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General introduction

Various kinds of plasmas and gas discharges induced in laboratories or occurring
in nature can be classified by different criteria. For example, it may be the parent
gas in which the plasma takes place, the way in which the plasma was produced,
internal and external parameters of the discharge, and others. In particular, the
electron number density n, and the mean electron energy (or temperature 7T, for a
Maxwellian EEDF) are two important internal parameters often used for a general
classification of the plasmas. In this case, different plasma types can be signified on

a logn, versus log T, diagram, like that shown in figure 0.1.

The present work is focused on the low-pressure capacitively coupled rf plasmas

(CCP) in fluorocarbon gases with an admixture of Hy. The corresponding region
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Figure 0.1: Various space and laboratory plasmas on a lg(ne) vs. lg(T,) diagram
(ne and T, are the electron density and temperature, respectively).

The grey bar shows the low-pressure discharges on which this work is
focused. Data from [1].
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of typical n, and T, values is shown in figure 0.1 by the grey bar. Besides, being
a low-temperature plasma, considered discharges are weakly ionized and strongly
non-thermal, i.e. ne = n; < ng and T, > T} ~ T, (index "” means ions, and "g” —
the neutral gas).

Despite the fact, that the fluorocarbon reactive plasmas are nowadays widely
applied in industry, many aspects of their plasma-chemistry are still not completely
understood. In order to improve the knowledge in this field, further fundamental
investigations on the kinetics of important species in these plasmas are necessary.

This thesis presents a study focused on the kinetics of CF and CF, radicals in
CF,/Hy rf CCPs and that of CyF4 molecule which is formed in the discharges as
a stable intermediate product. In the fluorocarbon plasmas, these species play an
essential role in both volume and surface plasma-chemical reactions. Therefore, from
the analysis of their kinetics, one can learn more about the elementary processes in
the studied systems.

The investigations discussed in the present work have been carried out in the
framework of the Transregional Collaborative Research Centre "Fundamentals of
complex plasmas” (SFB/TRR24, project section B5) supported by the Deutsche
Forschungsgemeinschaft (DFG).

Scope of the thesis

The first chapter of the thesis gives a brief overview on the different types and
technical applications of the low-pressure discharges in fluorocarbon gases. Thereby,
characteristic features and properties of the capacitively coupled plasmas are given in
a separate section. Additionally, this chapter discusses plasma-chemical processes,
taking place in the studied discharges, and possible methods to investigate these
processes experimentally.

Chapter 2 provides the basic principles of the molecular absorption spectroscopy
in the mid-infrared spectral range, — the main experimental technique which was
used for the measurements in this work.

Both, vacuum part and optical unit of the experimental set-up, are described in
details in chapter 3. Besides, the software and two methods of the data acquisition
employed for the measurements are also discussed there.

The next (fourth) chapter presents preliminary investigations which have been
made to gain the relevant spectroscopic data necessary for the following experiments.

The most important experimental results achieved in the present work will be
reported in chapter 5. Thus, external parameters selected for the discharge operation

and internal properties found for the studied plasmas will be briefly discussed at the
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beginning of the chapter. Further, preliminary FTIR measurements of the parent
molecule CF, and the stable intermediate products CsF4, CoFg, C3Fg, CHF3 and
HF will be considered, in order to better characterize and specify the typical gas
phase composition in the discharges. However, the main focus of the investigations
reported in the chapter is still on CF, CF, and CyFy, the three target species of
the study. In particular, temporally resolved number density traces of the species,
measured in pulsed CFy/Hy rf plasmas by means of the IR-TDLAS technique, will
be presented and compared to each other. Moreover, in the frame of the kinetic
analysis, effective rates and rate coefficients, defined for assumed production and
loss processes, will be estimated from the fit of the measured density curves.
Finally, in the last chapter of the thesis, the main results of the study will be

summarized and a brief outlook on further research efforts will be given.
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1 Fluorocarbon RF plasmas

1.1 Fluorocarbon plasmas and their applications

Various plasma discharges in fluorocarbon gases have already found manifold techni-
cal applications, and keep further increasing in their importance for industry. Thus,
surface processing based on such plasmas is an essential tool for manufacturing
complex Integrated Circuits (ICs) in microelectronics. In particular, due to the
strong anisotropy inherent to the plasma-based Reactive Ion Etching (RIE), very
narrow vertical features with high aspect ratio' can be achieved in substrates, see
figure 1.1a [1].

One of the RIE techniques most commonly used for the deep anisotropic silicon
etching is so called "Bosch” process [3], whereby etch and deposition steps are cycled

in order to achieve the desired vertical profile. In this process, a previously masked

ldeep-to—wide ratio

Figure 1.1: (a) Narrow trench (0.2 pm wide by 4 pwm deep, aspect ratio 20:1) in

silicon as example of the highly anisotropic plasma etching, from [1].
(b) Flexible fluorocarbon thin film over a stainless steel wire of 25 um
diameter coated by means of the pulsed Plasma Enhanced Chemical
Vapor Deposition (PECVD), from [2].
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silicon substrate is first treated by SFg¢ (+ Ar) radio—frequency (rf) plasma. Here,
beside the neutral reactive radicals formed in the discharge etch the wafer chemically
(isotropic etching), positive plasma ions accelerated by the electric field within the
sheath at the substrate sputter the material off, normally to the surface (anisotropic
etching). Next, C4Fg or CF4 + Hj rf plasma is used to deposit fluorocarbon polymer
thin film onto the sample and thus to protect the feature sidewalls from the chemical
etching during the next etch phase. Hence, in these alternating etch and deposition
steps, vertical (anisotropic) etching becomes absolutely dominant and has its total

rate up to 7 — 10 pm/min [4].

Beside the anisotropy, the fluorocarbon plasma etching shows a high selectivity of
SiOy over Si [5-7], which can be explained in the following way. Both Si and SiOq
surfaces exposed to CF4 + Hy rf plasma rapidly become covered with a thin polymer
film (~ 1 — 3 nm), whereas etching of the substrates occurring through this film is
affected by the chemical nature of the underlying wafer [5]. Polymer films formed
on SiOy contain many C-O bonds which weaken the structure, in contrast to the
cross—linked fluorocarbon layers on Si that have a greater resistance to sputtering [7].
Moreover, when SiOs is etched, released oxygen combines with carbon from the film
and forms volatile CO, CO, and COF5 as etch products [8]. The etch selectivity
even increases with decreasing the fluor-to—carbon (F/C) ratio of the parent gas [6].
Hence, by careful adjustment of the feed gas mixtures, it is possible to etch sub-

micron features in silicon wafers previously masked by oxidation to SiOs.

Apart from the etch applications of the fluorocarbon discharges, plasma-assisted
deposition and surface treatment techniques are often employed for producing films
on the surfaces and thus for modifying their properties. In particular, the non-
equilibrium nature of the low-pressure processing discharges enables the thin film
deposition onto temperature sensitive materials, such as low melting plastics, textiles
or paper. Moreover, it is also possible to coat objects of small absolute dimensions

(down to sub-microns) with complex topologies.

Depending on the application field, different surface properties can be achieved for
the plasma treated materials. For instance, wettability or oil-repellency of a surface
can be significantly increased by coating the sample with a fluorocarbon polymer of
smaller surface energy [9,10]. Furthermore, fluorocarbon coatings are usually electri-
cally insulating, bio-compatible (or at least tolerant by biological systems) and have
relatively low friction coefficient. These properties are obviously of great interest for
various biological applications, e.g. for manufacturing biological implants, catheters,
membranes and probes. In particular, under certain discharge conditions, flexible
and mechanically stable fluorocarbon layers can be deposited onto very thin medical

wires by means of the Plasma Enhanced Chemical Vapor Deposition (PECVD), see
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figure 1.1b, [2].

Additionally, fluorocarbon thin films have relatively low dielectric constants
k ~ 1.8 — 2.4 [11,12] maintained by C-F bonds and show good thermal stabil-
ity caused by C-C cross—linked structure [13]. Therefore, plasma deposited flu-
orocarbon polymers used as interlevel dielectrics in ICs allow to reduce parasitic
capacitances, in comparison to that of SiOy (k ~ 3.9). Such low-k materials became
very important for the progress in the IC technology.

However, in spite of the technical applications, many plasma—chemical processes
within the discharges as well as mechanisms of the plasma-surface interaction are
still not completely understood. Many complex industrial processes involving the
fluorocarbon plasmas have been established due to empirically determined recipes.
In order to optimize existing technologies and, ideally, to enable new ones, knowledge
on the key plasma processes and their kinetics needs to be improved. Therefore,

further fundamental investigations on the fluorocarbon rf discharges are required.

1.2 Capacitively coupled RF discharges

Capacitively coupled rf plasmas considered in this work belong to the discharge
type which is most often used for various technical applications and hence as a
model system for fundamental investigations.

Normally, a driving frequency f,r applied for the generation of these discharges is
13.56 MHz (and its higher harmonics, e.g. 27.12 MHz). This value was specially
allocated by the International Telecommunication Agreements (ITA) as a standard
frequency used in commercial rf generators, in order to avoid any interference with
existing communication channels. On the other hand, this frequency lies between

the plasma frequency of ions f; and that of electrons f.:

1 | n;e? 1 | nee?
— = fi<fa<fo=oy/ (1.1)
21\ mieq 21\ Mmoo

where: e is the elementary charge, £ - the vacuum permittivity, and m and n are

the mass and density of ions (index "1”) or electrons (index "e”), respectively.

As follows from (1.1), ions in plasma are not able to respond to the fast alternating
electric field and hence can not gain any energy from it. In contrast to them,
electrons start to oscillate following the rf field. If no collisions had taken place,
they would also gain no energy, since the electron acceleration during the first rf
half-cycle would be compensated by breaking during the next one. However, due
to elastic collisions with neutrals, electrons change their direction randomly, which
leads to an effective increase of their energy over an rf period and therefore forms a

strongly non-thermal system of energetic electrons and cold ions and neutrals.
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Figure 1.2: Scheme and equivalent circuit diagram of an asymmetric capacitively

coupled rf discharge.

The described mechanism of the energy coupling also known as ohmic heating of
electrons (see e.g. [1]) is dominant in the rf plasmas considered in this work. It results
in so called a-mode of the discharge operation (see [14] for details). Principally,
there are two other energy transfer mechanisms possible: (i) heating by secondary
electrons which results in so called y-mode (see [14]) and may become important for
high rf voltages, and (ii) stochastic electron heating due to reflection at the plasma
sheaths, which dominates under extremely low pressure conditions (p < 1 Pa, [1,15]).

Much higher mobility of electrons in plasma, in comparison to that of ions, leads
to a negative charging of the electrode surfaces with respect to the bulk plasma. This
results in positive space charge regions, so called sheaths, between the plasma and
electrodes, which hamper further electron fluxes towards the electrodes. Figure 1.2
shows this situation schematically. In this figure one can see also an equivalent
circuit diagram of a capacitively coupled rf discharge between two electrodes, [16].
C; and C, represent the sheath capacitances which depend on the electrode areas
A; and A,. The high electron mobility is shown by diodes D; and Ds. Elements
Ri1, Ry and Rplasma perform the ohmic resistance of both sheaths and bulk plasma,
respectively.

The rf generator gives a voltage

U(t) = Upsin(wt) (w = 27 fyf) (1.2)
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which is capacitively coupled to the driven electrode A, by means of the matching
network capacitors. Assuming a pure capacitive nature of the electrode sheaths
(Rio > Z1o = ﬁ), the circuit in figure 1.2 may be considered as a capacitive
voltage divider, and hence the following plasma potential Upjasma can be found [16]:

C
1y,
C1 + Cy
Furthermore, due to the diodes D; and Dy in the scheme (i.e. high electron mobility),
it must be always valid: Uplasma(t) > U(t), i.e. comparing (1.2) and (1.3), U, > 0.

On the other hand, because of the capacitive coupling of the rf power, no total

Uplasma(t) == Up + Upo sin(wt), UpO = (13)

current can flow over an rf period. Therefore, the voltage at the driven electrode is
shifted by so called dc self-bias voltage [16]:

Cy —Cy
C1 + Cy

In the case of asymmetrical electrodes where A; < Aj (see figure 1.2), the Upjas

Ubias = UO (1 4)

value will be negative, since C; < C3 in (1.4).

The described situation is shown in figure 1.3 quantitatively, where C; = 0.1C,
was taken for the calculations. As one can see, due to the negative Uy, the voltage
between the driven electrode and plasma remains negative over the whole rf period:
(Ut — Uplasma) < 0. That means, that the (modulated) electric field in the sheath
is always directed toward the rf electrode, and hence accelerates positive ions from
plasma in this direction. At the same time, electrons are "trapped” in the plasma

volume for the most of the rf cycle.

bias

Voltage, a.u.

plasma

i Uplasma

1 I 1 I 1 I 1 I 1 I 1
0 20 40 60 80 100

Time, ns

Figure 1.3: Potential of the driven electrode U, shifted by a dc self-bias voltage
Ubias and plasma potential Upjasma calculated for Cy = 0.1Cs.
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I | - V characteristic

electron flux
for an rf cycle

electron flux = ion flux

,,,,,,,,,,,,,,,,,,,,,, \Y ;
i > ion flux for >
i ~applied  anrfcycle —
< rf voltage <jbias

Figure 1.4: To forming of the dc self-bias voltage Uy,s at the driven electrode in

an asymmetric capacitively coupled rf discharge (from [17]). Left: Sit-
uation by switching the rf voltage on. Right: After equalization of

electron and ion fluzes for an rf period.

Qualitatively, forming of the negative dc self-bias voltage at the electrode can be
also understood by use of a typical nonlinear current-voltage (I-V) characteristic
shown in figure 1.4. As can be seen there, the total ion and electron fluxes over an
rf period can be equal only if the applied rf voltage is shifted by a negative Up;as
voltage.

Finally, it is interesting to note, that a self-bias voltage may be formed at the
electrode also in a geometrically symmetric CCP, where A; = A,. In this case,
the electrical asymmetry is achieved if the applied rf waveform contains an even
harmonic of the fundamental frequency, which leads to an asymmetry in the electron
beams accelerated by the electrode sheaths. This phenomena was presented and
analyzed mathematically in the paper by Heil et al [18]. In particular, the dc self-
bias voltage was shown to be maximized by using the fundamental and the second
harmonic. Furthermore, the self-bias effect was found to be a nearly linear function

of the phase angle between the two components.

1.3 Gas phase processes in fluorocarbon plasmas

After switching the plasma on, charged particles (electrons, positive and negative
ions) and neutrals (transient or stable atoms and molecules) are formed in the reactor
volume. These species take part in plasma—chemical processes in the gas phase
producing new particles as reaction products. Besides, they can leave the discharge

volume, e.g. due to diffusion. Finally, all these processes may bring the system to a

10
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steady-state with a certain composition of species. After switching the plasma off,
charged particles recombine very fast which is accompanied by chemical reactions
between neutral species. This determines the behavior of the system in the afterglow
phase.

Electron induced processes, e.g. electron impact ionization, dissociation, disso-
ciative ionization or electron attachment, involving precursor gas molecules are the
processes which play an important role in the discharge and form both charged and
neutral molecular fragments in the gas phase. Their efficiency can be characterized
by the process cross—section o(E) which depends on the electron energy E. Depen-
dencies o(E) have been investigated for a number of fluorocarbon gases from CF,
up to C4Fqg, both experimentally and theoretically, and can be found in literature,
e.g. [19-27].

Using the dependence o (F), the rate coefficient k can be determined for considered
reaction channel, if the electron energy distribution function (EEDF) f(E) in plasma

is known:

k= /EOO a(E)\/iTEf(E)dE (1.5)

where: Fj is the energy threshold of the reaction and m, is the electron mass. As
can be seen from (1.5), the rate coefficient k of an electron induced process depends
on the mean electron energy in plasma, i.e. on the electron temperature 7, in case
of a Maxwellian EEDF.

On the other hand, the temperature dependence of the rate coefficient @(T) can
also be expressed by means of the (modified) Arrhenius equation [28,29]:

k(T) =B <;;>7exp (— kE; > (1.6)

where: Tj is a reference temperature (1 eVa 11605 K in further calculations), E, —

the activation energy of the reaction, kg — the Boltzmann constant, B — the pre-
exponential factor and v — a dimensionless activation term.

Many plasma—chemical reactions taking place in the fluorocarbon discharges as
well as the corresponding Arrhenius terms of their rate coefficients can be found in
literature. In particular, the main electron induced reaction channels involving CFy
and Hs, the two parent molecules in this work, are listed in table 1.1, together with
their E,, B and v values given in [29]. The rate coefficients k(7.) of these reactions
obtained at typical for capacitively coupled discharges T, = 1 — 3 eV are plotted in
figure 1.5. Moreover, for the channels whose partial cross—sections o(E) could be
found in literature, k(7,) values derived from formula (1.6) have also been verified

in separate calculations by formula (1.5).

11
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Table 1.1: List of the main electron impact reactions with CF, and Hy precur-
sor molecules and coefficients of their rate constants in Arrhenius
form (1.6), according to [29].

reaction channel B y E./kp
(cm?s™1) (10° K)

dissociative ionization

(1) CFy, + e — CF{ + F 4+ 2 290-107° 135 1.570

(2) CFy, + e — CF;y + 2F + 2 154-107% 0 2.851
4 + e — + + e 94 - 107 .

(3) CF CF* 3F 2 1.94-1078 0 4.008
4 + e — + + e 3 - 107 .

(4) CF Ct 4F 2 1.73-1078 0 4.584

e~ dissociation

(5) CFy 4+ e — CF3 + F + e 9.43.10710 0 1.937

6) CF4, + e — CF, + 2F + e~ 1.30 - 10710 0 2.038

(

7 CFy, 4+ e — CF + 3F + e 3.72-10710 0 3.295

(

8) H, + e — 2H + e 9.40-107'2 2.38 0.947

(

e~ dissociative attachment

9 CFy, + e — CF3 + F- 2.03-107? —2.37 1.656

As clearly seen in figure 1.5, even a relatively small variation of the electron tem-
perature may significantly affect both the absolute values of the rate coefficients and
the ratio between them. Thus, at T, lower than 2 eV, the dissociative ionization of
CF, forming CF3 ion (channel (1) in table 1.1), the electron impact dissociation of
H, (channel (8) in table 1.1) and the dissociative electron attachment to CF, (chan-
nel (9) in table 1.1) have notably higher rate coefficients than other electron induced
processes listed in the table. However, at higher electron temperatures, the dissocia-
tive ionization of CF, forming CF3 ion and electron impact dissociation giving CF3
radical (channel (2) and (5), respectively) become comparable with those reactions.
Therefore, the mean energy of electrons in plasma is an essential parameter which
determines all electron induced plasma-chemical processes and hence influences the
kinetics of species in the discharge.

Further, the fragment species formed in the electron impact reactions from the
feed gas molecules in return can interact with electrons in plasma. Thus, the partial
cross—sections o(F) for the electron impact ionization of CF, CFy and CFj radicals
(CF, + e~ — CF/ + 2e7) have been experimentally obtained in [30]. Also the dis-
sociative ionization of the species forming neutral and positively charged fragments
like C, F, CF,, F™ and CF} (r =1 — 3) was investigated in [31].

Beside the electron induced processes, CFy and CFj radicals can recombine with

12
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3 -1

cm's

~

Rate coefficient k(T ),

Figure 1.5: Rate coefficients k of the electron induced processes listed in table 1.1
calculated with formula (1.6) at various electron temperatures T,,. Solid

lines show three reaction channels with the highest rate coefficients.

Table 1.2: Recombination reactions between fluorocarbon radicals and their rate co-

efficients k at room temperature.

reaction channel rate coefficient reference
k (cm3s™)

CFy, + CF, + M — CFy + M 4.01-107* [32]
42510714 33]

2.85- 1071 [34]

(2-3)-1071 35]

CF3 + CF3 + M — GCFg + M 1.10-1071 [36]
1.04 1071 37]

3.90 - 10712 38]

CFy, + CF3 + M — CF5 + M 8.80-10713 [39]

each other (see table 1.2). However, these channels appear to be rather of minor
importance, since they need a third collision partner M in the gas phase, unless the

reactor wall acts as M.

CF, radicals formed in plasma can react also with other species, e.g. with atomic

and molecular fluorine. These reactions lead to consumption of CF, radical and

13



1 Fluorocarbon RF plasmas

Table 1.3: List of the main recombination reactions of of fluorocarbon radicals with

atomic and molecular fluorine, and their rate coefficients k at room

temperature.
reaction channel rate coefficient reference
k (cm3s™)
CFs + F + M — CFy + M (1.1—1.7)-1071 [40]
4.40-10711 [41]
CFy + F + M — CF;3 + M (0.4 —2.3)- 10712 [40]
4.15-10711 [41]
CFk + F + M — CF, + M <1.0-10713 [42]
CF; + F, — CFy + F 7.0-1071 [40]
2.31-1071 [43]
CFy + Fy —  CFj; + F <2.0-1071° [40]
8.32-1071 [44]
CF + F, —  products 3.9-107"2 [45]

Table 1.4: Reactions between atomic and molecular fluorine and hydrogen, and

their rate coefficients k at room temperature.

reaction channel rate coefficient reference
k (cm3s™)

F'+ H — H + HF 2.6-10"1 [46]
2.8-1071 [47]

Fo + H — F 4+ HF 4.3-10712 48]
1.4-10712 [49]

production of CF,;; molecule (see table 1.3). However, in presence of hydrogen, a
fairy stable HF molecule is produced in plasma, due to reactions shown in table 1.4,
which decreases the density of fluorine available for reactions with CF, radicals.
On the other hand, atomic hydrogen may also react with CF, radicals, tearing one
F atom away or forming CHF, molecule (see table 1.5). Although reactions with
molecular hydrogen have much lower rate coefficients, they can also play a certain
role in the radical kinetics, since Hy molecules are continuously fed into the reactor

as precursor gas.

Hence, an admixture of Hy to the fluorocarbon feed gas can significantly influ-

ence density of free CF, radicals in plasma, what was observed in various types of
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1.4 Reactive plasma—surface interaction

Table 1.5: List of the main hydrogen activated decomposition reactions and their

rate coefficients k at room temperature.

reaction channel rate coefficient reference
k (cm3s™)
CF + H = C + HF 19101 [50]
CF, + H . CF + HF 3.9-10°11 150]
3.3.10°1 32]
1.7-10°13 51
CF, + H —  CF, + HF 9.1-10~4 [50]
8.9-10°1 51]
CFoo5 + H + M — CHF,_os + M 101071 129]
CF + H, —  products <1.0-107™ [45]
CF, + H —  products <5.0-107% [32]
CF, + H, . CHF, + H 6.6- 1018 [52]

discharge [35,53-58]. Moreover, as found in [35], Ho—to—CF4 admixture of up to
~ 30% results in an increase of CF and CF, concentrations, whereas they decrease
at higher Hy content, when free fluorine is essentially bound into HF and the radicals

are more effectively destructed due to reactions listed in table 1.5.

1.4 Reactive plasma—surface interaction

In a fluorocarbon discharge, gas phase processes described in the previous section
may not be considered separately from the interactions that take place between the
plasma and surfaces inside the reactor, e.g. walls, electrodes or substrates. Moreover,
influence of the reactive plasma discharges over a surface is widely used in materials
processing.

Thus, as a result of the plasma-surface interactions, some physical or chemical
properties of the surface can be modified. Furthermore, fluorocarbon thin films can
be deposited on the surface extracting the film precursor species from the plasma
gas phase, or vice versa, previously deposited layer can be etched providing new
species into the plasma volume. In this regard, it should be especially noted that the
contrary deposition and etching processes always take place simultaneously, whereas
the dominant one determines the overall behavior of the system, i.e. the total thin
film deposition or etching rate.

Particularly, selection of the feed gas can influence, whether the deposition or

etching will prevail in plasma. Thus, discharges in fluorocarbon gases with fluorine—
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1 Fluorocarbon RF plasmas

to—carbon ratio (F/C) smaller than 3 (e.g. CoFy, C3Fg, C4Fg and so on) are known
for their overall deposition regime, [1,59-62]. In contrast to that, in CF, plasmas
(F/C = 4), normally no fluorocarbon layer formation (or even etching behavior)
can be observed, before Hy gas was added to the feedstock, [1,35,53,58,59,63-65].
Indeed, in presence of hydrogen, the F—atom concentration in plasma gets reduced
(see section 1.3), which decreases the effective F/C ratio and shifts the system back
to the deposition regime. For this reason, thin film formation takes place also in
CHF5 discharges, where the effective F/C = 3, e.g. [56,66].

Also other external plasma parameters can significantly influence the surface pro-
cesses. As shown in [67], thin film deposition rate varies as a function of the discharge
power P and pressure p. Moreover, the chemical structure and composition of the
film depends on these parameters as well: at low pressure and high power condi-
tions (small p/P ratio), fluorocarbon layers have relatively high F/C values (~ 1.6),
whereas at higher p/P, F/C ratio of the film decreases down to ~ 1.2.

In case of an asymmetrical capacitively coupled rf discharge, such behavior can
be attributed to the negative self-bias voltage Uyi.s at the driven electrode (see
section 1.2). Its absolute value |Uyi,s| increases with decrease of the p/P ratio (see
e.g. figure 5.5 below) and determines the mean energy of positive ions accelerated
from the plasma towards the rf electrode. Due to the high energy ion bombardment,
F-atoms or even larger C,F, fragments can be sputtered from the layer, providing
"non—chemical” etching. At the same time, it forms free bounds in the layer, where
reactive species can stick onto and react. In other words, the etch processes can also

activate the surface and hence stimulate the deposition.

A strong impact of the self-bias voltage on the surface processes was observed
also in [63], where a large difference in the reaction layer at the rf and grounded
electrode was found. Thus, the silicon samples treated in CF, + Hy plasmas on the
rf electrode became a thin layer consisting mainly of SiF, (z =1 — 4), whereas the
layer of samples treated on the grounded electrode also contained a high amount of
CF, (x =1 — 3) bounds.

In case of pulsed fluorocarbon plasmas, duty cycle of the power modulation is an
important discharge parameter, which also influences properties of the depositing
layer. In particular, pulsing of the discharge results in a higher contain of CFy—groups
in the layer, which means less cross—linking and relatively high F/C ratio [68-70].
Hence, thin films deposited in pulsed plasmas usually show a higher homogeneity

and flexibility than those formed in continuous wave (c.w.) discharges [2,71].

As already mentioned above, numerous species formed in plasma may take part
in various chemical reactions at the reactor surfaces. Moreover, the surface can also

deionize C,F," ions coming from plasma or serve as a third collision partner M
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1.5 Diagnostic methods for gas phase analysis in fluorocarbon plasmas

in reactions like A + B+ M — AB 4+ M. For each species, the overall efficiency
of the surface reactions can be expresses by so called sticking coefficient (3, which
obviously depends on the material that the surface is made of. Thus, experimental
studies on the sticking coefficients of CF and CF; radicals on various materials, e.g.
stainless steel, copper, aluminium or silicon, can be found in papers by the groups
of Booth [64] and Czarnetzki [65].

On the other hand, the surface condition is also essential for the plasma kinetics.
For instance, in the reactor with ”clean” stainless steel walls, i.e. without fluorocar-
bon layer, sticking on the surface is fairly dominant process in the kinetics of CF,
radical, whereas it becomes negligible in case of the previously passivated reactor
walls. The reason for such drastic change in the kinetics is CF5 sticking coefficient
which is much higher for stainless steel than that for the fluorocarbon layer [17,35].

Generally, the efficiency of the surface reactions, i.e. their rate coefficients k and
hence the overall sticking coefficient (3, depends also on the surface temperature 7.
The dependencies k(T') and B(T") can obviously be expressed in the Arrhenius form,
i.e. by equation (1.6) which describes their increase with temperature.

Finally, possible influence of the plasma radiation over the fluorocarbon layers
should be mentioned as a further kind of the plasma—surface interaction. Indeed,
photons from the ultra violet (UV) or vacuum ultra violet (VUV) spectral ranges
have their energies comparable with those of the C-C, C-F or C=C chemical bonds
in the fluorocarbon films (several eV) and can penetrate quite deep into the layer (up
to a few tens of nm), [72,73]. Therefore, they can break the bonds, which may release
CF, or F radicals into the gas phase, activate the surface or change the chemical
structure (cross-linking) and/or porosity of the films. Treatment of various polymer
films or organic substances by the UV- or VUV photons coming from plasma or

separate radiation sources was considered in many studies, e.g. [74-78|.

1.5 Diagnostic methods for gas phase analysis in fluorocarbon

plasmas

In order to analyze numerous processes in fluorocarbon plasmas and hence to pro-
vide a better understanding of the plasma chemistry in these discharges, a number
of experimental techniques have been established in the last decades to probe the
concentrations and kinetics of the reactive species of interest. Certainly, all of them
have their advantages and disadvantages and should be chosen according to charac-
teristic features of the studied process, e.g. its typical time scales or detection limits
of the target species. This section gives a brief overview of the main experimental

methods usually applied for the fluorocarbon plasma diagnostics.
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1 Fluorocarbon RF plasmas

Laser Induced Fluorescence spectroscopy (LIF) is a common laser spectroscopic
technique which has been successfully used by many working groups for measure-
ments on CF and CF; radicals in various fluorocarbon discharges [8,13,62,65,79-82].
Due to the typically high signal-to-noise ratio (SNR) of the fluorescence, this
method provides a good sensitivity in detection of rotational lines of the species.
Therefore, CF, rotational temperatures in plasma can be evaluated from the LIF

measurements over a certain range of rotational lines [82].

A further important advantage of the LIF technique is its inherently high temporal
and spatial resolution, which enables measurements of CF, spatial profiles in the
reactor. These profiles provide useful information on fluxes, sources and sinks of
the radicals and hence on the discharge processes related to both the gas phase and
reactor surfaces. For instance, CF, diffusion coefficients and sticking probabilities

can be derived from the spatially resolved LIF measurements [64,65].

However, only relative concentrations can be measured by means of LIF. There-
fore, reliable calibration procedures are required to gain the absolute number den-
sities of the species. It can be reached by comparing the LIF signal amplitude with
that from a known concentration of some reference molecules, or by applying an-
other (optical) experimental technique which enables direct measurements of the
absolute concentration. Thus, the broadband absorption spectroscopy in the ultra-

violet spectral range (UV—-AS) was used in [64] to calibrate the LIF measurements
of CF2

Clearly, UV-AS or VUV-AS (AS in the vacuum ultraviolet) can be applied by
itself to measure absolute number densities of CF, [83,84] or F [85] radicals in

fluorocarbon discharges, though without spatial resolution.

Optical Emission Spectroscopy (OES) is a further experimental technique suitable
to study fluorine and fluorocarbon radicals in plasmas, see e.g. [65,86-88]. Similar
to LIF, OES provides only relative measurements which then, under certain model
assumptions, can be put on an absolute scale. Beside the mentioned absorption
spectroscopy, actinometry technique established in [89,90] is commonly used for
this purpose. This method is based on adding a small amount of an "actinometric”
gas (Ar or Ny) and following comparison of its emission intensity with that from the
species of interest. In addition, this approach provides information about the distri-
bution of energetic electrons in the discharge [65]. It can be also noted, that OES is
technically less complicated than LIF, but offers rather poor spatial resolution.

Apart from F and CF, radicals, many other neutral and charged C,F, (z,y > 2)
species are present in fluorocarbon plasmas. In order to detect them, various
Mass Spectrometry (MS) techniques can be applied, e.g. the most commonly

used electron beam ionization at the entrance of a Quadrupole Mass Spectrometer
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(QMS, [91,92]), Threshold Ionization MS (TIMS, [53,93-95]), Electron Attachment
MS (EAMS, [96,97]) or positive Ion Attachment MS (IAMS, [98]). Although no spa-
tially resolved measurements are possible in this case, density of the studied species

can be determined absolutely and with relatively good temporal resolution [95].

Alternatively, large C,F, neutral species in plasma can be measured by means of
Fourier Transform InfraRed (FTIR) spectroscopy [99-103]. This technique involves
a broad band spectral region and therefore can offer only limited temporal and

! and thus much larger than

spectral resolution. The latter is usually of 1-10 cm™
typical width of an absorption line. This is however less critical for large C,F,
molecules, since their numerous absorption lines are normally located closely to
each other and hence are mostly overlapped. Besides, a gas mixture consisted of
various fluorocarbon species can be deconvoluted and quantified, using previously

recorded reference FTIR-spectra of its individual components [104].

In contrast to FTIR, InfraRed Laser Absorption Spectroscopy (IR-LAS) can mea-
sure within a very narrow spectral range, but then offers much better temporal and
sub—Doppler spectral resolution. Moreover, absolute concentrations of the studied
species can be acquired in a relatively easy way [105]. These advantages make IR—
LAS technique very suitable for investigations on the kinetics of small transient
species, e.g. CF, radicals, which normally have separate absorption lines in the

infrared spectral region.
IR-LAS based on lead salt Tunable Diode Lasers (IR-TDLAS) and applied in this

work (see chapter 3 for details) has been intensively used also by many other working
groups for temporally resolved measurements of CF, radicals in various fluorocarbon
discharges, e.g. [54-57,66,106]. On the other hand, Quantum Cascade Lasers (QCL)
developed as alternative IR light sources [107,108] were recently applied for the IR—-
LAS measurements in CF,/Hy rf plasmas using the same experimental set—up as
that in the present work [103,104,109].

However, irrespective of the laser type, measured absorption results from the
averaging over the line-of-sight of the IR beam. Therefore, in a common case of
cylindrical configuration, a good radial resolution can be hardly achieved by means
of this technique, especially if the beam is guided through the reactor in a multi—
path way (e.g. in a multi-path cell). Nevertheless, axial density profiles can still be
resolved [54,106].

Finally, density and temperature of electrons are two further important parameter
which influence all electron induced processes in plasma (see section 1.3). In case of
“clean” plasmas in inert gases, they can be trivially measured by means of classical
Langmuir probe techniques, e.g. [110,111]. However, in reactive gas plasmas, e.g.

in fluorocarbon plasmas, it becomes particularly difficult, because of the insulating
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layers depositing on the exposed probe surface. In order to avoid this problem,
a modified radio—frequency biased, capacitively coupled probe technique should be
applied, where the insulating film on the probe is treated as a capacitance additional
to that from the probe coupling, [112-114].

Although the probe measurements enable spatially resolved electron density pro-
files, absolute values obtained there are normally erroneous, since any probe dis-
turbs measured plasma itself. Therefore, MicroWave Interferometry (MWI) tech-
nique [115,116] has been established as an alternative, almost non—invasive method
to measure absolute (line integrated) electron densities in various fluorocarbon dis-
charges, e.g. [117-120]. Moreover, in [118], the results obtained by means of MWI
have been compared with electron densities derived from the VUV-emission inten-

sities measured from Ar added to the feed gas.

1.6 Experimental techniques for fluorocarbon thin films
characterization

Although many experimental techniques established for measurements in the gas
phase can also provide useful information on the surface processes (see section 1.5),
complementary analysis of physical and chemical properties of the deposited (etched)
a-C:F thin films is essential for better understanding of the plasma-surface inter-
actions. The most commonly used diagnostics of the fluorocarbon films (applied
in—situ or ex—situ) will be briefly discussed in this section.

The film deposition (or etching) rate is an important parameter in the plasma
processing and can be easily deduced from the film thickness and deposition (or
etching) time. In turn, the film thickness is usually estimated by means of ellipsom-
etry [121,122], which analyzes changes in the polarization of the light reflected by
the sample and hence yields information about the layers that are thinner than the
wavelength of the probing light itself. Therefore, optical, UV or IR spectral range
can be employed for this technique, depending on the expected film thickness. For
instance, HeNe laser ellipsometry has been successfully applied for in—situ measure-
ments of the fluorocarbon films deposited on Si wafers using experimental set—up
and under plasma conditions considered in the present work [17,35,123].

Alternatively, the film deposition (or etching) rate can be also obtained by means
of Quartz Crystal Microbalance (QCM) or microgravimetry techniques, which mea-
sure changes in the mass of the layer during the deposition (or etching) in the plasma
reactor, e.g. [60,123,124].

As found in [60], total deposition rate for a fluorocarbon gas discharge with lower

F/C ratio (CoFg, C3Fg and so on) is generally higher. The same effect can be caused
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1.6 Experimental techniques for fluorocarbon thin films characterization

by adding H, to the feed gas which binds free fluorine atoms in plasma and hence
reduces effective F/C value in the gas phase, see e.g. [5,7,11,17,35].

Apart from the thickness of the fluorocarbon films, morphology (or roughness)
of the layers may also influence their surface properties. Atomic Force Microscopy
(AFM) is a powerful technique based on scanning the film surface with a mechanical
probe which provides information about the layer topology [125]. Moreover, piezo-
electric AFM probes enable very precise scanning with a resolution of < 1 nm, which
is more than a thousand times better than that of the optical microscopy. AFM
technique was successfully applied for ez-situ analysis of the thin films deposited in
various fluorocarbon gas discharges, e.g. [126-128]. In particular, as found in [126],
addition of Hy to the process gas alters morphology of the deposited fluorocarbon
films. In presence of hydrogen, they become smoother which can be explained by
smaller amount of active fluorine atoms and hence reduced eroding effect.

Morphology of the film obviously determines, whether it shows hydrophilic or hy-
drophobic properties. Experimentally, this can be characterized by use of a contact
angle goniometer which captures the profile of a pure liquid drop on the substrate.

Information on the chemical composition of fluorocarbon films can be gained using
FTIR technique, for example, [2,7,63,123]. This method is based on measurements of
the broadband absorption of the IR radiation which takes place due to the excitation
of various chemical bond vibrations in the sample. Vibrational absorption bands of
C=C-bounds are normally located between 1700 and 1800 cm~*!, whereas that of
CF,— (z = 1,2, 3) molecular groups lie in the spectral range 1100 — 1400 cm™! [11].
However, because of the strong coupling between potential CF, molecular vibrations
in the film, spectral resolution of FTIR technique is often not sufficient to distinguish
among them (see figure 1.6, lelft).

In this case, X-ray Photoelectron Spectroscopy (XPS) can be applied for the
film structure analysis, where the sample is irradiated with a focused X-ray beam.
Measured kinetic energy and number of electrons that escape from the top 1 —10 nm
of the material provide information on energy and number of chemical bounds in
the layer, see e.g. [129]. Therefore, CF—, CFy— and CF3— functional groups can be
resolved in XPS spectra very well (see figure 1.6, right) [2,68,70,123].

Hence, using FTIR and XPS spectra, elemental composition of a fluorocarbon
polymer film, its functional groups and chemical bounds can be accurately specified,
which yields F/C ratio and cross—linking of the layer. For instance, as shown in [68],
fluorocarbon films deposited in low—F/C gas plasmas are typically more cross-linked
and thus less flexible. On the other hand, pulsing of the discharge leads to decrease
of the film cross-linking and increase of its F/C value, i.e. higher number of CFy—

groups, [70].
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Figure 1.6: FTIR (C-F stretching vibrations) and XPS (C 1s) spectra of a polyethy-
lene sample modified in CFy rf discharge (50 Pa, effective voltage
Uerf =225 V, tieatment = D ), after [123].
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2 Basics on molecular spectroscopy

This chapter discusses structure of molecular energy spectra and basic principles of
the absorption spectroscopy, an experimental diagnostic technique which employs

these spectra to estimate absolute concentrations of the molecules.

2.1 Structure of molecular spectra

Theory of molecular spectra, their nature and methods of their mathematical de-
scription are discussed in literature in detail, e.g. in books by Herzberg [130-132],
Duxbury [133], Svanberg [134] or Thorne et al. [135]. Therefore, only a brief overview
on the structure of molecular spectra will be given here.

Generally, each molecule consisting of two or more atoms can be considered as a

quantum-mechanic system and hence treated by use of the Schrédinger equation:

L 0 =
zhg\lf(r,t) = HVY(r,t) (2.1)

where i is the imaginary unit, & is the reduced Planck constant, ¥(r,t) is the wave
function, which is the probability amplitude for different configurations of the sys-
tem, and H is the Hamiltonian.

According to the Born-Oppenheimer approximation [136], the motion of electrons
and that of nuclei in the molecule can be considered to occur independently. Further-
more, in most cases, vibration of the molecule and its rotation may be also treated
as two separate kinds of movement. Under these assumptions, the Hamiltonian H
in equation (2.1) is expanded in terms of the electronic, vibrational and rotational

Hamiltonians as

—

H = ﬁel + ﬁvib + ﬁrot (22)
and the complete wave function ¥ can be rewritten as a product:
U= \Ijel : \Dvib : \Ijrot (23)

Eigenvalues of the Hamiltonian H in form (2.2) give the electronic, vibrational
and rotational energy levels of the molecule, schematically shown in figure 2.1.
Normally, absorption (or emission) lines related to transitions between two differ-

ent electronic levels are located in the ultraviolet (UV) or visible (optical) spectral
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Figure 2.1: General scheme of electronic, vibrational and rotational energy levels

of a molecule.

range (see figure 2.2). They are usually employed for UV-absorption spectroscopy,
optical emission spectroscopy (OES) or LIF diagnostic technique.

Vibrational-rotational transitions within the same electronic state of the molecule
yield spectral lines of much longer wavelengths which are typically located in the
near- or mid infrared region. This class of the absorption lines will be employed for
the IR-TDLAS measurements in the present work, since species of interest in the
studied plasmas mostly remain in the ground electronic state.

Finally, absorption (or emission) lines related to a change of the rotational state,

without any changing in vibration, form the far infrared part of molecular spectra.

2.1.1 Vibrational energy levels and transitions

Typical structure of vibrational energy levels can be considered on example of a
diatomic molecule treated as an anharmonic oscillator [130]. In this case, poten-
tial energy of the system can be described by the Morse potential function (see
figure 2.3):

V(r) = D, (1 - ¢ 0=9)" (2.4)

where 7 is the distance between two atoms, 7. is the equilibrium bond distance, D,
is the dissociation energy and « controls the "width” of the potential profile.

The Schrodinger equation with potential function (2.4) can be solved, which gives
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Figure 2.2: Common classification of the spectral ranges for electromagnetic radi-
ation between UV and far infrared. Grey bar shows the mid infrared
spectral range, where vibrational-rotational molecular transitions typi-

cally locate.

following vibrational energy levels E(v) (see e.g. [130]):

E(v) = he [we(v+1/2) = xewe(v + 1/2)?] (2.5)

Here v = 0,1,2,... is the vibrational quantum number, w, is the vibrational fre-
quency of the molecule, and the anharmonicity constant y. shows the deviation of
the system from the quantum harmonic oscillator; the constant ¢ in equation (2.5)
and further is the speed of light in vacuum.

As follows from equation (2.5), energy levels E(v) found for the anharmonic os-
cillator are not equidistant, but their separation decreases slowly with increasing
quantum number v (see figure 2.3).

Finally, energy of the transition v — v” between two vibrational levels and hence

the corresponding spectral line position v is given by the difference of their energies:

hv = E(@") — E@W), Av=0"—=v)=+1,+243 ... (2.6)
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Figure 2.3: The Morse potential function and vibrational energy levels E(v) of a

diatomic molecule.

Polyatomic molecules

Because of an essentially higher degree of freedom, polyatomic molecules consisted
of N (N > 3) atoms have much more complicated structure of their spectra than
that of the diatomic systems (see e.g. [131,137] for further details).

In particular, several vibrational modes exist in this case: (3N — 5) for linear
molecules and (3N — 6) for others. Each of them has a characteristic resonance fre-
quency v; and, to a reasonable approximation, may be considered as an independent

quantum oscillator of frequency v;.

For instance, four vibrational modes of a three-atomic linear CO5 molecule are
shown in figure 2.4 (3-3 —5 = 4). It may be noted, that the bending mode (v»)
is doubly degenerate, since bending in XY-plane and that in ZY-plane induce the
same energy levels. However, only v, and 3 vibrational modes can be applied
for the infrared spectroscopy, whereas during the symmetric stretch (mode v;) the
total dipole moment of the molecule does not change and therefore no absorption
or emission of (infrared) radiation occurs. In other words, the 14 vibrational mode

of CO, is not infrared active.
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Figure 2.4: Four wvibrational modes of a linear COy molecule: vy — symmetric
stretching, v — anti-symmetric stretching and two vy — bending in XY~

and in ZY-planes.

2.1.2 Rotational energy levels and transitions

Rotational motion of a diatomic molecule can be described considering the molecule
as a classical rigid rotator with a moment of inertia /. In this case, the angular
momentum I, = I, and energy of rotation E,,; = %IwQ, ie.

L2

E. ., = 2.
rot 2] ( 7)

(w is the angular velocity of rotation).
Taking (2.7) into account, the Schrodinger equation can be solved yielding rota-

tional energy levels of the rigid rotator (see e.g. [130,137,138]):

R?J(J 4+ 1)
E(J)=——— 2.8
() =" (28)
where J = 0,1,2,... is the rotational quantum number, and each level E(J) is
(2J + 1)-fold degenerate.
Determining rotational constant B:
h
= —— 2.

8m2el (2.9)

equation (2.8) can be rewritten as
E(J)=heBJ(J+1) (2.10)

As follows from the selection rules, during absorption (or emission) transitions
J"— J”, the quantum number J has to change by unity, i.e. AJ =J" — J = +£1.

Besides, location of the lines in rotational spectra is given by differences:
hv=E(J")— E(J)=heB[J'"(J'"+1)—=J(J +1)] (2.11)

For instance, considering transitions J — (J + 1), equation (2.11) yields
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2 Basics on molecular spectroscopy

v=2Bc(J+1), J=01,2,... (2.12)

i.e. equidistant spectral lines with an energy gap of 2Bc¢ between them.

In the case of a real molecule (non-rigid rotator), the centrifugal force pulls the
atoms apart. Hence, the molecule moment of inertia I increases, decreasing the
rotational constant B. This centrifugal distortion can be taken into account by

adding of a correction term into equation (2.10) [130]:
E(J) = he [BJ(J +1) = GJ*(J +1)] (2.13)

(G is the centrifugal distortion constant). Accordingly, spectral positions of the
transition lines also become corrected. Thus, equation (2.12) for transitions J —
(J + 1) changes to:

v=[2B(J+1)=4G(J +1)}|c, J=0,1,2,. .. (2.14)

Polyatomic molecules

A linear polyatomic molecule (e.g. HCN, CO5 or CyoHs) has a rotational spectrum
closely analogous to that of a diatomic molecule. One should only take into account
more complicated form of the moment of inertia I about the molecular axis, which
defines rotational constant B.

A nonlinear molecule has three moments of inertia, — I4, Iz and I, — about three
principal axes of the molecule. Then, equation (2.7) for the classical rotational
energy F,, takes the form

B, L I

Ero -
YT oI, T 20g 210

(2.15)

where L, Lg and Lo are the components of the angular momentum L about the
corresponding principal axes. Furthermore, three rotational constants A, B and C'
can be defined for the molecule, analogically to that in (2.9):

h h h

- ' =" o= 2.16
8m2cly’ 8m2clp’ 8m2clc (2.16)

Finally, rotational energy levels of a polyatomic molecule can be found as eigenval-
ues of the Hamiltonian with F,,; expanded into the form (2.15); here, depending on
its geometry, the molecule may be often considered as a symmetric top (see [131,137]
for details).
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2.2 Basic principles of absorption spectroscopy

2.1.3 Vibrational-rotational transitions

A combination of vibrational and rotational motion of a molecule results in a rotating
oscillator. It should be emphasized, that vibration of the molecule influences its
rotation, due to the changing of the moment of inertia I and hence of the rotational
constants A, B, C. In return, rotational motion may influence molecular vibrations.
Therefore, vibrational-rotational spectrum is not just a simple sum of both "pure”
spectra, but their combination where some interaction terms have to be taken into
account (see [130,131] for details).

As discussed above, following restrictions (selection rules) are imposed on the
vibrational-rotational transitions v, J' — v”, J": AJ =41, Av =0,£1,+2,£3,...
However, if the molecule has nonzero electronic orbital angular momentum, i.e. is
a nonlinear polyatomic or a non-Y diatomic molecule, transitions with AJ = 0 are
also allowed (see e.g. [137,139]).

Depending on the AJ value, absorption (or emission) lines in molecular spectra
are usually grouped into three branches within each fundamental vibrational mode

of the molecule:

AJ = -1, P-branch
AJ = 0, Q-branch (not always allowed)
AJ = +1, R-branch

Thus, figure 2.5 shows two examples: (i) the v5 fundamental band of CF, radical
which was calculated in [17] and consists of P—, Q— and R-branch, and (ii) the
(v =0 — 1) fundamental band of CO molecule which was measured in a reference
cell by means of a FTIR spectrometer and consists only of P— and R-branch; the
Q-branch is absent, since vibrational-rotational transitions with AJ = 0 are not

allowed in this case.

2.2 Basic principles of absorption spectroscopy

Absorption Spectroscopy (AS) is an experimental diagnostic tool based on the in-
teraction of electromagnetic radiation with molecules of matter. In particular, it
employs allowed vibrational-rotational transitions which may occur within the in-
frared active bands of the molecules due to absorption of the radiation.

In this work, the linear AS theory was applied, where absorption of the electro-
magnetic waves does not depend on their intensity, and possible influence of the
radiation on the distribution of considered species over their energy levels is negli-
gible. These assumptions were valid because of the low power of the applied laser

diodes, which normally did not exceed a few tenth of mW.
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Figure 2.5: (a) - P, @ and R branches within the vs fundamental band of CF;
radical centered at 1114 ¢cm™ (according to the calculation in [17])
(b) — The (v =0 — 1) fundamental band of CO molecule measured at
2140 ¢cm™' by means of a FTIR spectrometer. The P— and R-branch

can be easily seen, whereas the QQ—branch is not allowed.

2.2.1 Beer-Lambert law

The main principle of the linear absorption spectroscopy is given by the well-known

Beer-Lambert law:
I(v) = Iy(v) - e FWE (2.17)

It is an empirically obtained relation between the measured radiation intensity I(v)
after passing through a medium (e.g. plasma gas phase) and the incident intensity
Io(v). In equation (2.17), L is the thickness of the absorbing medium (absorption
path length) and k(v) is the absorption coefficient depending on the wavenumber

v of the radiation, which gives the profile of the absorption line centered at the
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2.2 Basic principles of absorption spectroscopy

position v (see figure 2.6).
On the other hand, the integral of k() over a single absorption line is proportional

to the absolute number density n of the absorbing species:

/ k(v)dv = S -n (2.18)
absorption line

According to the notation by Penner [140], the proportional factor S in equa-

! In general,

tion (2.18) is called the linestrength and has units of ¢m - molecule™
the linestrength S depends on the temperature T (see section 2.2.3), but not on
the gas pressure p. However, the total pressure of the absorbing species influences
the form of the absorption line profile, due to the pressure broadening discussed in
section 2.2.2.

As follows from formula (2.18), the strength S of an absorption line can be found
experimentally from the integrated absorption measured at this line, provided the
absolute number density n of the species is known. Alternatively, it can be also
calculated theoretically, if certain parameters of the studied molecule are known

(see section 2.2.3).

2.2.2 Absorption line profile

A spectral (absorption) line is never localized at a single frequency (or wavenumber),
but extends over a range of frequencies, possessing a nonzero linewidth. There are

several reasons for this line broadening which shape the actual profile of the line.

Three of them are described below.

L

100 - 1

I(v), a.u.

3]
=]
I

Transmitted signal intensity -

o

Wavenumber, cm™

Figure 2.6: Left: Illustration to equation (2.17): attenuation of a light beam as it
travels trough a medium of thickness L. Right: General example of

an absorption line profile centered at a position vy.
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2 Basics on molecular spectroscopy

Natural and pressure broadening

The well-known Heisenberg uncertainty principle [141] relates the lifetime At of an

excited state of a molecule with the uncertainty of its energy AE:

AEAt > 1i/2 (2.19)

Spontaneous (radiative or radiationless) transitions from considered energy level lead
to its finite lifetime At¢. Hence, this energy level will be blurred according to (2.19),
which immediately results in a natural broadening of each spectral line.

The lifetime At can be reduced further due to collisions with other particles,
causing an additional broadening of the line (so called pressure broadening).

Both natural and pressure broadening mechanisms form a Lorentzian line profile
with the "full-width-at-half-maximum” (FWHM) ~,, centered at the wavenumber v:
1 Yr/2
Pl =) = e+ G
Normally, the natural line broadening is much narrower than the pressure broad-

(2.20)

ening and can be therefore neglected. Then, the linewidth ~;, is given by pressure p

and temperature 1"

= p<T0>a 291
YL %:,opO T ( )

where 7, is the linewidth under normal conditions (py = 1 atm, Ty = 0°C) and «
has a value of ~ 0.5 [142].

Typically, v; values lie between 107 and 10~2 em™!, depending on the pressure
p (see (2.21)).

Doppler (thermal) broadening

The gas particles, which absorb the radiation, have a distribution of their velocities.
Obviously, this distribution is the wider, the higher the temperature T' of the gas.
Due to the Doppler effect, each absorbing photon will be "red”- or "blue”-shifted,
depending on its velocity relative to the gas particle. Since the spectral line is a
combination of all of these absorbed photons, the actual line profile will be broadened
out by means of their distributed Doppler shifts.

Assuming a Maxwellian velocity distribution with a gas temperature T, the
Doppler broadening effect can be described by a Gaussian line profile centered at

the wavenumber 1

1 _(w=vp)?

fpo(v —19) = \/%VDe 2vp?® (2.22)
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with a Doppler linewidth (FWHM) ~p

kpT
b = 2V2n2 vp = 2%,/%%2 (2.23)

where M is the mass of the gas particles, kg — the Boltzmann constant, and ¢ — the
speed of light.

Normally, under low pressure conditions (p < 3 mbar), the Doppler broadening
dominates over the natural and pressure broadening (vp > 7r), and the absorption

lines in the infrared spectral range have their typical width values between 1 and

1073 em™1.

Voigt line profile

A general considering of both described broadening mechanisms leads to so called
Voigt line profile, which is a combination of the Gaussian and Lorentzian profiles.
Mathematically, it is a convolution of (2.22) and (2.20):

f(w,vp, L) = /+oo fD(V’>’YD)fL(’/ - V’ﬁYL)dV/ (2.24)

— 00

where 19p=0 was taken for simplicity.

Instrumental broadening

The further broadening mechanism is called instrumental broadening and relates
to the finite linewidth of the absorbing laser beam and the influence of the optical
elements involved into the measurement, i.e. to the apparat function of the measur-
ing system. Its contribution v;,smum to the total linewidth v, can be calibrated
experimentally, using a spectral line of a reference gas under known pressure, and

then considered in further measurements as follows:

Ytotal = \/7%@ + Vgnstrum (225>

2.2.3 Linestrength

The physical matter and properties of the linestrength S defined as the proportional
coefficient in equation (2.18) can be discussed using a simple example of an absorbing
transition between two energy states ”1”7 and ”2” which have an energy gap of
hvia = Ey — Ey between them (see figure 2.7). The formulas necessary for this can
be found, e.g., in [131].

If n; and ny are the populations of the considering states, then the linestrength

of the transition "17—"2” is:
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Figure 2.7: Scheme of an absorbing transition between two enerqgy states. E;, n; and

g; are the energy, population and degeneracy of the state i, respectively

(i=1,2).

St = h;” (Biany — Bainy) (2.26)
where n is the absolute number density of the absorbing particles; By, and By are
the Einstein coefficients of the absorption and stimulated emission, respectively (see
figure 2.7).

In case of the assumed thermodynamic equilibrium, the By and By coefficients
are related to each other through the statistical weights, or degeneracies, g, and g
of the states:

91812 = g2 Boy (2-27)

On the other hand, defining a specific Honl-London-Factor A for the down state 71”7,
the Bjs coefficient is also often related to the transition dipole moment pu, which is
a characteristic constant for the considering species and vibrational mode:

3
5T A2 (2.28)

BIZ =

Besides, the equilibrium state populations n; are distributed according to the Boltz-
mann distribution with a total partition function usually signed with @:
E.

n;, = gige_kBiT (2.29)

Hence, taking (2.27), (2.28) and (2.29) into account, equation (2.26) may be
rewritten as:
873

E hecv
S1p = 3o V12 g e BT Ap? <1 —e kBsz) (2.30)
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2.2 Basic principles of absorption spectroscopy

It can be easily seen from formula (2.30), that the strength of an absorption line is
unambiguously given by the characteristic quantities of the absorbing molecule and
depends only on the temperature T' of the Boltzmann distribution over the energy
levels. Therefore, to calculate the absolute molecule density from the measured
absorption correctly, the dependence S(T') should be accurately checked for the

individual plasma conditions and, if necessary, taken into account.
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Figure 3.1: Photo of the experimental set-up used in the present work.

3 Experimental set-up and data acquisition

This chapter describes the main parts of the experimental set-up and data acquisition
methods, which were applied to carry out all measurements presented in this work.

The set-up shown in figure 3.1 consists of two principal components: (i) vacuum
chamber, where investigated discharges have been produced, and (ii) optical unit,
or IR-TDLAS system, which provided the experimental technique applied for the
investigations. Besides, there is a rack with all devices and controllers used for the

plasma operation.

3.1 Vacuum apparatus

The plasma reactor shown in figure 3.2 was a cylindrical vacuum chamber made of
stainless steal. It had both an inner diameter and a height of about 30 cm, resulting

in a volume of about 20 liter. The powered electrode designed as a cylindrical copper
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Figure 3.2: Vacuum part of the experimental set-up: vacuum chamber and technical

devices used for creation and operation of the studied rf discharges.

block of 8 ¢cm in diameter was placed in the center of the chamber and coupled to
the 13.56 MHz rf power generator capacitively by means of a matching network.
Before a measurement was started, two variable capacitor batteries of the network
had to be matched to optimize the rf power transfer into the plasma. Then, during
the measurement, these batteries were fixed at their optimal positions. In order to
pulse the discharge, i.e. to form "plasma-on” and "plasma-off” phases, the rf power
generator was triggered by means of a corresponding TTL-signal from the digital
pulse/delay generator.

To cool the powered electrode and keep its temperature constant during the
plasma operation, a water cooling cycle with a thermostat was mounted onto the
copper block.

The walls of the reactor were grounded and had much higher area than the powered
electrode. Therefore, a highly asymmetrical capacitively coupled rf discharge was
ignited in the chamber, resulting in a high negative potential drop U,s within the
rf sheath between the plasma and the powered electrode (see section 1.2).

The process gases (CF, and Hy) were fed into the reactor through many small
holes in the shielding placed around the center electrode (see figure 3.3). Therefore, a
continuous fresh gas supply directly to the powered rf electrode was provided during
the discharge operation.

The total pressure in the chamber and the feed gas flows were regulated indepen-
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Figure 3.3: Scheme of the shielding placed around the rf electrode. Holes in the

shielding served for feeding the gas into the chamber.

dently by means of a capacitance manometer, mass flow controllers, a throttle valve
controller and a sliding vane rotary pump which was able to evacuate the reactor
down to the pressure less than 0.1 Pa.

Two flanges, each of about 25 mm in inner diameter, were placed at the chamber
sides and provided the probing infrared beam in a double path way through the re-
actor, about of 55 mm above the rf electrode (see section 3.2.2). Potassium bromide
(KBr) was used as a material for the side windows, since it has a high transmittance
of about 90% in the spectral range from 500 to 2500 cm™! (see figure 3.4), i.e. in
the mid infrared region where absorption features of the studied species are located
(see figure 3.10 in section 3.2.2 below).

All technical devices and units applied for the plasma creation, discharge operation
and keeping the constant pressure and gas flow conditions are listed in Appendix,
see section A.3.

Wavelength, pm

40 5.0 6.0 70 80 9010 12 1416 20 30 40
100
< 80
@
2 60 )
s
£ 40
c
©
= 20
i

0
2500 2000 1800 1600 1400 1200 1000 800 600 400 250
Wavenumber, cm

Figure 3.4: Transmittance of potassium bromide (KBr) in the infrared spectral
range [143].
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3.2 IR Tunable Diode Laser Absorption Spectroscopy
(IR-TDLAS) system

3.2.1 Lead salt diode lasers

As discussed above, most of the molecules have their absorption lines in the mid-
infrared spectral range, since the vibrational-rotational transitions of them lie in this
energy region. For this reason, the mid-infrared range is essential for the absorption
spectroscopy technique applied for investigations in the present work. Clearly, this
diagnostic tool requires a proper source of infrared radiation, where semiconductor
laser diodes appear to be a good solution.

The first operational semiconductor lasers have been developed in 1962. They were
of gallium arsenide (GaAs) and emitted at 0.84 pum in the near infrared [144-146].
In the next years, further lasers emitting within the range of 0.64 — 3.11 um were
developed with other pure or stoichiometrically mixed type III-V semiconductors,
e.g. InP, InSb, InAs, GaAs,P;_,, In,Ga;_,As and InAs,P;_,. In 1964 — 1974
type IV=VI semiconductors such as PbSe, PbTe and PbS or their combinations like
Pb;_,Sn,Se, Pb;_,Sn,Te and PbS;_,Se, were applied for the laser manufacture,
whereby the region of available wavelengths was significantly extended and shifted
to the mid-infrared: 4.3 — 30 pum, depending on the value x [147-149]. Moreover, the
lead salt p-n junction diode lasers were found to be most easily adaptable to various
spectroscopic applications. Thus, they are widely used as a suitable radiation source
in the mid-infrared absorption spectroscopy, in particular, in the present work.

Figure 3.5 shows a photo of the commercially available lead salt diode lasers (on
the left hand side) and a simplified scheme of an emitting p-n junction crystal (on

the right hand side). Basic principles of the laser action itself can be illustrated

p-type
polished +U I

end face
= p-n junction

(resonator)

RN n-type

metal films

grounded base laser output

Figure 3.5: Left: Photo of two lead salt diode lasers used as a source of infrared
radiation in this work (after [150]). Right: Simplified scheme of a
lead salt p—n junction diode laser (typical size: 100 x 200 x 300 um?).
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Figure 3.6: Diagram of energy bands across a p-n junction: (a) — for conditions
near thermal equilibrium, without voltage, (b) — under forward positive

voltage +U at the p-type side.

using the typical energy bands diagrams given in figure 3.6 for both p- and n-type
semiconductors.

As known, there are two bands of permitted electron eigenenergies in a semi-
conductor crystal: (i) so called valence band which contains the electrons that
participate in the chemical bonds between the atoms of the crystal, and (ii) a fi-
nite continuous conduction band which may be occupied by electrons that are not
bound to a particular atom but are free to move about the crystal lattice. The
maximum eigenenergy within the valence band is known as the valence-band en-
ergy BV, whereas the minimum eigenenergy within the conduction band is called
the conduction-band energy E¢. These two bands are separated by a continuous
band (gap) of forbidden eigenenergies with a finite width of E, = E¢ — EY. For
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3 Experimental set-up and data acquisition

technical applications, the semiconductor materials are usually doped with atoms
that must either accept an extra electron from the crystal or donate an extra electron
to the crystal thus allowing its natural participation in the valence bonds between
adjacent atoms. When an excess of either acceptor or donor atoms is present, the

crystal is said to be p-type or n-type, respectively.

Normally, the n-type materials are designed so that the Fermi energy E¢, which
characterizes the Fermi-Dirac energy distribution of electrons, is shifted into the
conduction band [133,151], and thus electrons partially occupy this band (see fig-
ure 3.6a). Similarly, the energy E} of the Fermi level in the p-type materials is
shifted into the valence band and thus holes partially occupy energy states within
this band. At thermal equilibrium the Fermi energy level applicable to the p-type
part of the crystal must coincide, across the p-n junction, with that of the n-type
part, i.e. B¢ = E}.. Thus, the energy bands structure of the n-type material is dis-
placed downward relative to that of the p-type material, forming a potential barrier

for electrons on the way from the n-type part into the p-type part (see figure 3.6a).

In case of a positive voltage connected to the p-type face of the crystal, i.e. +U
in figure 3.5, the energy bands configuration changes to that sketched in figure 3.6b.
This results in a decrease of the potential barrier for electrons and an increase of
the Fermi energy EY which becomes higher than EY. Furthermore, the voltage
U causes electrons from the n-type material and holes from the p-type material
to be simultaneously injected into the region of the p-n junction (so called active
zone). Here they may recombine, i.e. the electron may re-occupy the energy state
of the hole, emitting a photon with energy equal to the difference between the

electron and hole states involved: hv ~ E, (see figure 3.6b). Next, this photon may

g
either be absorbed (forming an electron-hole pair again) or cause recombination of a
further electron with a hole accompanied by a stimulated emission. This generates
another photon of the same frequency, traveling in the same direction, with the same
polarization and phase as the first one. Therefore, stimulated emission causes gain

in an optical wave within the active zone of the crystal.

Like in other lasers, the gain region should be surrounded with an optical cavity
to provide generation. For this purpose, two end faces of the crystal are cleaved
forming perfectly smooth, parallel edges, which works as a Fabry-Pérot resonator
(see figure 3.5). Photons emitted in the active zone travel along the waveguide and
are reflected several times from each end face before they leave the resonator. Thus,
each time the wave passes through the cavity, it is amplified by the stimulated
emission. Finally, when this amplification exceeds the losses due to absorption,
incomplete reflection from the end facets, ohmic losses etc., the laser action starts.

Mathematically, that means (i) EY —E}. > E, (the population inversion for electrons
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Figure 3.7: Dependence of the diode laser frequency on the chemical composition,

on example of four different lead salt lasers [151].

and holes) and (ii) eU > E, (threshold condition for the applied voltage). On
the other hand, the length [ of the optical cavity and the refractive index n of the
semiconductor in the active zone determine the number of axial cavity modes allowed

for the radiation of a wavelength A leaving the resonator:

N@) =nl, N=1,2,3.. (3.1)

As mentioned above and shown in figure 3.6b, the emission occurs at frequencies
v =~ E,/h, whereas the band gap energy E, of semiconductors mainly depends
on their chemical composition. Therefore, to meet a desired spectral range, the
corresponding crystal must first be specially composed, for instance, like it shown in
figure 3.7. Then, the laser frequency v can be roughly tuned by means of heating or
cooling of the crystal, i.e. by varying its temperature 7', which changes the refractive
index n and hence the optical length of the cavity. Further fine tuning of v can be
achieved by a slight modulation of the voltage U, whereby the temperature 7" of the
diode will be also slightly modulated, altering the optical length of the resonator
again.

Lead salt diode lasers used for the measurements in the present work have been

controlled as described above, i.e. by means of the diode temperature and diode
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Figure 3.8: Typical mode structure diagram of a lead salt diode laser at a fixed

temperature T.

current variation (see section 3.2.2). Normally, these lasers are supplied with so
called mode structure diagrams, which characterize spectrum of the emitted radia-
tion (see figure 3.8). Particularly, there may be regions where a step-like change of
the emission wavenumber occurs (so called "mode hops”), or vice versa, many laser

modes are emitted simultaneously (multimode behavior).

3.2.2 Optical table, laser tuning and beam guidance

The optical component of the experimental set-up (the IR-TDLAS system) was
designed and made at the Fraunhofer IPM in Freiburg [152]. It consists of an optical
table with necessary optical arrangement on it, and a computer with special modules
and software for the laser controlling, spectra recording and data acquisition.

The scheme of the optical table is shown in figure 3.9. The probing IR radiation
was produced by means of a Tunable lead salt multimode Diode Laser (TDL) placed
in the laser station at the cooling head (Leybold, RGD 1245). The cooling head had
a forcer inside which was moving with a frequency of 2 Hz whereas the liquid helium
was pumped under the pressure of 20 bar through a closed cycle between the head
and water cooled compressor (Leybold, ARW 4000 EU). The regular expansion of
the helium resulted in a cooling of the cooling head and hence of the leaser diode
station connected to the head by means of a heat-conducting copper contacts. In
order to prevent the heat exchange with environment, the inside of the cooling head
has been previously evacuated down to the pressure less than 10~° mbar. After the

cooling of the system was completed, the temperature in the laser station reached
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Figure 3.9: Optical table, optical elements and path of the IR diode laser beam

shown both on photo and in a scheme (top view).

a value of 29 K. Further, by means of a heating element, the laser diode could be

heated up to the operation temperature between 30 and 100 K.
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Figure 3.10: Emission spectral ranges of available laser diodes in comparison with
regions where fluorocarbon species may have their absorbtion fea-
tures. Data from [17, 101, 154-162], own FTIR measurements and
data sheets of the laser diodes.

Normally, each (multimode) lead salt diode laser (Laser Components
GmbH, [153]) emits within a spectral range of 20-50 cm™! centered around a
wavenumber which is special for this laser. Hence, for various species of interest,
a corresponding diode laser had to be arranged and mounted in the laser station.
This can be also seen in figure 3.10, which shows emission spectral ranges of avail-
able laser diodes in comparison with regions where fluorocarbon species may have

their absorbtion features.

Emission frequency (or wavenumber v) of the laser radiation was set roughly by
the operation temperature, usually, with a step of about 10 cm™*K~!. The further
fine tune of the wavenumber within a narrow target spectral range was done by
means of so called "sweep-modulation”, i.e. the modulation of the current put on
the diode laser. As shown in figure 3.11, the linear current ramps have been put in
sequence on the laser resulting in an iterative scan of the radiated wavenumber over
a corresponding narrow region [v, v+ Jv|. Obviously, the start value v and the width
ov of this region were given by the initial current and slope of the ramps, respectively.
The repetition rate of the current ramps, which, under certain conditions, could be

as high as a few kHz, determined the actual time resolution of the measurements.

It should be especially emphasized, that conversion of the diode current into the
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Figure 3.11: Laser current ramps and their conversion into the emission spectral

range [v, v + 0v].

wavenumbers v shows a strongly non-linear behavior. Hence, so called (non-linear)
“tuning rate function” had to be calibrated experimentally, using a germanium etalon
with known free spectral range (see below).

The radiated IR laser beam left the laser station through a KBr window. Due to
a very small emitting area of the laser, the beam was strongly divergent and had the
radiation angle wider than 50°. Therefore, it was collimated by a mirror lens placed
directly at the laser station and then guided onto a grid monochromator with a grid
constant of 1/90 mm, where as far as possible a single mode was selected.

The next element on the optical table was a beam splitter. Here, a small part
of the radiation was guided into the reference channel, where a glass cell with a
reference gas (e.g. NoO, CHy, CyHy) was placed to identify measured absorption
spectra. Absorption lines of the reference gas measured in the cell were arranged
according to that calculated by means of a special software IgorPro (WaveMetrics
Inc., [163]).

Besides, a three-inch germanium etalon (neoplas Control GmbH) was placed in
the reference channel to find the non-linear tuning rate function experimentally.
This procedure was based on the known distance between two maxima (or minima)
in the signal intensity giving by the etalon, - so called "etalon free spectral range”, -
see figure 3.12. Within the IR spectral range considered in this work, it was about
of 0.0158 cm™! [164].

The rest of the radiation was guided from the beam splitter into the main channel.
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Figure 3.12: Signal intensity measured from the three-inch germanium etalon to
calibrate the non-linear wavenumber scale. The etalon free spectral

range, i.e. the distance between two mazxima (or minima), is about of
0.0158 ecm™!.

Here the beam was first squeezed to a diameter of about 4 — 5 mm by means
of a telescope (two spherical mirrors on the table) and then directed through the
vacuum chamber in a double path way (see figure 3.9). Obviously, an increase of the
beam path inside the reactor would be highly favorable for the applied diagnostics.
However, small diameter of the KBr side windows hampered any further passing of
the laser beam through the chamber. An alternative usage of an optical multi-path
cell placed in the reactor (see e.g. [165]) was also not feasible, because of the massive
thin film deposition taking place in the studied plasmas.

The intensity of the transmitted radiation was measured at the end of both chan-
nels by means of two photovoltaic Mercury Cadmium Telluride (HgCdTe, MCT)
detectors (InfraRed Associates Inc.) which had to be cooled with a liquid nitrogen
in order to reduce the background noise. The measured (analog) signals were then
amplified by means of two pre-amplifiers (MCT-1000, Infrared Systems Develop-
ment Corp.) and sent onto the analog-digital (A/D) converter (BNC-2090, National
Instruments GmbH) at the PC for further data acquisition by the software. The
A/D converter had totaly 940 channels and a maximal sampling rate of 1 MHz,
which gave an absolute limit of the temporal resolution for the system. Thus, if an
absorption spectrum is measuring using 200 channels, it is possible to record not

more than 109/200 = 5000 spectra per second, i.e. the best temporal resolution in
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Figure 3.13: Test for the non-saturation regime of the MCT detector. The signal
intensity was measured over the laser ramp: first, without polyethylene
(PE) film, and then with one, two or four PE layers in the beam path.

this case is so small as 200 us.

Finally, the optical elements of the TDLAS system have been carefully adjusted
to maximize the intensity of the signal coming onto the detectors and, therefore,
to provide the best possible signal-to-noise ratio (SNR). However, in order to apply
the measured intensities for further calculations correctly, it was very important to
make sure that both detectors were not saturated. Otherwise, the system should
be slightly de-adjusted taking the detectors back into the proper linear regime.
The simplest test for that was to put a few layers of a polyethylene (PE) film,
which has a broadband absorption in the IR spectral range, on the beam path and
check, if the signal attenuation remains constant over the actual intensity range.
Figure 3.13 shows this test graphically revealing the non-saturation (linear) regime
of the detector.

3.3 Data acquisition and TDLWintel software

The diode lasers have been controlled using a special software TDLWintel (Aerodyne
Research Inc., [166]). At the same time, this program was also used for the data
acquisition process, giving a possibility to measure up to three different absorption

lines in the target spectral range. Therefore, the absolute number density monitoring
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was accomplished for the corresponding species in the real time.

An example of measured spectral line is shown in figure 3.14. Primarily, this line,
i.e. the signal intensity I(v), was automatically fitted to a Voigt profile, considering
further input parameter: pressure p, temperature 7', the tuning rate derived before
and instrumental broadening 7,strum (see section 2.2.2). The value of the viystrum
has been calibrated using a reference gas of accurately known absolute density and
temperature. The intensity of the signal without absorption, i.e. the baseline Iy(v),
was fitted by the TDLWintel to a polynomial of up to sixth order. All following
calculations have been carried out using the fitted line profiles, i.e. I(v) and Iy(v)
curves.

The absolute number density n of the species was calculated by the TDLWintel
from the absolute absorption measured at the corresponding absorption line, — as
that follows from equations (2.17) and (2.18):

. 1 ]0(V>
N S-L absorption line 1 (V)

n dv (3.2)
Here, the strength of the absorption line S as well as the absorption length L had to
be known and were used by the program as input parameters. However, especially
in case of a pulsed plasma, the strength of some absorption lines may be strongly

dependent on the (rotational) temperature. Hence, taking of S as a constant input
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3.3 Data acquisition and TDLWintel software

parameter for the TDLWintel may cause a non-negligible error in the density cal-
culations. Using the example of the CF; radical in pulsed rf plasmas, this problem
was studied in detail by Gabriel et al. [167].

While the linestrength values S can be found in literature, calibrated in a sepa-
rate experiment with known absolute density of the species or calculated theoret-
ically using necessary molecular constants, the role of the absorption length L in
formula (3.2) requires to be discussed. Taking of L as a constant factor in (3.2)
supposes a homogenous distribution of measured particles over the beam path. If
it is not the case, the actual radial density profile of the species and the active
plasma size in the reactor have to be considered in (3.2), otherwise, only a mean
density value 7, averaged over the line-of-sight, can be obtained. That puts certain
restrictions on and reveals the main disadvantage of the IR-TDLAS diagnostics.

Unfortunately, the spatial distribution of the species, measured in this work, was
unknown. Therefore, a homogeneous radial profile and an absorption over the whole
beam path in the reactor (i.e. L =90 cm) were always assumed. In a certain sense,
it was also reasonable, since the inhomogeneity of the spatial CF,-radical profiles,
measured in depositing fluorocarbon plasmas by others [58,65], was not extremely
pronounced. This was a consequence of a low CF, sticking to the a-C:F layers
deposited at the reactor surfaces, which was also found in this work.

Finally, under made assumptions, the absolute number density of measured species
was calculated and output by the TDLWintel in particle-per-billion (ppb) units. Us-
ing the well-known ideal gas law (p = nkgT, where kg is the Boltzmann constant),
they can be easily converted into the usual em ™3 density units. For the room tem-
perature of 300 K it leads to the following formula:

nfem?] = 2.415 - 10° - p[Pa] - n[ppb] (3.3)

In this work, the absolute number densities of the species in pulsed plasmas were

measured using two different regimes, — so called "stream mode” and "burst mode”.

3.3.1 "Stream-Mode” approach

In this data acquisition approach, the absorption spectra of interest have been
recorded by the TDLWintel continuously, according to the time settings. Thereby,
the absorption lines within each spectrum were fitted and the absolute number den-
sities were calculated by the software immediately after the spectrum was taken.
Hence, the density traces of the species could be followed in real time. However,
in this case, the possible temporal resolution of the system was limited not only by

the detector sampling rate and number of the active D/A convertor channels (see
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Figure 3.15: CF radical density in a pulsed plasma: (a) — “raw” measurement in

the “stream mode”, (b) — averaging over 50 plasma pulses.

section 3.2.2), but mainly by the time, that the fit and calculation procedure took.
Depending on the complexity of the fitted spectra, the temporal resolution, which
could be achieved practically, was not better than 30 — 40 ms.

Nevertheless, even at such temporal resolutions, the measured density traces were
quite noisy. Therefore, they were recorded over many successive plasma pulses
(typically, over 50) and then averaged. The efficiency of the averaging can be seen
on the example in figure 3.15.

Thus, the "stream mode” was suitable for a continuous real time analysis of the
density traces of that particles, whose kinetics in the studied plasmas was relatively
slow, e.g. stable fluorocarbon molecules, like CyFy, or transient species with a
relatively long life time, like CFy radical.

For the species with a fast kinetics, like CF radical, the "stream mode” was only
used to measure the "overview” density traces roughly. To follow their concentration
more precisely, e.g. in the early afterglow or at the beginning of plasma pulse, the
"burst mode” had to be applied.

3.3.2 "Burst-Mode” approach

The "burst mode” allowed the TDLWintel to collect the raw absorption spectra for
a relatively short time period (up to few seconds) and fit them returning molecular

concentrations afterwards. In this case, the time, which the fit and calculation
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3.3 Data acquisition and TDLWintel software

procedure took, did not influence the temporal resolution limit, like it was upon the
"stream mode”. That resulted in a much higher temporal resolution, the density
traces could be measured with. Normally, absorption spectra in the "burst mode”
have been measured using all 940 D/A convertor channels, resulting in an absolute
temporal resolution of 940 us (see section 3.2.2).

In order to synchronize the measurements with the plasma operation, the TTL
signal from the pulse/delay generator, which was pulsing the plasma, was used to
trigger the "burst mode”. Thus, the highly resolved density measurements could
be made for a short time period directly at the beginning of the plasma pulse or
just after the plasma was switched off. However, during the calculation routine was
running for one sequence of accumulated spectra, the further spectra collection was
paused and the next burst could not be triggered. In other words, the plasma pulses
analyzed in the "burst mode” were not successive.

Obviously, the density traces measured in this mode were even more noisy than
that obtained upon the "steam-mode”. Therefore, their averaging over many plasma

pulses (typically, over 50) was made here as well.
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4 Preliminary investigations on relevant spectroscopic

data of the target molecules

This chapter concerns with absorption features of the species whose absolute number
densities were measured in this work. The selection and identification of these
features as well as the gain of their spectroscopic data used for the measurements

will be discussed here.

4.1 Spectroscopic data of CF radical

The CF radical is a small transient species formed in fluorocarbon plasmas. Due to
its high reactivity, it plays an important role in the plasma chemical processes in
these plasmas. However, it is not very easy to detect the CF radical, since it shows
quite low concentrations in studied plasmas, — normally, in order of 10'* — 10'3 ecm =3,
depending on the type and conditions of the discharge [56-58,64,168|. Therefore, as
strong absorption lines as possible should be selected for the density measurements
of CF.

The diatomic CF molecule has a multiple 2II electronic ground state, which is
split into two states, — 2II; o and *II3/5, — due to the spin-orbital (LS) coupling. The
vibrational-rotational transitions of both these electronic states are further split into
two lines by A-type doubling [130]. Components of these A-doublets are usually
labeled with an index "f” or "e”.

Spectral positions of the allowed vibrational-rotational transitions within both
2114 /2 and 211, /2 ground electronic states have been calculated in [17], using molecular
constants given for CF in literature [159,169]. The result of this calculation shown in
figure 4.1 is in a very good agreement with the CF absorption line positions measured
and/or calculated by others, e.g. [55,57,159,169,170]. Table 4.1 demonstrates this
agreement quantitatively on the example of several selected lines.

Using formula (2.30) and transition dipole moment value p of 0.236 Debye [171],
strengths of all considered CF absorption lines have been also calculated in [17], for
room temperature.

The grey bar in figure 4.1 shows potential emission spectral range of the diode
laser used for CF measurements in this work. As one can see, tuning the laser

properly, nearly the whole R-brunch can be scanned in series. Basing on the data

95



4 Preliminary investigations on relevant spectroscopic data of the target molecules

n
o
L

[
T2 Q-brahch

II
‘

—
(6)]
[

R-br

1/2  P-branch

N\
I1

3/2

-
o
I

Absorption (a.u.)
o
[&)]
I

L
(=}

r 2

[N —
o (¢}
[ I

o
(¢}
I

Absorption (a.u.)

i ||III||‘” |]
T T T

T E T
1150 1200 1250 1300 1350 1400

_______ 1
Wavenumber, cm-1

Figure 4.1: CF radical absorption spectrum calculated for both 2H1/2 and 2H3/2
ground electronic states [17]. The grey bar shows potential emission
spectral range of the tunable diode laser applied for CF measurements

m this work.

obtained in [17], two R(7.5) doublets, — one within the *II;/» state and another
within the 2II3,, state, — were selected for the CF density measurements in this
work (see table 4.1). There were two main reasons for that: (i) quite high strengths
of the selected lines, and (ii) their weak temperature dependence S(7") which could

be neglected in measurements under taken plasma conditions.

Because of their relatively high intensity, these R(7.5) doublets have been also em-
ployed by others (e.g. [55]), but without reporting the linestrengths, unfortunately.
Therefore, it was not possible to compare them directly. However, the strengths
calculated in [17] for the lines of another doublet (R(4.5), *IL; ;» state) match good
with the strengths measured for these lines in [170] (see table 4.1), that actually
confirms the calculation results for the selected R(7.5) lines indirectly.

In order to find and identify selected R(7.5) doublets of CF radical experimen-
tally, the lines of the NoO and CH, reference gases were used. Their transmittance
spectra calculated in the target spectral range between 1300.45 and 1300.75 cm ™!

are shown in figure 4.2. As also shown in this figure, there are absorption features
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4.1 Spectroscopic data of CF radical

Table 4.1: The CF radical absorption lines considered in this work and their spec-
troscopic data. The values taken for the measurements in this work are
marked with bold font.

electronic state line position linestrength reference
v (em™)  (107%cm/mol.)

T o R (7.5) f 1308.5020 3.49 [17,35]

1308.5020 [55]

1308.5032 [159]

R (7.5) e 1308.4946 3.49 [17,35]

1308.4947 [55]

1308.4959 [159]

39 R (7.5) f 1308.6706 2.34 [17]

1308.6702 [55,169]

1308.6722 [159]

R (7.5) e 1308.6700 2.34 [17]

1308.6702 [55,169]

1308.6722 [159]

T o R (4.5) f 1301.0107 2.90 [17]

1301.0117 2.27 [170]

1301.0115 [159]

R (4.5) e 1301.0028 2.90 [17]

1301.0034 2.43 [170]

1301.0035 [159]

39 R (4.5) f 1300.9326 1.88 [17]

1300.9320 [57,169]

1300.9339 [159]

R (4.5) e  1300.9323 1.88 [17]

1300.9320 [57,169]

1300.9339 [159]

of the atmospheric water vapors in this region, which were always presented in the
laboratory air and influenced the measured transmitted signal I(r). However, due
to a constant HoO concentration and a very wide broadening of its lines under at-
mospheric pressure, this influence was treated as a permanent deformation of the
baseline Iy(v).
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Figure 4.2: Transmittance spectra of NoO and CH, reference gases (pressure p =
15 mbar, optical length L = 15 ¢m) and that of the atmospheric HyO
vapor (p = 1013 mbar, L = 300 ¢m) calculated within the target spectral
range. Vertical dashed lines show positions of CF absorption lines used

for the measurements in the present work.

Figure 4.3 shows the *II;;» R(7.5) CF doublet and the NyO reference lines
measured at 1308.50 ecm~!. As mentioned above, due to the A-type dou-
bling, this CF doublet is split into two absorption lines with equal strengths of
3.49-107" cm/molecule (see table 4.1). Therefore, it was fitted with two Voigt
profiles independently. In contrast to that, the second I3/, R(7.5) CF doublet at
1308.67 cm™!, which also consists of two components, could not be experimen-
tally resolved, since the gap between its two lines is much narrower than their
Doppler broadening (see figure 4.4). Therefore, this doublet was always fitted
with a single Voigt profile of the double linestrength S = 2 x (2.34-107%) =

4.68 - 1071 ¢cm/molecule.
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Figure 4.4: The unresolved *I13,5 R(7.5) CF doublet and N, O reference lines mea-

sured at 1308.67 ecm™".

Since the strength S of the unresolved doublet is comparable with that of each

component within the resolved one, fairly similar absorbance and signal-to-noise

ratio are expected for both selected

doublets (compare figures 4.3 and 4.4). Hence,

neither of them would be evidently preferable for further CF density measurements.
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4.2 Spectroscopic data of CF, radical

CF3 molecule is a further transient species formed in fluorocarbon plasmas. But,
comparing to CF radical, it normally has a significantly higher concentration in the
discharge and a longer lifetime in the afterglow phase. Hence, CF; radical proves to
be much easier to detect, and its kinetics is therefore better investigated and largely
discussed in literature.

In this work, CFy absolute density traces were measured in the studied plasmas
primarily to verify correlations between its kinetics and that of CoF4. For this
propose, a spectral region about 1096 cm~! was selected, where the maximum of
the P-branch of v3 CFy fundamental band is located [156]. The CFy absorption
line positions in this spectral range (calculated and measured) are available from
literature [17,156,172]. Moreover, their strengths were additionally calculated in [17].

Experimentally, the CFy absorption lines were identified by means of CoHy refer-
ence gas. Figure 4.5 shows both measured and calculated spectra of CFy and CoHy
molecules in the target region. There, the P1o(17) absorption line at 1096.4123 cm ™!
was selected for the absolute CFy density measurements in this work. Although this
line is weaker than others, only its strength S = 1.2 - 1072 cm/molecule was found
to be nearly independent on the temperature 7" and hence, in contrast to other CFy
lines in considered spectral range, might be used for the measurements without any
correction for 7' [17,167]. Moreover, the P14(17) line is an isolated single line, which

simplified the fit procedure.

4.3 Spectroscopic data of the stable reaction product C;F,

Tetrafluoroethylene (CyF,) is an intermediate stable reaction product which is
formed in fluorocarbon plasmas and plays an important role in their kinetics. Hence,
systematic measurements of the absolute CyF,; number density are essential for a
better understanding of these plasmas.

In contrast to relatively small fluorocarbon species, e.g. CF or CF, radicals, CoFy
molecule has more compound stereometry. This causes quite complex absorption
spectrum formed mainly by absorption features of several overlapping lines. For
this reason, it appears to be very difficult to calculate necessary spectroscopic data,
i.e. positions and strengths of the absorption lines, ab initio. These data are also
not available from literature, unfortunately. Hence, a possible solution was to use
pure CoFy itself as a reference gas.

However, due to its polymerization under high pressure conditions, the pure CsFy
is not commercially available in a gas bottle. Therefore, it had to be separately

produced in laboratory, by means of vacuum thermal decomposition (pyrolysis) of
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Figure 4.5: IR spectra in the target region about 1096.5 cm™': (i) calculated and
measured spectrum of CyHy reference gas and (ii) spectral lines of CFy
radical calculated in [17] and those measured in plasma. The Pyo(17)
absorption line used for CFy measurements in this work is marked with

an arrow.

polytetrafluoroethylene (PTFE, Teflon™). This process is described in detail in
section 4.3.1. Then, an absorption structure consisted of several overlapping spectral
lines was found at 1337.11 cm™!, fitted with fictitious lines and absolutely calibrated

for further CyF, density measurements in plasma (see section 4.3.2).

4.3.1 C,F, preparation by vacuum pyrolysis of polytetrafluoroethylene

Polytetrafluoroethylene (PTFE, Teflon™) is a polymeric material consisted of CF,
chains, i.e. — (CFy), —. Thus, it is a suitable precursor for CyF4 molecules. The
mechanism of the PTFE thermal decomposition under various conditions, e.g. pres-
sure, temperature, nitrogen or air admixtures, has been investigated as a separate
problem by others. Moreover, the gaseous degradation products were identified and
their quantitative composition was carefully analyzed in these works, e.g. [173-176].

Normally, there are three main monomers formed by cracking of the PTFE at
temperatures of 450-700°C: CyFy, C3Fg and C4Fg. However, the quantitative ratio
between them varies significantly, depending on the selected pyrolysis conditions.

Thus, figure 4.6 shows a dramatic effect of the pressure p found for the pyrolysis at
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Figure 4.6: Gaseous products composition for the polytetrafluoroethylene (PTFE)
pyrolysis under 600°C' (according to data from [173]).

600°C by Lewis et al. [173]. As one can see, at low pressures (p < 10 Torr), the
CoFy content in the products mixture is very high (up to 95-97%). An increase
of the process pressure immediately leads to a drop of the C;F4 gain, whereas two
further monomers, — C3Fg and C4Fg, — are formed. Furthermore, it was found, that
increasing of the temperature up to 700°C has only a minor effect on the composi-
tion of the products gas mixture. However, far higher temperatures lead again to
considerable admixtures of C3Fg and C4Fg reducing the rate of the CoF, [177].
Hence, fairly pure CyF, gas is expectable as a sole product of the PTFE thermal
decomposition at very low pressures and temperatures of about 550-600°C.
Experimental equipment used for the pyrolysis of the polytetrafluoroethylene in
this work is shown in figure 4.7. Quartz tube /1/ filled with a certain amount of
crumbed Teflon™ was placed in the vacuum chamber /2/, which was then evacuated
using a diffusion pump /3/. The pressure in the system was measured by means of
a capacitance manometer /4/. An electrical resistance wolfram coil /5/ was fixed at
the quartz tube to heat it up to desired process temperature which was measured
by means of a previously calibrated Fe-Co thermocouple /6/ placed into the tube.
The PFTE thermal decomposition took place under initial pressure p < 107 mbar
and temperature t° = (580 £+ 10)°C. Any gaseous output, formed in the chamber
before the stationary process conditions are established, was drained. Next, the
valve /7/ was opened and the actual degradation products were piped into a liquid
nitrogen trap /8/, where they stayed frozen on the walls. Finally, after the pyrolysis

process was completed, the product mixture was released from the walls by warming
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Figure 4.7: Experimental apparatus for the PTFE thermal decomposition: /1] —

quartz tube, /2/ — wacuum chamber, /3/ — diffusion pump,
/4/, /10/ — capacitive manometer, |5/ — resistance wolfram coil,
/6/ — Fe-Co thermocouple, |7/ — wvalve, /8/ — liquid nitrogen trap,
/9/ — storage vessel.

the trap, and a storage vessel /9/ was filled with the gas up to a pressure of about

3.5 mbar, for further analysis.

Purity of the produced C,F,

Since the CoF4 produced by the pyrolysis was intended to be used as a reference gas
for calibration, its purity was of particular importance. Therefore, the composition
of the gained gas mixture was analyzed by means of two different methods.

First, the mass spectrum of the mixture was recorded using a quadrupole mass
spectrometer (HIDEN EPIC IV). Here, the signal intensity of positive ions, formed
in electron collisions with the gas molecules, was analyzed, comparing to their mass-
to-charge ratio m/z. Figure 4.8 shows this spectrum and that representing the ion
distribution for pure CoF, [162]. As expected, they are in a very good agreement with
each other. Certainly, a small admixture of other monomers with higher molecular
weight was also detected in the sample, namely, C3Fg (C3F37 ions at 131 amu) and
C,Fg (C3F¢ peak at 150 amu), but no CyFg was measured (absence of CoF7 signal
at 119 amu). Nevertheless, a fairly low intensity of the impurity peaks comparing
to that of the main peaks indicates a very high CyF, content in the mixture.

Alternatively, the gas mixture was analyzed by means of the Fourier Transform
Infra-Red (FTIR) technique. For this purpose, a cylindrical reference glass cell
(15 ¢cm long and 5 cm in diameter) with KBr windows was filled with the sample

gas at pressure p = 50 Pa. Curve (a) in figure 4.9 shows the FTIR spectrum of this
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Figure 4.8: Mass spectrum of (a) — gas mizture gained by the PTFE pyrolysis and
(b) — pure CyFy gas [162].

sample measured with a spectral resolution of about 0.25 cm™. In the same figure
one can also see two further FTIR spectra taken from C,;F, patterns by others,
with a spectral resolution of about 4 cm™" [162] and 0.0019 cm™! [158], respectively.
All three spectra are in a very good agreement with each other and indicate the
most intense CFy-stretching bands within the CyF4 molecule: the vy asymmetrical
stretching band centered at 1339.9 cm™! and the vy; symmetrical stretching band
at 1187.6 cm~!. Furthermore, the FTIR spectrum obtained from the reference cell
(curve (a)) confirmed the conclusion that possible impurities of other monomers
with higher molecular weight (CyFg, C3Fg or C4Fg) can be neglected.

Hence, according to the sample analysis, the gas produced by means of the vacuum
pyrolysis of polytetrafluoroethylene was found to be pure CoF4 by far, and therefore,

suitable for the following calibration procedure.

4.3.2 Calibration of the C,F, absorption structure at 1337.11 cm™!

The CyF,4 measurements in this work were carried out using a lead salt diode laser
which emits in a spectral range from 1310 up to 1340 cm™!, i.e. where the P-branch
of the vy stretching band is located (see figure 4.9). As it has been expected, trial

measurements on the produced CyFy gas in the reference cell showed no separate
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Figure 4.9: FTIR spectra of (a) — gas mizture gained by the PTFE pyrolysis, (b) —
pure CoFy gas [162] and (c) — CoFy gas with negligible CoFg impu-
rity [158].

absorption lines in this region, but entire absorption features consisted of several

overlapping lines.

Figure 4.10 shows one of such structures which was measured at about
1337.11 em~!. Also in this figure, one can see the N,O reference spectrum, calcu-
lated and measured within the target range in order to identify the CoF, structure
and calibrate the wavenumber scale. Since this structure lies close to the maximum
of the examined absorption band and was found to be isolated from the absorption
features of other species formed in fluorocarbon plasmas, it was chosen for further

CoF 4 measurements in this work.

Next, the selected CoF4 absorption feature was manually fitted by means of eight
imaginative absorption lines, until their sum agrees with the measured profile of the
structure (see figure 4.10). Under low pressure conditions (p = 50 Pa), each of these

fit lines was assumed to be broadened due to the (i) Doppler broadening calculated
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Figure 4.10: (a) Measured and calculated absorption lines of NoO reference gas in
the target spectral range. (b) Absorption structure of CoFy measured
in the reference cell (p =50 Pa, L = 15 c¢m) about 1837.11 cm™ and
fitted with eight fictitious lines.

at room temperature by means of formula (2.23), and (ii) instrumental broadening
which was estimated experimentally using a single line in the NyO reference spec-
trum. Hence, according to (2.25), the total HWHM (half-width-at-half-maximum)
of each fit line was found to be of about 1.8 - 1073 cm™*.

Finally, table 4.2 specifies the wavenumbers of all eight fictitious lines taken for

the fit and their strengths, calibrated absolutely under assumption of the 95% CyF,
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Table 4.2: Fight fictitious lines used for fit of the CoFy absorption structure.

line position (cm™1)

linestrength (cm/molecule)

1337.0970
1337.1020
1337.1061
1337.1075
1337.1104
1337.1139
1337.1223
1337.1282

1.50 -
1.50 -
6.25 -
2.30 -
3.30 -
5.00 -
8.45 -
3.45 -

10722
10722
10—23
10—22
10722
10722
10—23
10—23

purity from the known gas pressure (50 Pa) and length of the reference cell (15 cm).

In this work, the obtained spectroscopic data were used for further measurements

of CyF4 absolute number density in the studied plasmas.
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5 Absolute number density and kinetics of the target

species in pulsed CF,/H, rf plasmas

This chapter primarily concerns the absolute number density traces of the target
transient and stable species measured in pulsed CF4/H, rf plasmas by means of
the IR-TDLAS technique. In particular, correlations in the behavior of CF, CF,
and CyFy concentrations, as well as kinetics of the species during the "plasma-on”
and "plasma-off” phase will be extensively analyzed below. From this analysis, the
dominant production and loss processes can be suggested for the molecules.

But before, one should briefly describe the discharge operation parameters selected
for the measurements and characterize internal properties of the studied plasmas.
Besides, it is worth to consider preliminary FTIR measurements which have been
carried out in order to detect and specify the stable products formed in the chamber

in addition to the target species.

5.1 Plasma process parameters selected for investigations

Using the technical equipment shown in the scheme of the experimental set-up in
figure 3.2, many external operation parameters might be varied during the discharge,
resulting in a strong impact on the plasma chemistry in the chamber. Indeed, as
known from literature and own measurements, (i) the total pressure variation may
grow either surface or gas phase reactions in importance, (ii) the rf power and the
ratio between the precursor gases may influence the absolute number density of
the key species formed in plasma, as well as the deposition (etching) of the a-C:F
thin films at the reactor walls, e.g. [35,66,178], (iii) the plasma pulsing regime (pulse
length and duty cycle) may affect the cross-linking and other properties of the a-C:F
layers, e.g. [68-70], et cetera.

Therefore, to analyze kinetics of the relevant species and reveal the dominant
processes in the studied plasmas, absolute number density traces of the species
have to be measured under identical plasma conditions and then compared. In
order to settle the processes in the chamber and hence to assure identical conditions
for the measurements, all studied discharges have been previously operated under
selected parameter settings, during a few hundreds pulses before the measurement

was started.
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Table 5.1: Typical process parameters used for the measurements in this work.

parameter range units

total pressure 3-100 Pa
CF4 gas flow 1—-10 scem
Hy gas flow 0-8 scem
rf power 50 —200 W
rf power density 0.99 —3.98 W .cm™2
pulsing frequency 0.1-1 Hz
duty cycle  10—-90 %

Typical discharge parameters used for investigations in this work are listed in
table 5.1. However, already in the first "burst mode” measurements under selected
conditions, absolute CF densities in plasma often appeared to be too low for a proper
analysis, sometimes only a few times higher than the detection limit in the "burst
mode” was (see section 5.7.1 for details). Therefore, to gain as high CF concentration
as possible and analyze its kinetics properly, most of the measurements discussed
below had to be carried out under the duty cycle fixed at 30%, and CF, and H, gas
flows of 7 and 3 sccm, respectively.

Indeed, as already discussed in section 1.3 and can be clearly seen in figure 5.1, an
admixture of hydrogen to the fluorocarbon feed gas influences CF density, whereas
Hyo—to—CFy ratio of 3 : 7 provides the highest concentration of the radical in plasma.
Moreover, under selected discharge conditions, a similar behavior was observed also
for both other species of interest, CFy and CyFy (see figure 5.1).

It is interesting to mention, that the variation of Ho—to—CF4 gas flow ratio in-
fluenced not only the molecule densities in plasma, but also the fluorocarbon film
formation at the reactor surfaces. Thus, the total deposition rate of the fluorocar-
bon layer at the powered rf electrode appeared to be maximal at Ho—admixtures
somewhere between 5 and 20% (see figure 5.2). Unfortunately, it was not possible
to estimate the maximum position more accurately, since the mass flow controller
used for hydrogen could not provide any stable gas flow lower than 2 sccm.

Finally, under considered gas flow conditions, an important process parameter 7,.;,
the mean residence time of a particle in the vacuum chamber, can be constructed

from the total pressure p, gas flow ® and reactor volume V':

plPal - V[m®] _ p[Pa]- VI
[Pam’] 1.689 - ®[scem]

(5.1)

Tres [5] =

Obviously, 7,.s value gives the time scale typical for the gas losses caused by the

70



5.1 Plasma process parameters selected for investigations

plasma off

plasma on

CF density, a.u.

CF, density, a.u.

C,F, density, a.u.

Time, s

Figure 5.1: Relative density of CF, CFy and CyFy measured in pulsed plasmas
under various Hy admiztures (50 Pa, 10 sccm total gas flow, 50 W,

5son/bsoff)
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Figure 5.2: Deposition (etching) rate measured at the powered rf electrode under
various Hy admiztures in pulsed plasmas (50 Pa, 10 sccm total gas
flow, 50 W, 5 s on /5 s off). The dashed line is a guide for the eye in
the region of Hy admiztures higher than 20%. Own measurements by

means of in—situ ellipsometry [35].

gas exchange in the chamber. In the case of V' =201, ® = 10 sccm and considered

pressures between 3 and 100 Pa, equation (5.1) yields 7,.s = 5 — 120 s.

5.2 Characterization of the pulsed discharge mode

By means of a fast digitizing oscilloscope (WR 104Xi, LeCroy) connected to a corre-
sponding output at the matching network, it was possible to measure the rf voltage
at the powered electrode during the discharge operation. Figure 5.3 shows a typical
rf sample at the beginning of the "plasma-on” phase obtained by averaging over 25
successive plasma cycles. As one can see, ~ 1 ms after the initial trigger to the
rf power generator, a short and unstable plasma burst was observed, followed by
~ 0.5 ms where the plasma was absent. A second onset, ~ 1.5 ms after the initial
trigger, led to stable discharge conditions. Thus, the time resolution of 940 us mostly
taken in the "burst mode” was quite suitable for the measurements. And although
the second measuring point might be recorded either during the unstable "on-splash”
or short "off-gaps” at the beginning of the plasma pulse (see figure 5.3), its actual
value was balanced due to the further averaging over a number of measured plasma

cycles, and did not influenced the following data acquisition process.
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Figure 5.3: Typical rf voltage sample measured at the powered electrode at the be-
ginning of the "plasma-on” phase (10 Pa, 7 scem CFy / 8 scem Hs,
100 W, 1 s on /2 s off).
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Figure 5.4: DC self-bias voltage Uyias measured at the driven electrode under var-

ious rf powers in pulsed plasma (10 Pa, 7 scem CFy / 3 scem Ha,
1son/2s off)

As mentioned above, due to the very different areas of the powered and grounded
electrodes, a negative dc self-bias voltage Uy,s is formed at the driven electrode in
considered capacitively coupled discharges. Its values could be also measured during

the plasma operation (see example in figure 5.4).
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Figure 5.5: DC self-bias voltage Uyias measured at the driven electrode during the
“plasma on” phase under various rf powers and pressures of 10 and
50 Pa (7 scem CFy / 3 scem Hy, 1s on / 2 s off).

Figure 5.5 shows Uy.s voltage measured at the driven electrode under various
process parameters (pressure and rf power) selected for investigations in this work
(see table 5.1). Two following trends can be clearly seen there: (i) the Upis values
are practically inversely proportional to the total pressure p: Upas o< p~!, and
(ii) |Upias| increases nearly linear with increase of the rf power at the electrode
(except for the low pressures and rf powers, where this increase becomes nonlinear).
Such behavior of the self-bias voltage is quite typical for asymmetrical capacitively
coupled discharges and was observed also by others, see e.g. [179].

As also seen in figure 5.5, at rf power of 100 W which was typically taken for
the measurements presented below, the Uy.s value varies over almost an order of
magnitude, between —220 and —30 V, depending on the pressure p. Ultimately, this
determines the energy of positive ions accelerated from plasma to the rf electrode

by the self-bias voltage.

5.3 Broad band FTIR spectroscopy of stable gaseous reaction

products

Before considering the kinetics of the target CF, CFy and CyF, molecules, it may be
useful to determine and specify other (stable) species formed in the studied plasmas.

For this purpose, a previously evacuated cylindrical glass cell of length L = 15 cm
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sealed with two KBr windows was connected to the reactor, and a sample of the gas
phase was taken, after a certain time of the standard discharge operation. Then, the
glass cell was placed into a vacuum FTIR spectrometer (Bruker, VERTEX 80v) and
an FTIR absorption spectrum of the extracted gas mixture was recorded between

400 and 4000 cm ™!, with a spectral resolution of 0.7 cm™!.

Using spectroscopic data available from the NIST database [162], all absorption
bands observed in the recorded spectrum were successfully identified. Thereby the
following fluorocarbon species could be detected in the sample: CF,, CoF,, CoFg,
CHF5 and CsFg, see figure 5.6. In contrast to that, no spectral bands of larger C,F,
molecules (z > 4) appeared in the spectrum, or at least could be distinguished from

the noise level.

Further, the glass cell was filled, one by one, with the five detected fluorocarbon
gases at a definite pressure, and then measured by the FTIR spectrometer. The
achieved reference spectra were scaled and applied to deconvolve the studied gas
phase sample, and hence to estimate the absolute partial pressure of the components
in the gas mixture. The result of the procedure is shown in figure 5.6. As expected,
CF, feed gas was found to be the dominant species in the sample (~ 65.1 %) followed
by significantly lower fractions of CoFy (~ 2.6 %), CHF3 (~ 1.8 %), CoFg (~ 1.5 %)
and C3Fg (~ 0.4 %).

Apart from the fluorocarbon molecules discussed above, HF species was found
to be also present in the studied gas mixture. This can be clearly seen from its
characteristic absorption features between 3600 and 4000 cm™~! in the recorded FTIR
spectrum, see the upper panel in figure 5.7. In order to quantify the content of HF in
the glass cell, the absolute spectral positions and strengths of the detected HF lines

were extracted from the IgorPro software (WaveMetrics Inc., [163]), see table 5.2.

Table 5.2: Spectroscopic data for the absorption lines of HF detected in the FTIR
spectrum shown in figure 5.7 (top).

line position (cm™1) linestrength (cm/molecule)
3644.1428 5.53 - 10720
3693.4129 1.83-1071°
3741.4598 4.85-1071
3788.2277 1.01-10718
3833.6616 1.62-10718
3877.7075 1.89 - 10718
3920.3119 1.35-10718
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Figure 5.6: F'TIR spectrum measured from the discharge gas phase sample and then
deconvoluted by means of the scaled reference spectra of CFy, CyFy,
CoFg, CHF5 and CsFs fluorocarbon species (10 Pa, 7 scem CFy /
3 scem Hy, 100 W, 1 s on / 2 s off, absorption length L = 15 cm).

Then, each of these single lines was fitted with a Gaussian profile (see an example in
bottom of figure 5.7), and the integral absorbance was obtained from the area under
the fit curves. Hence, taking the linestrengths S given in table 5.2 and the total
absorption length L = 15 cm in formula (3.2), the absolute number density of HF
species in the gas mixture was found to be of (3.6 — 4.1) - 10 cm™3, i.e. 15 — 17%,
depending on the line.
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Figure 5.7: Top: HF absorption lines detected within the measured F'TIR spectrum
of the discharge gas phase sample (10 Pa, 7 scem CFy / 8 scem Hs,
100 W, 1 s on / 2 s off, absorption length L = 15 c¢m). Bottom:
Single HF absorption line measured at 3877.707 cm™ and fitted with

a Gaussian profile.

Thus, more than 85% of the stable species in the gas phase of the studied plasmas
could be detected and specified by means of the described FTIR measurements.
Apparently, the rest must be attributed to Hy molecules which were continuously
fed into the chamber, but could not be detected, since Hy has no absorption lines in

the examined spectral range.
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Finally, it is worth to note, that this estimation correlates with the balance of
hydrogen in the reactor. Indeed, about of 9% from the initial 30% of Hsy (3 of
10 scem) were found to be converted into HF and CHF3 molecules measured in the
gas phase, whereas a certain (currently unknown) amount of hydrogen might also

be accumulated in the polymer thin film deposited at the reactor surfaces.

5.4 Target species and general approach to analysis of their

reaction kinetics

Different gas phase and surface processes discussed in sections 1.3 and 1.4 determine
behavior and kinetics of the species in the studied CF,/H, plasmas. For the sake
of simplicity, these complex interactions during the discharge may be illustrated by
the schematic diagram shown in figure 5.8.

Thus, due to the electron impact reactions with molecules of the precursor gases,
various neutral and charged dissociation products are formed in the plasma. These
fragments may then react with each other (or again with the parent molecules) and
produce fluorocarbon species of a higher molecular weight that can in return take
part in the electron involved and chemical reactions. On the other hand, due to the
strong interaction between the plasma and reactor surfaces, a fluorocarbon thin film
may cover the chamber walls and rf electrode. In this case, the a-C:F layer can serve
as an essential additional source or sink for the plasma species.

As known from literature, CF and CF5 radicals and an intermediate product
CsF4 play a key role in the gas phase plasma kinetics. Moreover, they are also held
to be responsible for the fluorocarbon thin film formation at the reactor surfaces.
Therefore, in the present work, the kinetic analysis will be primarily focused on
these species.

In the following sections, absolute number density traces of the target molecules
measured in the pulsed plasmas under identical conditions will be analyzed, both
in "plasma-on” and "plasma-off” phase. In particular, a balance equation will be
written for each species to take into account relevant production and consumption
channels, and hence to describe the measured kinetics mathematically.

Thus, considering a bimolecular reaction

A+B—-C+D (5.2)

as an example production channel for species C, the corresponding contribution of

the process to the balance equation for C can obviously be written as follows:

A2 = Frcla)B) (53)
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Figure 5.8: Schematic diagram of the reaction kinetics in CFy/Hy plasmas. Target

species of the present study are marked with a grey background.

Here, [A], [B] and [C] are the absolute number density (in cm™3) of molecules A, B
and C, respectively; Eurc is the absolute rate coefficient of the reaction (5.2) and has
units of cm3s™!,

However, the absolute concentration of one of the reactants in (5.2) may often be

unknown. In this case, an effective rate coefficient k¢

kvc = kiclA (5.4)

which contains the unknown density [A] and hence has units of s™! can be defined.
This quantity may be reasonably used in the balance equation, when the kinetics of
the species A is much slower than that of B or [A] > [B]. An additional effective
rate coefficient kqig (also in s™') can be assigned to describe diffusion of the species
towards the electrode and the chamber walls.

As mentioned above, not only the plasma-chemical reactions in the gas phase, but
also production and loss processes taken place at the reactor surfaces may influence
the number density of the considered species. Therefore, their contribution to the
balance equation, should also be taken into account, e.g. using a total effective

rate K, (in cm™3s™!) defined for the surface production (or K_ for the surface
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consumption).

Finally, the resulting balance equation should be solved, whereas the absolute
number density observed at the beginning of the corresponding discharge phase
may be used as the boundary condition. Then, the found analytical solution can
be employed as a fit function for the number density traces measured for the target
species. Hence, the effective rates K and rate coefficients k defined in the balance

equation will be obtained as parameter of the fit.

5.5 Absolute number density traces of CF, radical

CFy radical is a transient species formed in fluorocarbon plasmas. Due to its
relatively high concentration during the discharge and relatively long lifetime
in the afterglow, this radical has been extensively studied by means of var-
ious optical experimental techniques, both in continuous and pulsed plasmas,
e.g. [53,54,56,58,64-66, 168, 170].

Gabriel et al. have used the IR-TDLAS method in order to investigate features of
the CF5 kinetics at the set-up and under the plasma conditions applied in this work,
see [17,35] for details. Therefore, only few measured CFy density traces necessary
for the further analysis of CoFy kinetics will be given and briefly discussed here.

Figure 5.9 shows absolute CF, radical density traces measured in pulsed plasma
under various pressures, whereas other plasma parameters were fixed. As expected,

CF5 concentration observed during the discharge increases with the total pressure.

5.5.1 CF, behavior during the "plasma-off’ phase

Absolute number density traces measured for CFy radical during the afterglow phase
indicate relatively slow decays of the species, after switching the plasma off (see
figure 5.9). As shown in [17,35], the decay curves can be generally described as a

combination of the first and second order consumption processes:

d[CF>]
dt

= —kingQ [CF2] - 2%ST[CF2HCFQ] (55)

Here, the effective rate coefficient k°%p  has units of s™' and considers all first
order reactions with CF,, including the number density of the reaction partner, as
well as losses of the radical due to diffusion towards the reactor walls and possible
sticking thereat. On the other hand, the absolute rate coefficient Esr in the last
term of equation (5.5) has units of cm3s™! and represents the (second order) self-

recombination of two CFy radicals which forms a CoF4 molecule (see table 1.2).
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Figure 5.9: Absolute CF, radical density traces measured in pulsed plasma under
various total pressures (7 scem CFy / 8 scem Hy, 100 W, 1 s on /

2 s off ).

Differential equation (5.5) is a typical Riccati equation which has the following

solution (see section A.1.1 in Appendix):

-1

1 Ueer . 2k
[CFQ] (t) = {( off + Jooff ) exXp (k—ﬁCF2 (t - 1)) - Jeoff (5'6)
—CF2

Ocry —CF2

Here, ngfch2 is the absolute number density of CF5; measured at the beginning of the
plasma pause (t = 1 s) or, what is the same thing, the steady-state concentration of
CF, during the discharge (see the upper panel of figure 5.10).

Function (5.6) was used to fit CFy decay curves measured during the "plasma off”
phase. Therefore, k% and ke values defined in equation (5.5) were obtained from
the fit, see bottom of figure 5.10.

As expected, an increase in the concentration of the parent species CF, under
higher total pressures p leads to a nearly linear growth of the steady—state CFy
density nggFQ in plasma. The main reason for that is a correspondingly increasing
production of the radical due to the electron impact reactions with CF, (see table 1.1
and the following section).

In contrast to ngf | both kg and k%, coefficients were found to be nearly

Ocry

independent of the total pressure (see figure 5.10). Quantitatively, the obtained
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Figure 5.10: Top: CFy; number density decay measured during the plasma pulse
at various total pressures (open symbols) and fitted to function (5.6)
(solid lines) (7 scem CFy / 3 scem Hy, 100 W, 1 s on / 2 s off).
Bottom: CF, number density nSfoF2 measured at the beginning of tAhe
plasma pause (squares); absolute self-recombination rate coefficient ks,

circles) and effective rate coefficient k°f triangles) obtained from
CFa

the fit.

k%, values were always lower than 0.1 s™!, whereas the self-recombination rate

coefficient k. varied slightly around its mean value of 2.3 - 107 cm3s~!. Therefore,

82



5.5 Absolute number density traces of CFy radical

considering an estimation [CFy] > 3 - 10" cm™, the first term of equation (5.5)
appears to be at least an order of magnitude smaller than the second one, and thus
can be neglected.

In other words, under considered discharge conditions, CFy4CFy recombination
seems to be the dominant loss channel for the radical during the plasma pause,
whereas diffusion and other first order consumption processes are rather of minor
importance. Indeed, (i) in presence of hydrogen, the gas phase recombination of CFy
with fluorine may be neglected since fluorine is effectively bound in HF molecules,
and (ii) CFy surface losses must be very weak because of the fairly small sticking
coefficient of the radical at the fluorocarbon layer which covers the reactor walls.

Hence, the model function (5.6) for CFy number density traces during the "plasma

oft” phase can be rewritten in a more simple form (ko_ﬂrCF2 — 0):

off

(CF,)(t) = Pory (5.7)
2 1+ 208t Fa(t — 1) .

which will be used further in this work.
Finally, it should be noted that the mean self-recombination rate coefficient kg ~
2.3-107™ cm3s™! estimated above is in a good agreement with values known from

literature (see also table 1.2).

5.5.2 CF, radical in the "plasma-on” phase

Apart from the self-recombination which was found to be dominant during the
plasma pause, the kinetic analysis of CFy radical in plasma should obviously in-
clude also other loss processes, like electron involved fragmentation, diffusion and
chemical reactions with other species in plasma, as well as CFy production channels,
like electron impact dissociation of CF, parent molecules, CF3 + e and CF3+ H
reactions, see tables 1.1, 1.3 and 1.5 for details.

Keeping the symbol kg for the absolute rate coefficient of CFo+CF, recombina-
tion, the following differential equation can be written to describe CFy behavior

during the "plasma—on” phase:

d[CF>] >

S8 = Ky, — K, [CF2) — 2k [CF)[CF) (5.8)

Here, the effective rate K¢y, (in cm™3s™!) considers all CF, production channels
during the plasma pulse, whereas k%%, (ins™') is the effective rate coefficient related
to supposed CFy consumption processes, other than the self-recombination treated

in (5.8) separately.

83
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Similarly to (5.5), equation (5.8) can be solved analytically (see section A.1.1 in

Appendix), which gives the following expression for CFy number density in plasma:

1
O — k%
[CF5](t) = TCFQJF C - exp(01) —

kg

(5.9)

where © = \/ ( °_‘};F2> +38 +CFZEST, and C is a constant defined by the absolute
number density n82F2 of CFy radical at the beginning of the "plasma on” phase:
[CF,](t = 0) = ngy, ~ 1.0-10" em™ (see figure 5.9).

Hence, function (5.9) was applied to fit CFy density traces measured during the

1

plasma pulse. Taking kg = 2.3-10 cm3s~! which was found in the previous section,

the effective loss rate coefficients %, and effective production rates K{¢p, have
been obtained as parameters of the fit. The results are shown in figure 5.11.

As expected, K¢y, value increases with the total pressure, which indicates CF,
production mainly due to the plasma-chemical reactions in the discharge gas phase,
e.g. due to CFy+e, CF3 + e and CF3+H assumed above. Since the increase of K¢y,
seems to be nearly linear with the total pressure p and thus with the total number
density of CF, in the chamber, one can suggest the electron impact dissociation of

CF4 to be an essential channel of CF5 production in plasma:

CF4—|—€ — CF2+2F+€ (510)

In this case, the effective production rate K¢y, defined in equation (5.8) can be

written as follows:

KO%F = k (5.10) [CF4]ne (511)

where 27(5,10) is the absolute rate coefficient for the reaction (5.10), and [CF4] and n,
are the absolute number density of CF4 molecules and electrons, respectively. Thus,
considering the slope of the trend line in figure 5.11 and taking 10° cm =3 as a typical
value for n, in equation (5.11), one can estimate k(5 10) ~ 6.9 - 107! cm®s™!, which
is comparable with the value of 3.5 - 1071 cm3s™! given for the reaction channel
n [180).

It may also be interesting to note, that two other reactions, CF3 + ¢ and CF3+H,
have similar rate coefficients of 5.0-107*° cm3s™! [180] and 9.0-107'% ecm3s™! [50,51],
respectively. However, their contribution to the total production of CFy during the
plasma pulse appears to be relatively low, because CF3 and H number densities are
definitely lower than that of CFy.
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Figure 5.11: Top: Absolute CFy density traces measured at various total pressures
(circles) and fitted during the plasma pulse to function (5.9) (solid
lines) (7 scem CFy /8 scem Hy, 100 W, 1 s on / 2 s off). Bottom:

Effective production rates K¢y, and effective loss rate coefficients
“r, obtained from the fit.
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5 Absolute number density and kinetics of the species in pulsed CF,/H, rf plasmas

In contrast to the total production rate K{tp, which increased with the total

pressure, the effective loss rate coefficient k%%, in figure 5.11 oscillates only slightly
around a mean value of ~ 3.5 s~!. Such behavior can be obviously explained by a
balance between the decreasing diffusion of CFy and increasing losses of the radical
due to reactions with electrons and other species in the plasma bulk.

Thus, in the model developed by Haverlag [180], the following reaction with F~

ions was suggested as an important CFy consumption channel during the plasma:

CFQ +F — CFg +e (512)

35! given for the

Considering the absolute rate coefficient %(5.12) = 5.0-107 c¢m
reaction in [180] and assuming the number density [F~] to be 6-8 times higher than
ne [181], the effective rate coefficient of the corresponding CFy losses would be of

k(f’clﬁg = E(alg) [F~] = (3.0 — 4.0) s~!. This rough estimate agrees very well with

“%r, values derived above, see figure 5.11.

In any case, the effective loss rate coefficients k°p, found in plasma under selected
discharge conditions were always higher than the corresponding 2/Acsr[CF2} values,
ie. k%, [CFy] > ke [CF][CF,]. Therefore, as can be easily seen from the balance
equation (5.8), the CFy self-recombination is not the dominant loss process for the

radical kinetics in plasma, unlike it was during the afterglow phase (see section 5.5.1).

5.6 Absolute number density traces of the reaction product C,;F,

As mentioned above, the total pressure variation may significantly influence the
plasma chemical processes, both in the gas phase of the discharge and at the reactor
surfaces. Therefore, CoF, absolute number density was measured in the pulsed
plasma under various pressures, whereas other process parameters (input rf power,
flows of the precursor gases and pulsing regime) were kept constant.

As one can see in figure 5.12, CyF, molecules, which have been formed in the
chamber during previous cycles, start to be destroyed during the coming "plasma
on” phase and reach their steady-state concentration. After switching the plasma
off, CoF4 number density increases and reaches its initial value again.

Furthermore, an increase in the total pressure of the precursor gases leads to an
increase of CyF4 absolute number density, both in "plasma on” and "plasma off”
phase. However, the corresponding relative concentrations of CyF, between the
plasma pulses were found to be of about 2.0-2.5%, nearly independent of the total
pressure. Therefore, the CyF, density values obtained here by means of the IR-
TDLAS technique are in a good agreement with the concentration of the species

estimated from the FTIR measurements in section 5.3.
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Figure 5.12: Top: Absolute CyFy number density traces measured in pulsed plasma
under various total pressures (7 scem CFy / 8 scem Hy, 100 W,
1 son /2soff). Bottom: An example of CyoF, decay in plasma
fitted to function (5.14).
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5 Absolute number density and kinetics of the species in pulsed CF,/H, rf plasmas

In the following two sections, CoF4 behavior observed during and after the plasma
pulse will be analyzed more in detail.
5.6.1 C,F; behavior during the "plasma-on” phase

In order to describe CoF4 number density decays measured during the "plasma on”

phase and shown in figure 5.12, the following balance equation can be written:

d C F on on
[ th 4] = +CoFy —C2F4[CQF4] (513)

on

Here, the effective production rate K¢, (in cm™?s™!) considers all processes which
result in production of CsFy4 molecules, both in the gas phase and at the reactor
surfaces. On the other hand, the effective rate coefficient k%, p, (in s7') relates to
the channels of CoF, consumption, e.g. electron impact fragmentation and diffusion
of the species.

Normally, the partial production of CoFy due to CFy + CFy recombination has to
be taken into account by an additional term kg [CF3][CF,] in equation (5.13) (kg is
the absolute rate coefficient defined for the CF; self-recombination above). However,
function (5.9) obtained for [CFs] during the plasma pulse would not allow to solve
the equation analytically. Therefore, within the present section, the contribution
of this process is not treated separately, but effectively included in the overall rate
coefficient K¢, p, -

Equation (5.13) is a first order linear differential equation, which can be easily

solved as follows (see expression (A.8) in Appendix):

KO% F on KOHC F on
[CoFa(t) = % + <n002F4 - % exp (— —02F4t> (5.14)
—CoF4 —CaFy
where ng” is the absolute concentration of CoF,4 observed at the beginning of the

CaFy
plasma pulse: [CoF4)(t = 0) = Mo,y Besides, the steady-state number density

on

n of CyF4 molecules in plasma can be derived from equation (5.14) (t — o0):

OOCoFy
YC,F
on _ +CakFy
NZer, = T (5.15)
—CaFy

Further, CyF, decay traces measured during the plasma pulse (see figure 5.12,
top) were fitted to function (5.14). An example of the fit is shown in bottom of
figure 5.12.

Figure 5.13 shows K% p, and k%% p, values obtained from the fit (upper panel),

as well as measured ng” = and calculated n2) number densities (lower panel).
CaFy OOCyFy
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Figure 5.13: Effective production rates K¢, p, (boves), loss rate coefficients k%, i,

(circles) and number densities n822F4 (triangles) found from the fit of

Co Fy decay traces shown in figure 5.12 to function (5.14). The steady-
state densities ngg%m of CoFy in plasma calculated by formula (5.15)

are also given in the lower graph (diamonds). (7 scem CFy / 3 scem

Hy, 100 W, 1 s on / 2 s off).

on

While the total pressure increases, both effective loss rate coefficient k% p, and
effective production rate K¢ p, become also higher. Therefore, CoF,4 losses due to
the electron impact fragmentation and chemical reactions in the gas phase seem to

dominate in the kinetics of the species during the plasma pulse, whereas diffusion
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5 Absolute number density and kinetics of the species in pulsed CF,/H, rf plasmas

appears to be of significantly lower importance. Indeed, the diffusion rate coefficient
is inversely proportional to the total pressure: kgg o< p~ !, i.e. decreases with the

pressure increase.

The relatively low contribution of the diffusion losses can be also explained using

the diffusion coefficient estimated for CoF4 molecules in CF, gas [182]:

D . = § RT(MC2F4 + MCF4) kT
CoFy in CFy 2 27TMC2F4MCF4 (dC2F4 + dCF4>2

(5.16)

where R is the gas constant, kg — the Boltzmann constant, T — temperature, M
and d are the molecular mass and effective diameter, respectively. Taking values
deyr, = 4.0-1071% m and dep, = 3.7- 107 m also given in [182], the coefficient
Dc,r, i cr, Was calculated to be of about 0.97 m? Pa s~!. Then, the effective rate

coefficient kqg for CoFy diffusion losses in the reactor can be found as follows [183]:

-1

Kair = L P + rh2—5) (5.17)

Tdiff Deye, i or, {(7};)2 N ( _4)2} (r+ h)up

[\

3|

where r and h are the inner radius and height of the cylindrical chamber, respectively,
3 is the surface reaction (sticking) coefficient and @ is the mean thermal velocity.
Unfortunately, there is no sticking coefficient for (stable) CoF, molecule available in
literature, but it is obviously much lower than that found under similar conditions
for the highly reactive CF radical: fc,r, < Bor ~ 0.02 (see section 5.7.1). Hence,
even if fc,F, amounts to, say, a quarter of Gcp, kag estimated with formula (5.17)
can be neglected in comparison with k% p, values found for CoF, in plasma and

shown in figure 5.13.

Concerning CyF, production mechanism during the plasma pulse, it is interesting
to note, that the effective production rate K¢, p, seems to increase quadratically
with the total pressure: K9 p, o p? (see the dashed trend line in figure 5.13).
Apparently, such behavior may be related to a simultaneous increase of the number
density of both species which might react to form CyF4 (the effective production
rate K¢, p, contains the concentration of both reactants). Indirectly, this indicates
the dominant production of CyF4 due to the gas phase reactions, as was already

assumed above.

In the next section, the trends found for the formation of CsFy in the discharge

will be compared with those observed for the species during the plasma pause.
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5.6 Absolute number density traces of the reaction product CyF,

5.6.2 C,F, production in the "plasma-off”’ phase, correlations with CF, radical

Considering the increase of CoF4 number density observed after switching the plasma
off, it is certainly of interest to analyze the role of CFy + CF5 recombination,
which was found to be the dominant loss process in CF, afterglow kinetics (see
section 5.5.1). For this purpose, CoFy density traces measured during the afterglow
phase (see figure 5.12) should be compared with those that would result from the
self-recombination of all available CF5 radicals.

Figure 5.14 (top) demonstrates this comparison for the total pressures of 20 and
50 Pa. There, the dash—dotted curves show CyF4 production calculated from the self-
recombination of CF, radicals measured under identical conditions: kg [CFo][CF,]
(lAcS]r is the self-recombination rate coefficient estimated above). One can clearly see,
that CFy 4 CF5 recombination is far not enough to explain the total growth of CoFy
density observed during the plasma pause. Moreover, though the absolute amount of
CyF4 produced by this reaction increases with the pressure, its relative contribution
to the total increment of CyF, density, i.e. efficiency of the channel, decreases from
30% down to 10%, see bottom of figure 5.14.

Hence, the self-recombination of CF; radicals seems to be of minor importance for
CsF 4 kinetics during the plasma pause. Therefore, some other chemical reactions,
most likely between various CiFy species formed during the previous plasma cycles,
appear to be mainly responsible for CyF, production observed in the afterglow.
Efficiency of these reactions must obviously increase with the total pressure, which is
consistent with decreasing importance of CF5+CF5 reaction channel (see figure 5.14,
bottom).

Like in section 5.6.1, the CoF4 behavior during the plasma pause can be described

by the following balance equation:

d[CoFy]
dt

= K% o, + ko [CFo][CFy] — k0%, 1 [CoF ] (5.18)

Here, the effective rate coefficient k% (in s™') considers CoF4 losses during
the afterglow, whereas the effective rate K$%2F , (in em™s™!) represents all CoFy
production channels, except for CFy + CFy recombination whose contribution is
taken into account by the rate coefficient k. Such separate treatment of CFy
self-recombination in equation (5.18) was possible due to the relatively simple ex-
pression (5.7) found for CFy concentration during the "plasma off” phase, in contrast
to that during the plasma pulse (see formula (5.9) in section 5.5.2).

Thus, taking function (5.7) for [CFy|(¢) and using formula (A.8) from Appendix,

the following solution of the linear differential equation (5.18) for CyF, number
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Figure 5.14: Top: Measured CoFy density traces (solid curves) in comparison with
CoFy density increase calculated from the self-recombination of all
CFy radicals measured during the plasma pause (dash—dotted curves).
Bottom: Absolute (circles) and relative (boxes) contribution of C' Fy+
CFy recombination channel to the total Cy Fy density increment during
the plasma pause. (7 scem CFy / 8 scem Hy, 100 W, 1 s on / 2 s off).
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5.6 Absolute number density traces of the reaction product CyF,

density in the afterglow (¢ > 1 s) was found:

Koff
[CoFyl(t) = Cexp [ kO, o (t — 1)} L DGR
ko CaoFy
(5.19)
koff 1
2o [exp (—X) Ei (X) — X}
The argument X in the last term of (5.19) is given by
/fo 1+ 2not ksr t—1
Ocp ksr

where ngng has the same meaning as in equations (5.6) and (5.7), i.e. CFy number

density at the beginning of the afterglow: [CFy](t = 1s) = nggp The constant C'
in equation (5.19) may be determined by the initial concentration of CyF, in the
plasma pause, i.e. by the steady-state density n2: . of the molecule during the
discharge: [CoFy4|(t = 1s) = N%ee, (see e.g. figure 5.12). The special function Ei(x)
in (5.19) is the exponential integral

Ei(x) = /X e—tdt =~ +In(x) + 3 .Xi. (5.21)

oo t =il
with the Euler’s constant vy &~ 0.5772 [184].

For the sake of convenience, a sufficient number of terms in the Taylor series (5.21)
was taken to achieve a proper approximation of function (5.19). This approximation
was then used to fit CoF,4 density traces measured in the plasma pause. During the
fit procedure, the effective production rate K%, 5 and effective loss rate coefficient
of

and n° values have been

off
k%c,r, were the only two free parameters, since ng SeCyE,

already found above (see figures 5.10 and 5.13, respectlvely) and kg was estimated
to be of about 2.3 - 107 cm3s™ (see section 5.5.1).

Figure 5.15 shows CyF4 number density traces fitted during the afterglow phase
to function (5.19) (upper panel), as well as K9 and k°% ;. parameters obtained
from the fit (lower panel). Then, in figure 5.16, these values were directly compared
with the coefficients K9, p, and k%% g, found in the previous section for the kinetics
of CoFy4 in plasma and given in figure 5.13.

As can be easily seen in figure 5.16 (top), the effective production rates K, c,r,
gained from the fit during the "plasma on” phase are comparable with those found in
the afterglow, though K¢, r, are always slightly higher than Koff Yoy, This difference
is obviously caused by the self-recombination of CF; radicals whose contribution to

CoF4 production was effectively taken into account by K¢t p,, but not by Kot TCF,-
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Figure 5.15: Top: Measured CyF, density traces (circles) fitted during the plasma
pause to function (5.19) (solid line). Bottom: Effective production
rate K% 1, (squares) and loss rate coefficient k%, (circles) found
from the fit. (7 scem CFy /3 scem Hy, 100 W, 1 s on / 2 s off).

Nevertheless, the comparison clearly indicates, that CoF4 production mechanisms
during the plasma are similar to those in the afterglow, i.e. do not involve electrons,
ions or any other short-lived transient species. Hence, some chemical reactions

between relatively stable fluorocarbon molecules previously formed in the reactor
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Figure 5.16: Kf(szm and k:cjffc2F4 values obtained for CyFy during the "plasma off
phase and given in figure 5.15 (closed symbols) in comparison with

those found for the “plasma on” phase and shown in figure 5.13 (open
symbols). (7 scem CFy /' 3 scem Hy, 100 W, 1 s on / 2 s off ).

appear to be the main CyFy production channels, whereas CF5+ CFy recombination
is rather of minor importance for CsFy kinetics, both in plasma and during the

afterglow.

On the other hand, CyF,4 loss mechanisms in the discharge seem to be totally

95



5 Absolute number density and kinetics of the species in pulsed CF,/H, rf plasmas

different from those taken place in the afterglow, see figure 5.16 (bottom). Indeed,
the effective loss rate coefficients k%% g, gained from the fit in the previous section
increase with the total pressure. Therefore, various plasma chemical reactions in
the chamber volume, e.g. electron impact fragmentation, appear to play the main
role in CyF, consumption during the “plasma on” phase. In contrast to that, k%, JFs
values are significantly lower than k%% p and decrease with increasing pressure,
which indicates diffusion to be the dominant loss channel in the afterglow kinetics

of CQF4.

5.7 Absolute number density traces of CF radical

Absolute number density of CF radical was also measured in pulsed plasmas. Like in
the case of CFy and CyF 4, the "stream mode” was first applied to obtain CF density

traces during the whole plasma cycle.

Thus, the trial "stream mode” measurements have been carried out using both
1y 2 R(7.5) and ?II3,5 R(7.5) CF doublets selected for the study in this work (see
figures 4.3 and 4.4). At this step, the main goal was to compare the absolute CF
densities obtained from the absorption measured at these doublets under identical
plasma conditions, i.e. to verify the line strengths calculated for them. In order to
assure identical conditions of the measurements, the discharge was always operated
at the working parameter settings during 10-15 min before the measurement was
started.

Figure 5.17 shows CF number density found in continuous wave (c.w.) plasma
under various total pressures, by means of both considered absorption features. A
very good agreement of the absolute CF concentrations estimated under identical
discharge conditions indicates that the strengths of the measured absorption lines
(or at least the ratio between them) have been calculated in [17] correctly. However,
CF densities found by use of the 2II;» R(7.5) doublet were always slightly higher
than those measured at the I3/, R(7.5) one (see figure 5.17). Most likely, it might
be caused by a slightly different polynomial fit of the base line which was put by
the software during the absorption measurements. Nevertheless, the absolute dif-
ference observed in the concentrations is comparable with experimental error of the

measurements.

Because of the less complicated fit procedure in case of the %Il /2 R(7.5) absorp-
tion feature, exactly this doublet at 1308.67 cm™! was applied for all CF density

measurements discussed below.
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Figure 5.17: Absolute CF density measured in plasma by means of 22 R(7.5)
and *113)5 R(7.5) CF doublets, under identical plasma conditions (var-

ious pressures, 7 sccem CFy / 8 scem Hy, 100 W, c.w. operation).
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Figure 5.18: Absolute CF density traces measured in pulsed plasma under various
pressures (7 scem CFy / 3 scem Hy, 100 W, 1 s on / 2 s off ).

Figure 5.18 shows the CF density profiles measured in pulsed plasma under various

total pressures between 4 and 50 Pa, whereas other plasma parameters were kept
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constant. As one can see, CF radicals were formed during the plasma pulse and
vanished very fast in the afterglow phase.

Moreover, an interesting feature was observed in CF curves measured at pressures
p > 10 Pa. Thus, at the beginning of the plasma pulse, CF concentration first
increased, reached a maximum and then decreased down to a steady-state value
(see figure 5.18). As a result, this formed an overshoot in the CF density traces,
shortly after the plasma ignition, which has never been reported by other working

groups before.

Similar short peaks (but in the early afterglow phase) have been observed in CFy
density traces measured both in the same plasma reactor [17,167] and in other flu-
orocarbon discharges [84,168]. They have been analyzed in [17,167] and appeared
to be caused by the strong temperature dependence of the absorption line strength
used for the measurements. Namely, strength of the absorption line calculated for
the room temperature was significantly higher than that at rotational temperatures
of 350 — 450 K typical for CFy radical in the discharge [167], which led to the
corresponding underestimation of CFy absolute concentrations derived from the ab-
sorption measured in plasma (see equation (2.18)) and hence formed an overshoot in
the density trace. This idea was also verified by identical CFy measurements using
another absorption line, whose strength has almost no temperature dependence,—

and no CFy—overshoots were detected there.

In the case of CF radical, strengths of the selected absorption lines have a fairly
weak dependence on the temperature [17],— and nevertheless, at the beginning of
the plasma pulse, identical overshoots were observed in the density curves measured
at both CF doublets. At the same time, no abrupt density changes typical for
a temperature effect were found in the CF decays followed after switching off the
plasma. Moreover, at the pressures lower than 10 Pa, where even higher (up to
750 K [17]) rotational temperatures are expected in the discharge, the CF density
traces did not show any overshoots at all (see figure 5.18). Hence, in contrast to
CFs, the density peaks measured for CF could not be caused by any temperature
effect, and therefore represent the real behavior of the radical concentration during

the "plasma on” phase.

In general, the overshoots observed in the CF density traces may be considered
as a result of a competition between production and loss processes with different
time scales, e.g. between a relatively fast production of CF at the beginning of the

plasma pulse and its slower consumption.

Thus, as discussed in section 1.3, CF might be very effectively produced from CF5,
either by the electron impact or in the reaction with atomic hydrogen. However, the

comparison of CF and CF, density traces, systematically measured in plasma under
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various discharge parameters (pressure, rf power, duty cycle), did not reveal any
correlation between the amplitude or position of the CF overshoots and the kinetics
of CFy [35].

Another possible channel of the rapid CF production at the beginning of the
plasma pulse might be a partial etching of the a-C:F layer at the reactor walls.
Indeed, as known from literature, pulsing of the discharge generally results in less
cross-linked films in comparison to that deposited in continuous plasmas, e.g. [68-70].
That means, that the bonds in these a-C:F layers are relatively weak. Therefore,
the CF-groups might be relatively easy etched (or sputtered) from the film and leave

the surface as a free CF radical.

Furthermore, the fragmentation of CsF, molecules by electron impact in the
“plasma on” phase might also contribute to the CF overshoots. Indeed, comparing
figures 5.12 and 5.18 at the beginning of the plasma pulse, one can see a correlation
between the CyF4 decays and peaks appeared in the CF density traces. Another rea-
son for such assumption was the mass spectrometric analysis of the positive fragment
ions produced from CyF,, which was carried out in [27]. In this study, the relative
partial ionization cross sections for CoF, were found to be CFT(100) : CyF7(80) :
CyFy (40) : CF3(25), and therefore a similar abundance of the neutral fragment

species, i.e. a relatively high CF output in this channel, can be expected.

Obviously, because of the insufficient temporal resolution, measurements in the
"stream mode” are not suitable for any detailed analysis of the rapid kinetics observed
for CF both at the plasma ignition and in the afterglow phase. Hence, the "burst
mode” approach has to be applied for this propose (see sections 5.7.1 and 5.7.2).

Nevertheless, the "stream mode” was adequate to estimate the steady-state CF
density nj,. settled in the plasma pulse. Figure 5.19 shows the ng}_ = values found
under various total pressures using the measured curves given in figure 5.18. As
one can see, with increasing the total pressure, ng = first slightly increases up to
its maximum value at p = 10 — 15 Pa, but then significantly decreases under higher
pressures. Such behavior can be explained by a decrease of the mean energy in-
put available per molecule, along with an increase of the collision frequency in the

chamber, which changes the balance between CF production and loss processes.

Besides, a partial sputtering of the fluorocarbon layer at the driven electrode may
also contribute to CF production in plasma, as can be suggested from the total
deposition (or etching) rate measured under identical discharge conditions and also
shown in figure 5.19. Indeed, as discussed in section 5.2, under low total pressures p,
a relatively high negative dc voltage Up;as is formed at the powered rf electrode (see
also figure 5.5). This, in return, leads to a massive bombardment of the electrode

by positive ions from plasma and hence to the sputtering the a-C:F thin film on the
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Figure 5.19: Steady-state number density values ng . (closed squares) found for
CF radical during the plasma pulse (7 sccem CFy / 8 scem Hy, 100 W,
1 son / 2s off), and the deposition (etching) rates measured at
the powered electrode under identical conditions (open circles, own

measurements by means of in—situ ellipsometry [35]).

surface. Thus, at p < 30 Pa, the overall etching regime of the system correlates with

relatively high CF density values observed in plasma, see figure 5.19.

5.7.1 CF radical kinetics in the "plasma-off’ phase

As mentioned above, density traces measured for CF radical in the "stream mode”
were not suitable for a proper analysis of its off-phase kinetics, since temporal resolu-
tion which could be reached there was too poor. The lack of the temporal resolution
can be clearly seen on the example of the density trace, shown in figure 5.20, where
only a few points were measured within the total decay of CF.

Therefore, the "burst mode” data acquisition approach (see section 3.3.2) was
applied to measure CF kinetics more precisely, for the first time at the experimental
set—up considered in this work. For an accurate synchronization of the measurements
with the afterglow phase, all measurements were triggered on the negative edge of
the TTL signal which switched the plasma off.

To simplify the following calculation procedure, the absorption was measured
at 1308.67 cm™' by means of the unresolved I3, R(7.5) CF doublet shown in

100



5.7 Absolute number density traces of CF radical

figure 4.4. However, the noise level in a single recorded spectrum was relatively high,
in comparison with the total intensity of the measured CF feature. That complicated
the fit process to the extent of a fit crash, since the TDLWintel program could hardly
distinguish the top of the CF doublet in the noise to put the fit profile. In order
to solve this problem, the neighbor line of the NoO was measured at 1308.72 cm ™!
simultaneously and served as a reference line for the "double species” fit. Therefore,
the proper spectral position for putting the CF fit profile resulted from the known
difference between the wavenumbers of the considered lines.

Also because of the high noise level, all 940 available D/A channels were involved
to record the spectra, in order to earn as many points for the fit as possible. There-
fore, the temporal resolution of further CF density measurements was as small as
940 us.

Basing on the CF absorption spectra recorded in the "burst mode” during the early
afterglow phase, the time resolved CF absolute density traces were calculated. An
example of one such trace measured under pressure of 4 Pa is shown in figure 5.21 in
both linear and logarithmic scale. After switching the plasma off, one can clearly see
the CF decay followed by a zero level concentration in ~ 60 ms, when the CF doublet
was nearly disappeared in the background noise. Moreover, from the scattering of

the measured "zero” concentration, the CF detection limit can be roughly estimated
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Figure 5.20: Absolute CF density trace measured in the “stream mode” during the
pulsed plasma (50 Pa, 7 scem CFy / 8 scem Hy, 100 W, 1 s on /
2 s off ). Open circles are the measuring points and show the temporal

resolution of the measurement.
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Figure 5.21: Time resolved CF absolute density trace measured in the early after-
glow phase and fitted with an exponential function: (a) — in linear
scale, (b) — in logarithmic scale (4 Pa, 7 scem CFy / 3 scem Hs,
100 W, 1 son /2 s off).

to be of ~ 1-10" cm™ under taken temporal resolution in the "burst mode”.

The CF decay curve was fitted with a first order kinetics, i.e. with an exponential
function n(t) o exp(—t/7), and an effective life time 7 of the CF radical in the
afterglow phase was obtained as a free parameter of the fit.

In general, the effective CF decay time 7 is determined by the following loss
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processes: (i) diffusion towards the reactor walls and surface reactions (sticking) on
it, (ii) chemical reactions with other species in the gas phase, and (iii) gas exchange
which takes place in the plasma reactor under considered gas flow conditions. Thus,

the total decay time 7 may be represented by an equation of the form:

11 1 1
— = - + (5.22)

T Twall Tvolume Tgas exchange

The losses due to the gas exchange can be neglected, since the residence time for

species in the chamber (7,.s in (5.1)) was estimated to be more than two orders of

magnitude longer than typical time constants 7 observed for the CF decay.
Obviously, the volume loss rate is proportional to the collision frequency in the

gas phase, i.e. to the total pressure p:

1

o p (5.23)

Tvolume

On the other hand, in the case of cylindrical geometry, the 7, term in (5.22) can

be estimated from the following formula [183]:

p L RnE—p)
(e Gay] - e

h

Twall = (5.24)
where R and h are the inner radius and height of the cylindrical reactor, respectively,
(3 is the surface reaction (sticking) coefficient, @ — the mean thermal velocity and
D — the CF diffusion coefficient assumed to be of 1.7 m? Pa s~ [65]. This value
was taken for D, since it was found to be consistent with CF diffusion coefficients
reported by others and lies between 1.1 m? Pa s™! determined in [185] (according
to [58]) and 3.0 m? Pa s™! obtained in [57].

Considering equations (5.23) and (5.24), the total decay time 7 given by (5.22)

depends on pressure p as follows (A, B, C' are some constants):

1 1

T Ap+ B
In order to verify the dependence (5.25), the highly time resolved CF density

+Cp (5.25)

traces were measured in the afterglow under various pressures p, whereas other
plasma conditions (rf power, flows of the feed gases and pulsing regime) were kept
constant. The total loss rates 77! found from these measurements are shown in
figure 5.22. The uncertainty of the estimated 7 values was typically of + 2 ms,
resulting in higher 7! errors for shorter 7.

Unfortunately, the total pressure range had to be limited up to ~30 Pa, since the
CF decays obtained at higher pressures were too fast and noisy to be properly fitted
with an exponential function. On the other hand, by the completely open throttle
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Figure 5.22: The total loss rates 7~ estimated for CF radical in the afterglow phase
under various pressures (7 scem CFy / 3 scem Hy, 100 W, 1 s on /

2 s off ).

valve between the chamber and the rotary pump, a total pressure was settled at
3 Pa under selected gas flow conditions. Therefore, total pressures lower than 3 Pa
could not be realized.

Figure 5.22 shows also the best fit of the obtained total loss rates 7=! by use of
the equation (5.25). The contribution of the wall losses 7}, was fitted according to
formula (5.24) and is shown in figure 5.22 separately. As a parameter of the fit, the
sticking coefficient 3 was found to be of about 0.02, which correlates with low values
for the CF sticking on the fluorocarbon thin films known from literature. Indeed,
addition of hydrogen to the CF, process gas leads to a massive deposition of the
fluorocarbon plasma polymer on the chamber walls, which significantly reduces the
surface loss probability of the fluorocarbon radicals (see e.g. [53,58,66, 186, 187]).

Thus, as clearly seen in figure 5.22, the CF radical losses in the afterglow took place
mainly in the gas phase, due to the volume reactions with other species. According

to [65], the following reactions may be considered as possible loss channels here:

CF+CF; — CFy+ CF, (5.26)
CF+F, — CFy;+F (5.27)
CF+F+M — CF,+M (5.28)
CF+F,+M — CFs+M (5.29)
CF+CF,+M — GCyF, . 1+M (5.30)
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The last three reactions (5.28), (5.29) and (5.30) appear immediately to be of minor
importance, since a third collision partner M in the gas phase is required there (unless
the reactor wall acts as M). However, under considered low pressure conditions, the
three-body collisions are very unlikely. Also the second reaction (5.27) of the CF
radical with Fy molecule seems to be not decisive, since, in presence of hydrogen in
plasma, the most of free fluorine would be normally bound into a chemically stable
HF molecule. Therefore, the CF consumption in the reaction with CF3 radicals
(channel (5.26)) might be responsible for the main loss of the CF radical in the gas
phase.

Besides, there are two further possible channels of the CF volume losses, due to

reactions with molecules of the precursor gases:

CF + CFy — products (5.31)
CF+H; — products (5.32)

These reaction channels were proposed and their rate constants k< 10-1074

cm?® molecule™! s7!

were estimated in [45]. Although the upper limit of the rate
constants k is quite low, the reactions (5.31) and (5.32) might actually contribute
to the CF consumption, since new CF,4 and Hy molecules were continuously fed into
the chamber volume.

The CF volume losses due to the suggested reaction channels (5.26), (5.31) and
(5.32) can be better specified and compared only after the complement measure-

ments on the CF3, CF4 and Hy absolute density traces in the afterglow phase.

5.7.1.1 Influence of the electrode surface temperature

In the measurements discussed above it was found that the CF radical elimination
in the afterglow takes place mainly in the gas phase, due to the volume reactions
with other species. Since the density of the reaction partners (e.g. CFj radicals)
might depend on the distance to the rf electrode, it is interesting to measure the CF
life time 7 in the afterglow phase with a spatial resolution along the reactor axis.
However, because of the small diameter of the KBr windows at the reactor, it was
not possible to near the laser beam to the electrode (see figure 3.2). Therefore, the
only way to reduce the distance d = 55 mm between the beam and the electrode
and provide any axial resolution of the measurements was to extend the electrode
by means of a copper block placed on it (see figure 5.23). The block was 40 mm
thick, resulting to the distance d = 55 — 40 = 15 mm between the laser beam and
the surface of the extended rf electrode. Before further experiments, the pulsed

discharge was operated for a few hours under typical plasma conditions in order to
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provide the same surface conditions as in earlier measurements, i.e. to contaminate
the copper block with the fluorocarbon layers.

Next, the "burst mode” measurements described above were carried out in the
reactor with the copper block on the rf electrode, and the effective CF decay time 7
was estimated in the afterglow phase under various pressures between 3 and 30 Pa, as

1'in comparison

before. Figure 5.24 shows the corresponding total loss rate values 7~
with that gained previously in the reactor without the copper block on the electrode
and given in figure 5.22.

As one can see, for pressures p > 10 Pa, where the CF radical was found to be
eliminated mostly due to the volume reactions, the presence of the copper block (i.e.
reduced distance between the probing beam and the rf electrode) did not influence
the measured loss rates 771. Apparently, the concentration of the reaction partner
species at 15 mm away form the rf electrode was nearly the same as that at the
distance of 55 mm. In other words, the contribution of the volume processes, i.e.
the 7,7, . term in (5.22) or constant C in (5.25), appears to remain nearly the same.

Contrariwise, the presence of the copper block impacted the loss rate values gained
under p < 10 Pa (see figure 5.24). Obviously, it was caused by an acceleration of the
surface loss processes which contribute to the CF eliminating at such low pressures.

1

To figure out this effect, the measured 77" values in figure 5.24 were fitted to the

function (5.25) using the constant C' value found in the previous measurements
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Figure 5.23: The cooper block placed onto the rf electrode.
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under various pressures: with (boxes) and without (circles, data from
figure 5.22) the copper block on the rf electrode (7 scem CFy / 8 scem
Hy, 100 W, 1 s on / 2 s off). The dash-dot lines show the fit to
function (5.25) and the wall losses contribution according to (5.24).

without the copper block on the electrode. In result, the sticking coefficient § was

found to be about of 0.15, which is almost one order of magnitude higher than that

found in the case without the copper block.

107



5 Absolute number density and kinetics of the species in pulsed CF,/H, rf plasmas

Most likely, such drastic acceleration of the surface loss processes can be related to
the temperature difference between the surface of the original electrode and that of
the extended one. Indeed, the upper surface of the copper block could not be cooled
down with the water cooling cycle as effective as the surface of the electrode itself
(see figure 5.23). Quantitatively, by means of a calibrated Fe-Co thermocouple, the
temperature of the block surface was measured to be of about 150-170 °C under
considered plasma conditions, whereas the electrode surface was cooled down to
35-40 °C.

Therefore, the fluorocarbon layer deposited on the copper block appears to be
activated due to the heating from the plasma, resulting into a significant higher
sticking of the CF radical on it. In other words, an increasing temperature depen-
dence of the sticking coefficient 3(T") was experimentally observed in this study.
Finally, it may be noted, that an increase of 3 at higher temperatures could also be
expected from the Arrhenius equation for the rate coefficient of (surface) reactions,

see formula (1.6).

5.7.2 CF radical kinetics during the "plasma-on” phase

The highly temporally resolved "burst mode” data acquisition approach was also
applied to measure CF kinetics during the "plasma on” phase, and thus to analyze
the density overshoots observed under selected discharge conditions at the beginning
of the plasma pulse (see figure 5.18). These measurements were carried out at the
same settings as those used in section 5.7.1, but had to be triggered at the positive
edge of the TTL signal switched the plasma on.

Figure 5.25 shows an example of the absolute CF number density trace measured
in the "burst mode”, with a temporal resolution of 940 us, during the first 470 ms
in the plasma pulse (500 measuring points x 940 us = 470 ms). For the radical,
this time interval was long enough to reach its steady-state concentration ng}_ in
plasma. Furthermore, the corresponding "stream mode” measurement of CF carried
out under identical discharge conditions is also given in figure 5.25, for a comparison.
As clearly seen, both CF density traces are in a very good agreement, in regard to
their absolute values. However, the actual appearance of the overshoot in the "burst
mode” curve (~ 65 ms) falls between two measuring points in the "stream mode”
measurement and hence could not be accurately detected in this mode.

Though the noise level in the "burst mode” curves is significantly higher than that
in the "stream mode” measurements, the high temporal resolution achieved by this
approach provides enough measuring points to analyze the overshoots observed in
CF number density traces more in details.

For this propose, the following balance equation can be written for CF radical
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Figure 5.25: Absolute CF density trace measured during the first 470 ms of the
plasma pulse in the "burst mode” in comparison with that measured in
the “stream mode” (30 Pa, 7 sccm CFy / 8 scem Hy, 100 W, 1 s on /

2 s off ).

during the plasma pulse:

d CF on on on
T Kt + K G — KO (539

Here, the effective rate coefficient k%% (in s™!) relates to the losses of CF species
in the discharge, whereas the effective rate K9 (in cm™?s™') considers all CF
production channels, except for the path of CsF, electron impact fragmentation

which forms CF radical as one of the reaction products:

The channel (5.34) is represented by a separate term in the balance equation (5.33),
with effective production rate coefficient k% (in s7'), in order to verify its role in
CF kinetics and particularly in formation of the overshoots observed in CF density
traces.

By use of expression (5.14) found for CyF4 concentration during the plasma pulse,

equation (5.33) can be rewritten as follows:
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d[;]tF] = K + Kyexp (—kt) — k%g[CF] (5.35)

where K and K, (both in cm™s™!) are two new effective rates combined from the

corresponding coefficients in equations (5.14) and (5.33):

KOH
Ky = K3t + kg k;?“ (5.36)
—CaFy
on on KOHCQ 4
Ky = k%% <n002F4 - +“ch) (5.37)

and k (in s7') is assigned for the effective rate coefficient k%%, ., which characterizes
the decrease of CyF4 number density in plasma.

According to (A.8) (see Appendix), differential equation (5.35) has the following

solution:

K K

[CFI(t) = — + — 02 L exp (—kt) —
~CF “CF —

(5.38)

K, K, ]
— + exp ( =kt
sy o ()

where a zero concentration of CF radical at the beginning of the plasma pulse was

taken as initial condition for the solution:

[CF](t =0) =0 (5.39)

Equation (5.38) gives a double exponential function which can be used to fit CF
density traces measured at the beginning of the plasma pulse in the "burst mode”.
Moreover, as shown on the example in figure 5.26, this function is able to describe
the overshoots observed in CF concentration very well.

Thus, using the "burst mode” data acquisition approach, CF density traces were
measured in plasma under various total pressures between 10 and 35 Pa, with a step
of 5 Pa. The overshoot peaks observed in the measured curves at the beginning of
the plasma pulse were then fitted to function (5.38), whereby the coefficients K7,
Ky, k and k%% were treated as free parameters of the fit.

The best-fit curves obtained for CF number density measured in plasma are shown

in figure 5.27, while the corresponding parameters of the fit are given in figure 5.28.

110
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Figure 5.26: Absolute CF density trace measured in the "burst mode” during the
plasma pulse and fitted to the double exponential function (5.38)
(30 Pa, 7 scem CFy / 8 scem Hy, 100 W, 1 s on / 2 s off).

Clearly, the steady-state CF concentrations ngj_ . observed in the fit curves at the

end of the plasma pulse result from equation (5.38) at t — oc:

on K

OOCF = on
—CF

n (5.40)

Thereby, the n2l = values calculated by formula (5.40) are in a good agreement
with those found experimentally (see the "stream mode” measurements of CF in
figures 5.18 and 5.19 above).

Unfortunately, CF density traces achieved in the "burst mode” under pressures
p > 40 Pa could not be fitted properly, since the noise level of the curves became
comparable with measured concentrations,— similarly to that observed in the "burst
mode” studies during the afterglow phase (see section 5.7.1).

Now, it is interesting to compare the effective loss rate coefficients found for CoFy
species in plasma independently in two different ways: (i) directly from the fit of
CoFy density traces (5%, p, given in figure 5.13) and (ii) from the fit of CF density
traces, under assumption that the electron impact fragmentation of CoF, contributes
to production of CF (k in figure 5.28). As one can see in figure 5.29, under considered
conditions, both methods give similar values, i.e. k = k%, p . This indicates that
CoF 4 fragmentation by electrons might significantly contribute to production of CF

radical at the beginning of the plasma pulse, as it was assumed above.
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Figure 5.27: Top: The best-fit curves obtained by fitting the CF density traces in
plasma to function (5.38) Bottom: The overshoot peak position 1o
and its reciprocal value 75" estimated from the fit curves under various
total pressures (7 scem CFy / 8 scem Hy, 100 W, 1 s on / 2 s off).
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Furthermore, using k%%, p, values, the characteristic time 7°¢, p, = ( 7CQF4) of

CoF 4 density decay in plasma was estimated to be of about 65 — 125 ms, depending
on the total pressure. This interval is in a good agreement with that found for

the overshoot peak positions in CF density traces: 7o = 50 — 150 ms (see bottom
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Figure 5.28: Effective rate coefficients k (boxes), k®p (circles) and effective rates
K, (triangles down), K, (triangles up) estimated from the fit of
CF density traces measured under various total pressures in plasma

(7 scem CFy /' 3 scem Hy, 100 W, 1 s on / 2 s off).

of figure 5.27). Therefore, in a time 7°¢ p after switching the plasma on, CyF,
number density decays and reaction channel (5.34) becomes less important for CF
kinetics. Being combined with other production and loss channels, this might form
an overshoot in CF density. Moreover, with increasing pressure, the balance between

the decreasing diffusion and increasing gas phase reactions changes, which causes
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Figure 5.29: Effective loss rate coefficients found for CyFy in plasma (i) directly
from CyFy density traces (k% g, values given in figure 5.13, circles)
and (ii) from the fit of CF density traces (coefficients k in figure 5.28,
boxes) (7 scem CFy / 8 scem Hy, 100 W, 1 s on / 2 s off).

the shift of the overshoot position 7o towards lower values,— see figure 5.27.

Taking K, values given in figure 5.28, the effective rate coefficients kS defined
in the balance equation (5.33) can be easily calculated from formula (5.37). On
the other hand, A%y is a product of the electron density n. and the absolute rate

coefficient %(5.34) for considered CoFy electron impact fragmentation channel (5.34):

kler = E(5.34)ne (5.41)

Therefore, for typical values of the electron density in capacitively coupled discharges
ne = 10910 ecm™3 [8,99,180,188], the rate coefficient E(5,34) was roughly estimated
to be of the order of 10713-107 cm3st.

Finally, it is interesting to note, that found §(5.34) values are comparable with the

rate coefficient %(5_42) calculated for the similar reaction:

C2F4 +e— CF+ =+ ... (542)

i.e. for the dominant channel of the electron impact dissociative ionization of CoFy
in plasma (see figure A.1 in Appendix). Indeed, at the electron temperature of
1—2 eV expected in the discharge, the rate coefficient E(Mg) varies between 1-10715

and 4 - 10712 ecm3s™! (see figure A.2 in Appendix). Indirectly, this again confirms
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the assumption, that the electron impact decomposition of CyF, is an important
process for the kinetics of CF in plasma which might significantly contribute to the

overshoots observed in the radical density at the beginning of the plasma pulse.
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6 Summary and outlook

Tunable Diode Laser Absorption Spectroscopy in the mid InfraRed spectral range
(IR-TDLAS) has been applied to investigate the behavior of CF, CFy and CyFy
species formed in pulsed CF4 4 Hy capacitively coupled radio frequency plasmas.
This experimental technique was shown to be suitable for temporally resolved
measurements of the absolute number density of the target molecules in the studied
fluorocarbon discharges.

The "stream mode”, provided by the TDLAS system as a standard data acquisition
approach, enabled absorption measurements with a typical temporal resolution of
about 20 — 40 ms. It was sufficient for the real time studies of the species with
relatively slow kinetics, e.g. CFy and CyF4. However, the kinetics of CF radical in
the studied plasmas was observed to be much faster and hence could not be followed
in the "stream mode” properly. Therefore, a more sophisticated approach, the "burst
mode”, was established and successfully applied to CF density measurements, which
provided a temporal resolution of 0.94 ms, for the first time on the working set-up.

CF radical was measured mostly by means of the unresolved R (7.5) ?II5/5 doublet
at 1308.67 cm™'. Its nearest neighbor doublet, R (7.5) *IIy o, consisted of two
resolved CF spectral lines at 1308.49 and 1308.50 cm™!, was taken for verification
measurements of the radical.

Absolute CF; density traces were obtained using the single absorption line P14(17)
detected at 1096.41 cm~!, within the v5 vibration-rotation band.

All selected spectral lines had been previously found and identified in preliminary
investigations, by use of NoO, CH, and CyH, reference gases. Their line strengths
necessary for the absolute density measurements had been calculated, basing on the
corresponding molecular constants.

The third target species, CoF,4, was a special case, since no detailed spectroscopic
data could be found for the molecule in literature, nor calculated. Hence, in order
to enable the absolute CyoF, measurements in this work, an absorption structure

I was selected and then

consisting of several overlapping lines around 1337.11 cm™
carefully calibrated in separate experiments. For this purpose, pure CyF, gas had
been pyrolyzed from polytetrafluoroethylene and used as a reference sample.

The species of interest have been measured in the studied plasmas one by one, in
the separate series of experiments performed under identical conditions. Therefore,

their absolute number density traces could then be directly compared to each other.
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Most of the measurements discussed in the present work were carried out by applying
the rf power P = 100 W (13.56 MHz) pulsed with a duty cycle of ~ 33.3% and a
period of 3 s (1 s "plasma on” / 2 s "plasma off”), while the total flow of the feed
gases ® = 10 sccm consisted of 7 scem CF4 and 3 scem Hy. The total pressure
in the chamber was varied over an order of magnitude, from 3 up to 50 Pa, which
certainly influenced the kinetics of the species in plasma, e.g. due to the change
in the collision frequency. Besides, in the considered pressure range, the self-bias
voltage Uy formed at the driven rf electrode was measured to vary between —250
and —30 V.

Apart from the three mentioned species, on which the investigations in this work
are mainly focused on, other (stable) molecules also formed in the studied plasmas
have been measured, by means of the broad band FTIR spectroscopy, in order to
better characterize the discharge gas phase. In particular, absorption bands of the
parent gas CFy and the following intermediate products were identified in the FTIR
spectrum recorded between 400 and 4000 cm~!: CyF,, CyoFg, C3Fg, CHF5 and HF.
Furthermore, the spectrum was successfully deconvolved, and hence the absolute
concentration of the detected species was estimated. Thereby, the number density
of CoFy4 obtained from the FTIR measurements was in a good agreement with that
achieved further by means of the IR-TDLAS technique.

It should be emphasized, that the applied IR-TDLAS technique provides only
the total absorption measurements, integrated over the laser beam path. Therefore,
all number densities obtained in this study were averaged over the total absorption
length. Besides, some reactant species in the investigated discharges are still not
well known and specified. For these two reasons, only a global, zero-dimensional,
kinetic analysis operated with effective rates and rate coefficients was feasible in the

present work.

In the frame of the analysis, two differential balance equations were proposed
for each of the measured target species, in order to describe their behavior during
both "plasma on” and "plasma off” phases. These equations took into account the
processes assumed to produce or consume the considered species in the gas phase
volume and/or at the reactor surfaces. The analytical solution of each balance
equation was then used as a model function to fit the number density traces measured
during the corresponding discharge phase. Thereby, the rate coefficients and reaction
rates defined in the equation were found as fit parameters, which provided important

information on the kinetics of the studied species.

As a result, the following features and trends were found in the kinetics of CF,

CFy and C,Fy species in pulsed CF4 + Hy capacitively coupled rf plasmas:
(i) During the "plasma on” phase, both CF and CF, radicals have been formed,

118



reaching a concentration of the order of 10* cm™3 and 10'3 cm ™3, respectively. Then,
during the following "plasma off” phase, their number density decayed, indicating
consumption of the radicals in the chamber. In contrast to that, CoFy species
showed an opposite behavior: the molecules available in the reactor from the previous
cycles were partly consumed in the "plasma on” phase, whereas their concentration
increased again during the plasma pause. The absolute number density of CoFy
was measured to be of 103 — 10'* cm™3, depending on the total pressure and the

discharge phase.
(ii) The second order CFy 4+ CFy recombination producing CoF4 was found to

be the dominant loss channel in the kinetics of CFy radical during the "plasma
off” phase. Other consumption processes, like diffusion and chemical reactions in
the gas phase or at the reactor walls, appeared to be of minor importance. This
was explained by a low reactivity of the radical and its small sticking coefficient
on the chamber walls covered with a fluorocarbon layer. Furthermore, analyzing
CF5 density decays measured during the plasma pause, the absolute rate coefficient
ko = 2.3-1071 cm3s~! was estimated for the self-recombination of the radical, which
is in a good agreement with values between 2 - 1071* and 4 - 107'* em3s~! known

from literature.

(iii) During the "plasma on” phase, however, the self-recombination of CFy was
shown to be much less important for the kinetics of the radical, than diffusion
and other plasma-chemical reactions in the discharge. In particular, collisions with
electrons, F~ ions and atomic hydrogen H were suggested as essential loss channels
for CFy radical in plasma. On the other hand, the main production of CF5 in the
discharge might occur due to the electron impact dissociation of the parent molecules
CFy, along with the contribution of CF3 + e and CF3 + H reactions.

(iv) The time constants of CFy decay during the "plasma off” were observed to be
similar to those of CyF4 formation. However, CFy 4+ CF3 recombination giving CoFy
was found to contribute only 10 — 30% of the total CoF, density growth, and hence
appears to be rather of minor importance for CyFy kinetics in the plasma pause.
Since the effective production rates estimated for CyF,4 during the "plasma off” are
very similar to those obtained in the "plasma on” phase, the main CyF4 production
mechanisms during the both discharge phases must also be similar, and hence can

not involve electrons, ions or any other short-lived transient species.

(v) In contrast to the relatively slow kinetics of CFy, the highly reactive CF
radical showed a rapid exponential decay, immediately after switching off the plasma.
Depending on the total pressure in the chamber, the effective life time of the radical
was measured to be of 7 — 25 ms, and indicated CF consumption, mainly due to

the volume reactions with other species. Most likely, the dominant loss channel for
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CF radical is the recombination with CF3 which has a higher density and longer life
time during the "plasma off” phase. Although the chemical reactions with CF, and
Hs, continuously fed into the chamber volume, might also partly contribute to CF

consumption.

(vi) At relatively low pressures (p < 10 Pa), diffusion of CF radical towards the
reactor walls followed by sticking on the surface was found to contribute to the total
CF consumption as well. From the analysis of the total loss rates measured for
the radical during the plasma pause, the sticking coefficient g of CF on the reactor
walls covered with a fluorocarbon film was estimated to be of about 0.02, which is
consistent with values between 1072 and 107! reported in literature. Moreover, an
evident dependence (3(T') of the sticking coefficient on the surface temperature was
experimentally observed in this study. Particularly, by an increase of the rf electrode
surface temperature from 35 — 40°C (water cooling) to 150 — 170°C (heating from
plasma, without water cooling), the sticking coefficient  was found to vary from

the mentioned value of 0.02 up to 0.15, i.e. by almost an order of magnitude.

(vii) During the "plasma on” phase, the CF radical concentration was observed
to increase, reach a maximum and then to decrease again, down to a steady-state
value. In other words, the CF density traces exhibited an overshoot, shorty after
the plasma ignition, which had not been known from literature before. The peak
position of the overshoot was found to be pressure dependent, and shifted from 150
to 50 ms, as the total pressure increased from 10 to 35 Pa. This was explained
by a competition between production and loss processes with different time scales.
In particular, the electron impact fragmentation of C;F4 was shown to be essential
for CF production at the beginning of the "plasma on” phase, as long as CoF,
concentration was relatively high. However, in 65 — 125 ms (depending on the
pressure) after the plasma ignition, when CoF} is mostly consumed, this production
channel becomes less important, and the losses of CF radical take over, which results

in the overshoot formation.

The experimental investigations carried out in this study may also be useful to
support the modeling of the fluorocarbon plasmas. Thus, the absolute number
density traces measured for the target species and their kinetic analysis provide the
input information and reference data necessary for the mathematical simulations of
the studied plasmas.

A zero-dimensional kinetic modeling of CF, 4+ Hy radio frequency discharges was
started at the working group of PD Dr. Ralf Schneider, Institute of Physics, Univer-
sity of Greifswald. Although the current model needs to be further developed and
optimized, already the first computations done for the number density of CF, CF,
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and CsyFy species in plasma agree with that measured in this thesis. In particular,
the overshoot peaks observed in the concentration of CF radical were yielded by the
simulations too.

Finally, for an extension of the analysis, other species supposed to be important
for the kinetics of the target molecules should be measured in the studied plasmas
as well. Primarily, it concerns CF3 radical suggested to be essential for consumption
of CF, and HF molecule which relates to conversion of the hydrogen admixture and
influences the kinetics of the fluorocarbon radicals. On the other hand, charged
particles, e.g. electrons and negative ions, are also known to be crucial for many
processes in plasma. Therefore, their absolute number densities and the electron
energy distribution function (EEDF) should be experimentally investigated in the

studied discharges, too.
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A Appendix

A.1 First order ordinary differential equations

For mathematical analysis of the species kinetics measured in this work, one had to
deal with two types of the first order ordinary differential equations. These equations
had to be solved analytically, in order to give a function for the following fit of the
measured density traces of the species.

The next two sections consider both types of the equations, as well as methods of

their solving.

A.1.1 General Riccati equation

Since the second order self-recombination of two CF5 radicals had to be taken into
account for analyzing CFy density profiles, so called general Riccati differential equa-
tion containing squared CF5 concentration had to be solved to describe the kinetics
of the radical:

dn(t)
dt

Generally, equation (A.1) can not be solved by quadratures. However, if yo(t) is

= f(t)n’(t) + g(t)n(t) + h(t) (A1)

a known particular solution of the equation, the general solution can be written as
follows (see e.g. [189]):

n(t) = wo(t) + 20 [0 — [ Fo)ear] (A2)

where

o(t) = cap { [ (2F Ol + 9(t)) d (A3)

and the constant C' should be found from the initial conditions, e.g. from the

absolute concentration ng of the species at t = tg:

In fact, equation (5.9) in section 5.5.2 is a simple case of the Riccati equation (A.1)

with coefficients that do not depend on time t¢:
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dn(t)
dt
Therefore, its particular solution 7o can be easily found as a root of the polynomial
equation an?(t) + bn(t) +c = 0:

= an’(t) +bn(t) +c (A.5)

_ —bE Vb —dac
B 2a
and then used in formulas (A.2)—(A.3) to find the general solution of (A.5).

Yo (A.6)

A.1.2 Linear equation

Another kind of differential equations used in this work is linear equations like:

dn(t
o020 — f (et + fult) (A7)
The general solution of equation (A.7) can be found analytically (see e.g. [189)):
n(t) = Cef'® 4 F) /e_F(t) f0(<t)) dt (A.8)
g(t

where

F(t) = / / 1((;)) dt (A.9)

g
And again, the constant C' should be calculated from the initial conditions, e.g. from
the absolute concentration ng of the species at the beginning or end of the plasma

pulse: n(t =tg) = no.

A.2 Calculation of the rate coefficient from the cross—section

As discussed in section 1.3, an electron induced process can be characterized by
its cross—section o(FE) depended on the electron energy E. Moreover, basing on
the dependence o(F) and the electron energy distribution function (EEDF), the
absolute rate coefficient k£ can be defined for the process.

This can be demonstrated on example of the electron impact dissociative ioniza-
tion of CyF4 molecule in plasma. Thus, according to the cross-section measurements
performed for various ionization channels in [27], CFT ion is the main positively
charged fragment (see figure A.1). Therefore, using the experimental data for o(FE)
and assuming a Maxwellian EEDF, the rate coefficient k& for this reaction channel
can be calculated by formula (1.5). Figure A.2 shows the k(7,) dependence at the
electron temperature values between 1 and 3 eV, which are typical for capacitively

coupled discharges under the plasma conditions considered in this work.
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Figure A.1: Partial cross—sections for the electron impact dissociative ionization of
CoFy vs. electron energy (solid line shows the main reaction channel).
Data according to [27].
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Figure A.2: Rate coefficient calculated for the dominant channel of CyFy electron

impact dissociative tonization at electron temperatures T, =1—3 eV.
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A.3 List of equipment

Technical devices and units applied for the experimental set-up in this work are

given in the following table:

Device

Type and Manufacturer

Vacuum Part

RF Generator

Matching Network

Master Pulse/Delay Generator
Gas Flow Controller

Four-Channel Readout Unit
Capacitance Manometer
Throttle Valve

Self Tuning Pressure Controller
Vane Rotary Pump
Thermostat

ACG-5, ENI

MW-5, ENI

BNC 555, Berkeley Nucleonics Copr.
MKS 1259CC (CFy)

MKS 1259BX (H,)

MKS 247D

MKS 122AAX

MKS 253AG-1-40-1, 35 mm
MKS 652

D 25 BCS, Leybold

VEB MLW U4

TDLAS System

Cooling Head
Helium Compressor

Tunable Diode Lasers

2 x HgCdTe (MCT) Detector
2 x Pre-amplifier

Analog-Digital (A/D) Converter

Germanium Etalon (three inch)

RGD 1245, Leybold

ARW 4000 EU, Leybold

Laser Components GmbH
402-HV-1-1, 325-HV-1-123 (CF)
344-HV-1-145 (CFy)

325-HV-1-123 (CyFy)

FTIR-16-1.0, InfraRed Associates Inc.
MCT-1000,

Infrared Systems Development Corp.
BNC-2090, National Instruments GmbH
neoplas Control GmbH

Others

FT-IR Spectrometer

Digital Oscilloscope

VERTEX 80v, Bruker Optik GmbH
Vector 22, Bruker Optik GmbH
TDS 220, Tektronix Inc.
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