are decreasing until at 1.0 x 102 mbar no bubbles are
visible anymore. All images have the same scale.

series, the gas was fed to the top of the plasma column and all gas
had to flow through the plasma zone. In the second series, the gas
entered the reactor from the side. While in the first series, no
visible damage was observed (SEM images not shown), and in the
second series, a clear trend in the film damage (damage in the
form of bubble formation) could be observed (Fig. 9). We assume
that the ion concentrations are even higher when the gas enters the
reactor from the side. As the pressure increases, the bubbles
decrease in size and/or spacing and ultimately vanish at the highest
plasma pressure.

As bubbles are typically an indication of compressive stress, it
can safely be assumed that stress in the films is caused by ion bom-
bardment and that this stress can be reduced by an increased pres-
sure. Even if ion-induced effects are not visible as dramatically as
in Fig. 9, plasma-induced defects may still alter the film properties.
The deposited samples were characterized with x-ray reflectivity
and spectroscopic ellipsometry. No significant differences in thick-
ness or density were observed.

We noticed that damage (bubble formation and delamination)
only occurred to samples within line of sight of the plasma.
Around clamps and inside lateral test structures, the films are
usually very smooth and conformal. This circumstantial evidence
shows that ions, hitting and damaging the substrate within line of
sight, lose their energy (or regain their neutrality) upon the colli-
sions necessary to enter 3D structures. Arts et al. have also showed
compelling evidence for the fact that ions are not able to enter
LHAR structures.’ A similar experiment was done with the EQP: it
is possible to close a shutter before the sampling orifice. Normally,
this shutter is opened for optimal line-of-sight sampling. However,
there is still some space in between the shutter and the orifice, and
neutral gas species can still be sampled. When the shutter is closed,
the number of detected ions goes to zero. This is additional proof
of our findings. We expect this only to be of effect if the distance
between the overhanging structure and the substrate is smaller than
the sheath width. Finally, as we showed, a plain-out increase of the
gas pressure also may reduce ion damage and blister formation but
UV-induced damage and less drastic defect formation may still be
present.

D. Effect of radicals on ALD growth

From the results presented in Sec. III A, we concluded that as
the plasma power increases, more species are created in the plasma
region. The relationship between power and total species concen-
tration is linear, although relative concentrations might change
with increasing power (due to a changing electron temperature).
Hence, it would be of interest to see whether the effect of plasma
power and pressure on actual depositions can be measured—
assuming that only the radicals take part in the growth. This is
more subtle than it seems: we work with a remote plasma, so OES
measurements in the plasma column cannot necessarily be extrapo-
lated to the sample region. While ions are easily lost through colli-
sions at the walls and gas-phase collisions, atomic species typically
are not lost in the gas phase, and the recombination coefficient at
the reactor walls is surface-dependent and may be moderate. As
ions inherently cannot contribute to conformal growth in a lateral
structure (as described in Sec. ITI C), we will focus in this section
on the radical species. For now, it will be assumed that the growth
is dominated by atomic oxygen. An obvious technique for follow-
ing the process would be real-time in situ ellipsometry measure-
ments of the thickness, to compare saturation curves as a function
of the plasma power. However, here it is rather useless since satura-
tion usually is obtained extremely fast during plasma steps.

Therefore, an alternative way is needed to investigate the effect
of plasma power and pressure on actual depositions. No ALD
paper is complete without the statement that it is a technique able
to conformally coat substrates.”” Usually, the saturation curve is
reported as a proxy of this statement: if this reaction saturates on a
planar substrate, it will as well be able to coat a challenging 3D
structure. Here, deposition thickness profiles inside 3D high-aspect
ratio structures will be studied as a function of the plasma power
and pressure, in order to calculate back the partial pressure of
active species at the entrance.

If different plasma conditions result in a higher partial pres-
sure of radicals near the entrance of the structure, the flux ¢ of
active species toward the substrate will increase as well (see Sec. S1
in the supplementary material).” As the plasma species are very
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FIG. 10. Lateral high-aspect structure may receive the same amount of flux
compared to a planar substrate with the same surface area but has more
surface groups. Furthermore, the groups closer to the entrance will receive a
higher exposure than those deeper in the structure. This yields a deposition
profile that is essentially a saturation graph spread out in space rather than in
time.

reactive, very low fluxes will already react with all surface groups.
By increasing the effective surface to coat with the same flux, we
obtain a very useful characterization device (Fig. 10). The deposi-
tion profile can be examined ex situ, as it encodes useful informa-
tion about the process.

However, we need a tool to decode the information that lays
hidden in the deposition profile. Conformality modeling started
with the seminal work of Gordon et al.,"” assuming a sticking prob-
ability of 1. In the following years, a multitude of analytical and
computational models and several simulation techniques were
reported. The main aim has been to investigate which exposures
are necessary to completely (or almost completely) coat a high-
aspect ratio structure, knowing process and precursor characteris-
tics (sticking and recombination coefficient) beforehand.***’
Another section of the literature dealt with these parameters, such
as the sticking coefficient, and how they can be determined
through the study of certain features (such as the slope) of the dep-
osition profile.”**"!

Here, we propose to introduce another approach: one elegant
way of simulating ALD growth has been through the modeling of
the transport and reaction of the process as a Markov chain by
Yanguas-Gil and Elam.”* For a given coverage (as a function of
depth), it is possible to calculate the reaction probability (again as a
function of depth). By treating the changing coverage profile as an
initial value problem and repeated evaluation of the reaction proba-
bility, it is possible to simulate ALD growth in a HAR structure.
The sticking coefficient (for first-order Langmuir adsorption), the
recombination coefficient, and the deposition profile as a function
of a varying coverage are encompassed in a computationally effi-
cient way.

Until recently, no open source implementation of this simula-
tion approach was available, so we reimplemented the algorithm
and benchmarked it to ensure physical validity (see SI).”* However,
we aim to go beyond simulation: because of the computational effi-
ciency of the algorithm, we propose it is possible to use a least
squares fitting procedure to obtain all experimental information
from simultaneously fitting a set of deposition profiles. Hence, it
would be possible to derive the common sticking probability and
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recombination coefficient for these processes and, most relevant for
our case, also the partial pressure at the entrance of the profile that
led to each particular profile. By fitting deposition thickness pro-
files with different plasma powers and pressures, it may be possible
to identify relevant trends.

The simulation framework we use requires a feature geometry,
a sticking probability, a recombination coefficient, and an exposure
¥ to simulate a conformality profile. To properly scale the results,
an area per surface site sy is also necessary. On the other hand, the
experimental input to fit the profiles needs to be rescaled as well:
the deposition thickness profile needs to be divided by the expected
thickness to scale back to a conformality profile.”” In Sec. S1 in the
supplementary material,”® we present a more detailed account of
the notation and assumptions made in the simulation. As long as
the TMA exposure is oversaturated, we can be sure that the oxygen
plasma is limiting the growth. In earlier work, we reported deposi-
tion thickness profiles as a function of plasma power in similar
structures.”* The pulse times were longer in that case, possibly
leading to recombination-limited growth and less difference
between profiles at different plasma powers.

Fits to the experimentally obtained saturation thickness pro-
files are shown in Figs. 11 and 12. The resulting partial pressures at
the entrance of the trench can be found in Figs. 13 and 14. All pro-
files in one set (a set for the power and a set for the pressure) were
fitted simultaneously. This means that in the minimization routine
for the power-varied profiles, seven parameters were optimized: the
sticking probability and six exposures. In the minimization routine
for the pressure-varied profiles, six parameters were optimized: the
sticking probability and five exposures.

The recombination coefficient was kept constant at the litera-
ture value of 0.0021,”" also within the range obtained by Arts
et al”® (between 0.01 and 0.001 on ALOs). In principle, it would
be possible to vary this parameter as well, but it is important to
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FIG. 11. Normalized deposition thickness profiles (dots) and simulated confor-
mality profiles (lines) for depositions where the power and the pulse time were
varied for a fixed pressure of 5 x 10~ mbar.
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FIG. 12. Normalized deposition thickness profiles (dots) and simulated confor-
mality profiles (lines) for depositions where the pressure was varied for a fixed
power of 150 W and a pulse time of 5s.

realize that the effect of the recombination coefficient manifests
itself most clearly in the recombination-limited regime,”® while var-
iations in exposure will be most visible in the reaction- and
diffusion-limited regime. The conditions we used are deliberately
chosen to be in the diffusion-limited regime. By fixing the recombi-
nation coefficient, the error on all other parameters decreases an
order of magnitude, precisely because these data are less suited to
determine this coefficient.

While the fits are not perfect, from the agreement in slope
between data and the profiles, we conclude that the obtained sticking
coefficient of 0.316 + 0.004 (for the power-varied profiles) and
0.172 £+ 0.003 (for the pressure-varied profiles) is modeled correctly.
These values had to be treated differently because the deposition
temperature was different (100 °C for the power-varied profiles and
120°C for the pressure-varied profiles). Other factors affecting the
sticking may be the fact that the pressure-varied profiles are nearly
saturated and that we adopt immediate thermalization of the gas in
the simulation. That is, the gas temperature inside the HAR structure
equals the wall temperature. To the best of our knowledge, there are
no literature values for the sticking coefficient of oxygen radicals in
the TMA-O,* process. The obtained probabilities are high [com-
pared to, for example, the TMA-H,O process where the sticking
coefficient of TMA is (0.8—2) x 107> and that of water
(0.5-2) x 107#].>" This is to be expected for a plasma-enhanced
process, given the quick saturation times. Some imperfect Langmuir
behavior is visible at the entrance: the thickness is a bit larger than
the expected 22 nm with a small decrease over the first measurement
points. This is as well the case in other reports.”®

The fitted exposures can be rescaled to reflect the partial
pressure of oxygen radicals. To this aim, the exposures were
divided by the pulse times, and the number of surface sites was
taken into account via so = 1 x 1078 m?, the area per surface site
and, tentatively, a mass of 16 (the mass of atomic O), and a
substrate temperature of T =393.15 K.
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FIG. 13. Partial pressure of active species at different plasma powers for a
fixed pressure of 5 x 102 mbar as measured by fitting conformality profiles to
deposition thickness profiles. An attempt was made to draw error bars based on
the fitting error but they were too small to be visible (order of magnitude <1%).

It can be readily seen that a higher power results in a higher
partial pressure of the active species, and that this behavior is,
again, linear with power (Fig. 13). The fact that the partial pres-
sures of the two depositions at 75 W are so close to each other is as
well reassuring. An increase in flow/pressure seems to increase the
partial pressure of reactive species only moderately (Fig. 14). The
rescaling and unit conversion are useful to convert the simulation
output to experimentally meaningful values, but it should be noted
that additional errors might be introduced here. The error bars
shown in Figs. 13 and 14 only reflect the fit error and are too small
to be visible. The linear trend is also visible when the simulation
output is directly divided by the pulse time: errors in the rescaling
only affect the slope of the line.

While from this experiment it cannot be concluded what the
active species are (it could be O as well as metastable excited O,,
see Fig. 5), the knowledge that higher power causes a linear increase
in the partial pressure of the active species responsible for ALD
surface reactions is very useful. Increasing the power might offer a
way to coat high-aspect ratio structures in the recombination-
limited regime still in reasonable times.

E. Limitations

It is important to define the limits of our approach as well.
Optical spectra show only the radiative transitions of excited
species in a particular wavelength range, leading to insensitivity to
the negative ions. The concentration of metastable 'A, molecular
oxygen could not be estimated due to the self-absorption of these
peaks in the IR. Relying on optical measurements too much means
as well that we are blind toward nonradiative processes.
Furthermore, the excitation rate coefficients may greatly differ
between species, leading to a skewed perception of the composition
of the gas if a naive integration is performed.
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Optical spectra might as well be collected in the remote
region. However, the benefits of plasma characterization are
limited. The plasma is typically transparent in this region, and
photons reflected off walls coming from the core of the plasma
may reach the detector as easily as photons created in the remote
region. This makes it hard to compare measurements across reac-
tors. Also, the discrepancy between the number of ground state
species and excited species may be exaggerated in the remote
region. Because of the lack of exciting electrons in this region, the
concentration of species with a low de-excitation rate coefficient
will be overestimated: these may live longer and emit a photon
downstream. Because of this, we lose sensitivity toward species with
short-lived excited states, while they still might be present.

EQP results depend on the calibration of the detector. The
transmission factor of the device depends on the nature and energy
of the ions. Because peak positions for compared spectra were at
similar energies, we assume this did not make a large impact on
our measurements. Energy spectra are proportional to the fluxes
but the calibration factor might be different for different species.

In this work, a wide parameter space was investigated but the
obtained results should not be generalized beyond this parameter
space. One phenomenon that should be highlighted is the effect of
nonradiative recombination or decay. This can be seen from the
discrepancy in ion concentrations if we compare O trends for
OES and EQP measurements, respectively, in the plasma and
remote regions. At higher pressures, nonradiative processes may
become more prevalent, potentially further confining the plasma
and introducing unexpected effects.

As opposed to the automated OES and EQP measurements,
conformality experiments and analyses are rather time consuming;
hence, the relatively limited parameter space is probed in this
section. While the fit error is very small and the simulated deposi-
tion profile agrees well with the experimental data, additional
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errors might be introduced upon rescaling exposures to partial
pressures. The observed trends (linear increase with power, little
effect of pressure) will, however, remain valid.

The importance of reactor design and gas flow is shown by
the results on bubble formation. While we see a clear effect from
the pressure, we can for now only speculate on the reason why the
change in gas inlet position causes this effect. Also, others have
reported on such reactor-dependent effects.'””* A final consider-
ation can be made on the effect of plasma geometries and frequen-
cies on plasma properties. The former will influence the species
reaching the substrate due to recombination at walls and the direc-
tion of field lines, while the latter will influence plasma tempera-
tures and collision processes. Hence, proper reactor design and
choice of a plasma source fit for the goal of the deposition may be
important as well.

IV. CONCLUSIONS AND OUTLOOK

One of the main limitations of PEALD is the conformality,
which is often poor compared to thermal ALD. In the diffusion-
limited regime, complex features become harder to coat with
Wl coating € AR? with AR the aspect ratio. On the other hand, if
the active species recombine, as is the case for PEALD processes,
the deposition quickly bogs down in the recombination-limited
regime: the majority of the reactive species recombine at the
entrance of the structure, and W coating °< €Xp(AR). To reduce the
time necessary to fully cover the structure and to optimize process
conditions, it is important to maximize the density of reactive
species near the entrance of the HAR structure.

The findings of this work are summarized in a schematic way
in Fig. 15. Our measurements suggest that optimal deposition con-
ditions can be achieved by using the maximal attainable gas
throughput (flow) and maximal plasma power. A high plasma
power increases the electron density and radical partial pressure. It
also increases the atom-to-ion ratio (which is beneficial if we can

ne
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0/0,*
(plasma)

Ions
(substrate)

)/

N

Pressure

active species
(substrate)

ARNVAN
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FIG. 15. Schematic summary of the findings in this work for an RF inductively
coupled O, plasma.
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consider the oxygen atoms responsible for the growth). A high gas
throughput seems to increase the atom-to-ion ratio as well in OES
measurements. However, the effect of an increased flow (or pres-
sure) on growth processes is rather limited. It seems that the true
benefit of working at high flows and pressures is the increase of
loss processes for ions, decreasing the number of ions reaching the
surface. As an added benefit, increasing the flow might help in pre-
venting redeposition from reaction products.”

The data collected in this work contribute only a small part to
the broad range of possible experiments that can be conducted
around this topic. Of course also, other plasmas are to be exam-
ined: we expect diatomic plasmas (H,, N) to behave in a similar
way, although the complexity of N radicals might obscure the
results and there are side-reactions possible of N, with the SiO, of
the glass column. Characterizing NH;, H,S, H,O, and mixed
plasmas would be even more challenging, as they consist of multi-
ple intertwined components. Basic insights can be gathered by
obtaining OES and mass spectrometry data, combined with confor-
mality profile analysis.
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