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Abstract

Neutral radicals generated by electron impact dissociation of the background gas play important
roles in etching and deposition processes in low pressure capacitively coupled plasmas (CCPs).
The rate and energy efficiency of producing a given radical depend on the space- and
time-dependent electron energy distribution function (EEDF) in the plasma, as well as the
electron energy dependent cross sections of the electron-neutral collisions that result in the
generation of the radical. For the case of a CCP operated in CF,4 gas, we computationally
demonstrate that the energy efficiency of generating neutral radicals, such as F atoms can be
improved by controlling the EEDF by using tailored voltage waveforms (TVW) instead of
single-frequency driving voltage waveforms and that separate control of the radical density and
the ion energy can be realized by adjusting the waveform shape at constant peak-to-peak
voltage. Such discharges are often used for industrial etching processes, in which the F atom
density plays a crucial role for the etch rate. Different voltage waveform shapes, i.e. sinusoidal
waveforms at low (13.56 MHz) and high (67.8 MHz) frequencies, peaks- and sawtooth-up
TVWs, are used to study their effects on the energy cost / energy efficiency of F atom generation
by PIC/MCC simulations combined with a stationary diffusion model. The F atom density is
enhanced by increasing the voltage amplitude in the single frequency cases, while the energy
cost per F atom generation increases, i.e. the energy efficiency decreases, because more power is
dissipated to the ions, as the sheath voltages and the ion energy increase simultaneously. In
contrast, using TVWs can result in a lower energy cost and provide separate control of the F
atom density and the ion energy. This is explained by the fact that tailoring the waveform shape
in this way allows to enhance the high-energy tail of the EEDF during the sheath expansion
phase by inducing a non-sinusoidal sheath motion, which results in acceleration of more
electrons to high enough energies to generate F atoms via electron-neutral collisions
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compared to the single frequency cases. Similar effects of TVWs are expected for the
generation of other neutral radicals depending on the electron energy threshold and the specific
consequences of TVWs on the EEDF under the discharge conditions of interest.

Keywords: voltage waveform tailoring, capacitively coupled plasma, particle in cell simulation,

F atom density.

1. Introduction

Fluorine-containing gases are extensively used for etch-
ing silicon-based materials, such as silicon dioxide (SiO,)
and silicon nitride (SizNy) in the fabrication of semicon-
ductor devices, especially in radio frequency (RF) capacitively
coupled plasmas (CCP). Often complex reactive gases and gas
mixtures, characterized by complex plasma chemistries and
plasma-surface interactions are used such as CF4/H;, CF4/O,,
C4Fg, CHF;, and SF¢/O;. In these applications, the F atoms
produced in the discharge are the main etchant [1, 2]. For the
development of plasma-etching techniques, the etch rates by
which free radicals react with various substrates are import-
ant. Fluorine atoms are the principal gaseous reactant in many
common etching processes. By exposing such wafer materials
to F atom and ion fluxes, the silicon compounds react to form
volatile silicon fluorides, which are easily removed from the
surface, allowing for a controlled etching of these materials.
However, achieving high etch selectivity still remains one of
the main challenges in this field [1, 3]. For this purpose the
separate control of the fluxes of reactive radicals and ener-
getic ions to the wafer is essential. The etch mechanisms in
fluorocarbon discharges have been studied thoroughly [4-6].
Enhancing the etch rate is very important for increasing the
throughput. To achieve this, a comprehensive understanding
of the behavior of F atoms and the control of their generation
rate in fluorocarbon discharges is essential and an important
topic of research in both academia and industry [7-10].

In experiments, several methods have been used to measure
the F atom density. In [11], the F atom density was measured
by gas-phase titration with Cl, in a 50 cm upstream, 14 MHz
RF discharge in F,. The authors have found that the etch rate
of silicon is proportional to the F atom density determined by
the discharge power. Optical emission spectroscopy is a very
useful diagnostic method, the intensity of the atomic F emis-
sion can be used as a reliable indicator of the relative F atom
density [12, 13]. In a capacitively coupled CF,4 plasma driven
by 13.56 MHz at 100 W, the F atom density determined by the
F atom emission was found to increase as a function of pres-
sure within the range around 140 mTorr, but an increasing flow
rate resulted in a decrease of the F atom density. Actinometry
based on the reactions of F atoms was also used for the meas-
urement of the density of F atoms in [14-16].

In a CF4+0; plasma sustained in a parallel plate config-
uration driven by 13.56 MHz at around 40 mTorr, the F atom
density was found to increase first with the addition of O,
and then to decrease when the fraction of O, was larger than
about 20% [13]. Another optical method is vacuum ultravi-
olet absorption spectroscopy (VUVAS) [15, 17], by using this

method the range of the F atom density was found to be in
the order of 10''-10'* cm~3, and to increase with RF power
in the range of 0.2-1.6 kW in an electron-cyclotron resonance
CF, plasma [8]. The limitation of this method is that it only
provides the spatially-averaged density along the path of the
probe and with technical issues of short wavelength and radi-
ation trapping [7, 18]. Appearance mass spectrometry (AMS)
can also be used to measure the F atom density, but simil-
arly to the actinometry method, the spatially-resolved distri-
bution of the F atom density cannot be obtained [19, 20]. The
F atom density can also be determined from the CF, loss rate
based on measurements by laser-induced fluorescence (LIF)
spectroscopy [21]. Based on this method, the volume aver-
aged F atom density was determined at different RF powers
for a CF,4 plasma at 200 mTorr, i.e. at relatively low pressure
conditions where significant density gradients are not expec-
ted. However, the method is based on many assumptions, the
measurement results have a significant error of up to 50%.

In low pressure CCPs, in order to control the ion energy
and ion flux independently for the optimization of plasma pro-
cesses, dual-frequency (DF) driving voltage waveforms were
introduced to realize this control by adjusting the low and high
frequency voltage amplitude, respectively [22, 23]. Due to the
coupling effects between the frequencies, the applicability of
DF CCPs is, however, limited [24-26]. An alternative concept
to achieve such independent control of ion energy and flux is
based on the electrical asymmetry effect, which utilizes the
phase angle between two (or more) consecutive harmonics
forming the driving voltage waveform [27-30]. The mean ion
energy can be adjusted by changing the DC self-bias via phase
control of the amplitude or slope asymmetry of the driving
voltage waveform while the ion flux remains (nearly) constant.
This method also exhibits some limitations when the plasma
operates in different discharge modes [31, 32]. In recent years,
the use of non-sinusoidal waveforms, also known as tailored
voltage waveforms (TVWs), became widespread to control
the ion energy and flux [33-35]. This includes sawtooth-type
voltage waveforms, characterized by different rising and fall-
ing slopes. Plasmas excited by this waveform exhibit unique
properties such as low ion energies at high ion fluxes at the
wafer [36-38]. Driving CCPs by TVWs requires the use of
advanced multi-frequency impedance matchings, which have
been developed [39—41].

In [42], the ion energy distribution function (IEDF) was
found to exhibit a bi-modal shape and the maximum of the
ion energy was found to decrease at a constant ion flux at the
electrodes as a function of the number of harmonics used to
synthesize the TVW at a low pressure of 5 mTorr in a capa-
citively coupled Ar plasma driven by sawtooth waveforms.
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Such conditions are preferable for heat sensitive materials in
plasma processes. The findings of [43] suggest that a lar-
ger DC self-bias and higher ion energy can be generated at
a lower driving frequency, while a narrow low energy IEDF
can meet the requirements of some plasma processes in very
high frequency driven CCP sources. Using TVWs can also
help to solve the problem of surface charging in dielectric etch
trenches in high-aspect-ratio (HAR) plasma etch process [44,
45]. In these studies the electron velocity and angular distri-
bution at the electrodes was controlled by tailoring the driving
voltage waveform to adjust the duration of the sheath collapse
at the wafer. For a short sheath collapse time and in order to
balance the ion flux to this electrode, a reversed electric field
is generated to accelerate electrons towards the wafer. As a
consequence of this, higher electron velocities perpendicular
to the wafer can be realized. In electronegative gas discharges,
more different ion energies and ion fluxes at the two electrodes
can be generated by TVWSs as compared to electropositive
argon discharges, which may be beneficial for plasma etching
applications [46]. Using TVWs synthesized from consecutive
harmonics of a low driving frequency of the order of 100 kHz
allows to control the shape of the IEDF at the wafer by cus-
tomizing the sheath electric field and allowing the ions to react
to changes of this field [47-50]. In this way narrow peaks of
the IEDF can be generated and moved along the energy axis,
which is highly beneficial for etch selectivity and atomic layer
precision [49].

In the present work we investigate the application of TVWs
to control the generation of F atoms and its energy cost / energy
efficiency separately from the ion energy at the electrodes in
low pressure capacitively coupled CF,4 plasmas. On purpose,
a simpler gas and plasma chemistry is selected as compared
to gas mixtures used in commercial applications, since such
scenarios can hardly be described realistically by simulations.
Moreover, a multitude of effects acts in parallel making it more
difficult to isolate and understand single phenomena in depth.
In this work, we show how using VWT allows to tailor the
electron energy distribution function (EEDF) to enhance the
volume production of F atoms and its energy efficiency. This
phenomenon is expected to be present in other, more complic-
ated gas mixtures, too.

This paper is structured in the following way: in section 2,
the PIC/MCC code used for the numerical studies is described
and the stationary diffusion model for the calculation of
the F atom density is introduced. The results are presen-
ted in section 3. This section is divided into two parts: The
sources of the generation of F atoms and the axial profiles
of the F atom density for the different driving voltage wave-
forms are discussed in the first part. In the second part, the
reason for the more energy efficient generation rate of F
atoms based on TVWs rather than classical single frequency
operation is analyzed. Finally, conclusions are drawn in
section 4.

2. Simulation methods

2.1 PIC/MCC model

A one-dimensional in space and three-dimensional in velocity
space (1d3v) particle in cell simulation complemented with a
Monte Carlo treatment of collision processes (PIC/MCC) in
CF, is employed in this work. The particles traced in the sim-
ulations are electrons, CF5", CF5", CF; and F~ ions, which are
the dominant charged particle species and represent a subset
of all species that exist in CF4 plasmas [51, 52]. The list of col-
lision processes of electrons with neutral gas molecules con-
sidered in the model (which is the same as in previous works
[52, 53]) is shown in table 1. The number of reactive collision
processes of CF3, CF5, CF; and F~ ions with CF,4 molecules
is 41, 26, 67 and 19, same as in [54]. These collision pro-
cesses are simulated by using the ion-molecule collision model
for endothermic reactions [51, 55, 56]. This large number of
ion-CF, processes is classified according to their products in
the simulation, and the details can be found in our previous
work [57]. In addition to the reactive collisions, isotropic and
anisotropic elastic collisions are also taken into account in the
model. Note that in all reactions, including e-CF, and ion-
CF, collisions, when the products of any collision are species
that are not considered in the model, the new particles are not
added, only the energy loss of the colliding charged particle
is accounted for. In order to maintain charge conservation, the
original (projectile) charged particles are retained after chan-
ging their energy and velocity. The list of recombination pro-
cesses is shown in table 2 along with their rate coefficients.
The data are taken from [58] for electron-ion recombination
and from [59] for ion-ion recombination. These processes are
treated in the simulation as outlined in [59, 60].

In this work, simulations are performed at a fixed pressure
of 4 Pa and electrode gap of L = 2.5 cm. The temperature of
the neutral gas is kept at 300 K, which is justified by the low
pressure [61]. Such discharge conditions are similar to those
typically used for plasma etching. At the electrode surfaces,
we assume that 70% [61] of the electrons are reflected back
into the plasma elastically, and the ion induced secondary elec-
tron emission coefficient is set to 0.01 based on the findings of
[57].

Three types of driving voltage waveforms are used in this
work as shown in figure 1:

1. Single frequency waveform:

¢ (1) = pycos (27 i) ey

with low (f = 13.56 MHz) and high (f = 67.8 MHz)
frequency, for which the voltage amplitude (¢;) varies
between 100 and 1000 V.
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Table 1. Electron-CF; collisions considered in the model.
Type of collision Reaction Threshold (eV)
1 Elastic momentum transfer CFs +e—CFs+e¢ 0
2 Vibrational excitation CF4s 4+ e — CF4(vl) + ¢ 0.108
3 Vibrational excitation CFs 4+ e — CF4(v3) + ¢ 0.168
4 Vibrational excitation CF4 4+ e — CF4(v4) + ¢ 0.077
5 Electronic excitation CF4s +e—CF; +e 7.54
6 Dissociative ionization CFs; +e— CFf +F + 2e 16
7 Dissociative ionization CFs; + e — CF + 2F + 2¢ 21
8 Dissociative ionization CF4 +e — CF" +3F + 2¢ 26
9 Dissociative ionization CFs+e— CT +4F + 2¢ 34
10 Dissociative ionization CFs +e¢ — F' + CF; + 2¢ 34
11 Dissociative ionization CFy +e— CF%Jr + F + 3e 41
12 Dissociative ionization CF; +e— CF%Jr + 2F + 3e 42
13 Attachment CF; +e —F + CF3 5
14 Attachment CFy+e—CF; +F 5
15 Neutral dissociation CFs +e—>CF;+F+e 12
16 Neutral dissociation CFs +e—CF, +2F +e 17
17 Neutral dissociation CFy4+e—CF+3F+e 18
Table 2. Recombination processes considered in the simulation. 500 ; ; ; — ; -
N '."-‘ == = Single 13.56 MHz /
Reaction Rate coefficient (m’s ') 400 A F Single 67.8 MHz ! |
: iy - Peak i
CFy +e” 3.95x 107117707 300 ki R Sawtooth Up |
CF{ +F~ %1012 AR \
CFi + CF;y 1x107" —~ !
CFf +e~ 3.95 x 10~ 1571705 e 20
CF +F~ 1x107 " $ 100
CF; +CF; 1x1071 =
> 0

2. Peak-type waveforms given by:

¢ (1) = prcos(2mkft)

k=1

) -300

-100

-200

with the fundamental frequency of 13.56 MHz, with
voltage amplitudes of the harmonics:

b= 2Nkt 1)
N ™

Figure 1. Driving voltage waveforms within two periods of the
fundamental frequency (13.56 MHz).

3

The number of harmonics, N, is changed between 1 and 10,
at a fixed value of the peak-to-peak voltage, Vpp, of 600 V.
3. Sawtooth up-type waveforms given by

N
¢()=day % sin (27kft) (4)

with the fundamental frequency of 13.56 MHz. The integer
value N is varied from 1 to 10. The voltage amplitude (¢,)
is set to ensure a peak-to-peak value of 600 V.

An external circuit is not included in the simulation. The dc
self-bias in the peak-type and sawtooth up-type voltage wave-
form cases is determined in an iterative way to make sure that

the net charged particle flux to each of the electrodes per fun-
damental RF period becomes zero [62]. This PIC/MCC simu-
lation of CCPs operated in CF,4 has been validated experiment-
ally in the past [57, 63].

2.2. Stationary diffusion model to determine the F atom
density profile

Based on previous studies of the F atom density in experiments
[18, 20] and of fluorocarbon plasmas in simulation [64—66],
we assume that F atoms are primarily formed in the volume by
electron-neutral collisions under the conditions studied here
and include these processes in our simulations. Adopting this
assumption, the axial density profile of the F atoms, ng(x),
can be obtained by solving the stationary diffusion equation
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Figure 2. Total cross section of reactions that can produce F atoms
in the simulation.

based on the space resolved and time averaged source func-
tion, Sg(x), obtained from the PIC/MCC simulation:

0ng (x)
ox?

-D - SF ()C) ) (5)

where D is the diffusion coefficient of F atoms in CF, gas cal-
culated based on the Chapman—Enskog theory [67]:

o 186 10-373/2 (1 /Mg + 1/Mcg,) '/ ©
B (p/101325) 02,9 '

Here, T is the gas temperature in Kelvin (7 =300 K), p is
the pressure in Pascal, and My and Mcg, are the molecular
weights of F and CF,. The collision diameter o1, = (op +
ocr,)/2 is the arithmetic average of the Lennard-Jones col-
lision cross section of the F atoms (o = 2.968 A) and CF,
molecules (ocg, = 4.662 A) [68]. The dimensionless quantity,
Q, is determined by the depths of the Lennard-Jones potential
wells of F and CF, (ep = 112.6K,ecp, = 134K) [68]. With
these, equation (6) yields D = 0.2135m?s~! for the diffusion
coefficient, for the conditions studied.

The source function of F atoms, Sg(x), includes F atom gen-
eration by electron impact dissociative ionization and neutral
dissociation of CF, according to the processes listed in table 1,
in the PIC/MCC simulation. The total cross section of electron
impact reactions that produce F atoms in the model is given in
figure 2. Potential surface production of F atoms, e.g. via frag-
mentation of incident CF3+ ions, is neglected [69], because the
contributions of such wall production of F atoms to their dens-
ity in the volume is not known well. While this clearly rep-
resents a simplification, we expect the proposed advantages
of VWT to be functional even if such wall processes play an
important role, since VWT enhances the production of ions
in the volume, which will result in enhanced F atom produc-
tion at the surface. Instead we include an effective loss coef-
ficient (including reaction and recombination probabilities) of

F atoms at stainless steel surfaces of ajoss = 0.02 [70]. The fol-
lowing boundary condition of the third kind is used for solving
the diffusion equation for ng(x):

ng(x=0/L) |Ong
K | ox

(N

)
x=0/L

where k& = (2 — uoss )/ (V/30uoss ). Lis the collisional mean free
path of F atoms in CF, gas, which is calculated from the dif-
fusion coefficient using [71]:

4 m 12
I=— (") b
/3T (3kBTg) ®)

Based on the diffusion coefficient and this boundary condi-
tion, equation (5) can be solved to obtain the time-averaged
axial F atom density distribution, which is relevant for a variety
of plasma processes [11, 72]. Note that F atoms are not con-
sidered as part of the background gas in the simulation in this
work because of the low F atom density compared to the CF4
density. However, under other discharge conditions, e.g. at
high pressure, such neutral particles should be included via a
hybrid model. Furthermore, our simulations predict the global
energy cost of producing an F atom by electron impact dissoci-
ation, the physico-chemical model used to account for the pro-
duction and losses of F atoms is simplified. Depending on the
discharge conditions, the F atom production mechanisms may
include fragmentation of CF; ions at surfaces, F atom loss
processes may not obey a simple constant surface loss prob-
ability, and the recombination of CF, radicals in the volume
might play a role. As a result, some deviations between meas-
ured F atom densities and the predictions of our simulations
might occur. A careful experimental validation of these sim-
ulation results should, therefore, be performed in the future.

3. Results

This section is divided into two parts. In the first part, the
sources of the F atom generation and the axial distribution of
the F atom density calculated according to the stationary dif-
fusion model for the various types of excitation waveforms are
presented and discussed. In the second part, the energy cost /
energy efficiency of the generation of F atoms and the option
to control the F atom density separately from the ion energy at
the electrodes are compared and analyzed for different types
of driving voltage waveform shapes.

3.1 Generation and density profiles of F atoms

We present results for CCPs generated by low (13.56 MHz)
and high (67.8 MHz) single frequency sinusoidal driving
voltage waveforms, as well as for peak- and sawtooth-up
TVWs synthesized from different numbers of consecutive har-
monics of 13.56 MHz. For the cases of sinusoidal waveforms,
the voltage amplitude is the control parameter for the F atom
density and is varied in the range of 100—1000 V, while for the



Plasma Sources Sci. Technol. 33 (2024) 085006

X-K Wang et al

- e -c - -CF,

F - A -CF, - % -CF

8
| (@13.56 MHz
« -
_ -
lnE6 .;I'.
= -n _ -
T4 !
g "
£ 4 -9
g2 v
A -

— (c) Peak
< 4t
hE /.”-
:03 ',l it
- _m .,r’
22 P e o
E7) - L 2
S = .,.’
Al oY
g =R=
oL$=B=p- -k
0 2 4 6 8 10
N

20

- (b) 67.8 MHz P
; I =
£E . ~ o-®
o R 2
210 - :: =0

% - ’=: o

S 2

8- -$-9"
0 = = = = =
0 200 400 600 800 1000
#,(V)
25 T .

. (d) Sawtooth-Up |
@_20f .

=
E

=

17

=

[

A

Figure 3. Spatially and temporally averaged densities of various charged species as a function of the driving voltage amplitude at
13.56 MHz (a), 67.8 MHz (b) and of the number of consecutive harmonics used to synthesize the peak (c), and sawtooth-up waveform (d)

cases.

TVWs the number of consecutive harmonics of 13.56 MHz is
the control parameter and is varied from 1 to 10 with a fixed
peak-to-peak voltage of 600 V. The other discharge conditions
are 2.5 cm electrode gap and 4 Pa pressure.

The plasma density and electronegativity are fundamental
parameters of industrial interest. Figure 3 shows the spa-
tially and temporally averaged charged particle densities as
a function of the driving voltage amplitude for discharges
driven by single frequency sinusoidal waveforms in (a) and
(b), and as a function of the number of consecutive harmon-
ics used to synthesize the TVWs in (c) and (d). In the case of
13.56 MHz excitation, within the range of voltage amplitudes
between 100 and 1000V, CF3+ and F~ ions are the dominant
charged particles. The electron density increases with increas-
ing voltage, but remains below the F~ ion density, resulting
in a discharge of electronegative nature. These ion densities
decrease first when the voltage increases from 100V to 300V,
because the discharge is operated in the drift-ambipolar (DA)
mode [73], characterized by a low electron density and high
electric field in the plasma bulk. Increasing the driving voltage
amplitude within this range results in an increase of the elec-
tron density. This induces a mode transition from the DA- to
the a-mode, that results in an attenuation of the bulk electric
field and in a decrease of the electron energy. This, in turn
reduces the rates of ion generation and, thus, the ion dens-
ities decrease. Once the driving voltage amplitude is higher
than 300 V, the CF3+ and electron density increase, while the
densities of the other types of ions remain nearly constant as
a function of the voltage. The heating of electrons mainly ori-
ginates from the interaction with the expanding sheath, as will
be shown later in figure 11.

In single frequency plasmas operated at 67.8 MHz (see
figure 3(b)), electrons are always the dominant negatively
charged species and the discharge is electropositive. The dens-
ities of all species increase as a function of the driving voltage
amplitude. For the cases of peak- and sawtooth-up voltage
waveforms (see figures 3(c) and (d)), when the number of con-
secutive harmonics is small, e.g. N = 2 for the peak-waveform
and 4 for the sawtooth-up voltage waveform, the F~ ion dens-
ity is higher than the electron density. For high numbers of
consecutive harmonics, the electron density increases faster
than the negative ion densities, exceeding all negative ion
densities. The rapid increase of the electron density for the
TVW cases is related to the dynamics of the electron power
absorption, which will be analyzed in the next section.

Figure 4 shows the mean energy of CF;r ions at the powered
electrode as a function of the driving voltage amplitude (single
frequency cases) and the number of harmonics at constant
peak-to-peak voltage of 600 V (TVWs) as well as the DC self
bias as a function of the number of harmonics (TVWs). For
the single frequency cases the DC self-bias is zero independ-
ently of the driving voltage amplitude due to the geometrical
and electrical symmetry of the discharge. Increasing the driv-
ing voltage amplitude in the single frequency cases leads to
an increase of the mean ion energy, since the sheath voltages
are increased. For peak TVWs, increasing N enhances the
amplitude asymmetry of the driving voltage waveform so that
the absolute value of the DC self bias and the ion bombard-
ment energy at the powered electrode increase, while the ion
energy at the grounded electrode decreases (not shown). For
sawtooth-up TVWs, the DC self bias remains approximately
constant as a function of the number of harmonics used to
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Figure 5. Spatially and temporally averaged F atom generation rate as a function of the driving voltage amplitude at 13.56 MHz (a),
67.8 MHz (b) and of the number of consecutive harmonics used to synthesize the peak-type (c), and sawtooth-up waveforms (d). The

numbers in the legend refer to the respective process in table 1.

synthesize the driving voltage waveform, because there is no
amplitude asymmetry for this waveform shape. Increasing N
changes the slope asymmetry, which leads to a faster sheath
expansion at the powered and a slower sheath expansion at the
grounded electrode. However, due to the low pressure and the
non-local electron dynamics this does not have a strong effect
on the plasma symmetry and, thus, only small values of DC
self-bias are observed, which are caused by the slope asym-
metry of the driving sawtooth waveform.

There are various processes through which F atoms can be
generated in CF, plasmas. From the list of electron-neutral

collisions considered in the model and listed in table 1, disso-
ciative ionization and neutral dissociation are the primary pro-
cesses. The spatially and temporally averaged reaction rates
of each reaction with the product of an F atom are shown in
figure 5. For the single frequency cases in figures 5(a) and
(b), all the reaction rates increase as a function of the driving
voltage amplitude, and in TVW driven plasmas, all the reac-
tion rates increase as a function of the number of consecutive
harmonics at a fixed peak-to-peak voltage of 600 V. Note that
dissociative ionization, process (6), resulting CF;r as a product
is the most important reaction to produce F atoms, followed by
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Figure 6. Time averaged total F atom generation rate profiles at different driving voltage amplitudes at 13.56 MHz (a), 67.8 MHz (b) and
for different numbers of consecutive harmonic used to synthesize the peak-type (c), and the sawtooth-up driving voltage waveforms (d).

neutral dissociation, process (15), because of their large cross
sections.

The spatial distributions of the various F atom generation
rates for the different types of driving voltage waveforms are
shown in figure 6. The total generation rate of F atoms is
obtained by summing up all the individual reaction rates that
produce F atoms. For reactions that produce more than one
F atom, the reaction rate is multiplied by the number of the
generated F atoms. In figures 6(a) and (b), the spatial profile
of the F atom generation rate is symmetric for the sinusoidal
driving voltage cases. For the 13.56 MHz case, when the driv-
ing voltage amplitude equals 100 V, the maxima of the F atom
generation rate are located at the sheath edges because of the
high ionization rate caused by the energetic electrons accel-
erated by the local ambipolar electric field. With the increase
of the driving voltage amplitude, the F atom generation rate is
enhanced, but the plasma bulk region is compressed, resulting
in a narrow F atom generation rate profile and a ‘volcanic-
cone’-like shape. At a driving frequency of 67.8 MHz, the F
atom generation rate almost fills the entire space between the
electrodes because of the compressed sheath regions caused by
the high plasma density. The rate also increases as a function
of the driving voltage amplitude. For the TVW cases shown in
figures 6(c) and (d), the F atom generation rate becomes asym-
metric at higher numbers of consecutive harmonics used to
synthesize the TVW, i.e. the generation of F atoms is stronger
near the powered electrode compared to the grounded elec-
trode. This asymmetry is stronger for the peak-type compared
to the sawtooth-up case, since the DC self-bias in the peak-
type voltage waveform driven plasma is higher than that in the

case of the sawtooth waveform as shown in figure 4(b). The
increase of the F atom generation rate towards the powered
electrode (x = 0), shown in figure 6(c), is caused by energetic
electrons accelerated towards this electrode by a reversed elec-
tric field during the local sheath collapse, which will be dis-
cussed in more detail later in figure 12.

Based on the stationary diffusion model, the F atom gen-
eration rate shown in figure 6 can be used as input parameter
to determine the axial F atom density profile. Figure 7 shows
the axial distribution of the F atom density for the three dif-
ferent driving voltage waveforms. The F atom density is in the
same order of magnitude as that obtained experimentally at
similar discharge condition in [21], which verifies the accur-
acy of our computational results. For the sinusoidal driving
voltage waveform cases, the F atom density increases with
the voltage amplitude and its distribution exhibits a more pro-
nounced central peak at 13.56 MHz compared to the 67.8 MHz
case due to the volcanic-cone-like shape of the F atom gen-
eration rate in the former case. In figures 7(c) and (d), the F
atom density increases with the number of harmonics, while
the peak-to-peak driving voltage remains constant. Similar to
the axial profile of the F atom generation rate, there is also an
axial asymmetry of the F atom density profile, i.e. the dens-
ities are slightly different at both electrodes. However, this
asymmetry of the F atom density is small and can hardly be
noticed due to the relatively weak asymmetry of the profile of
the F atom generation rate and the large distance of its max-
imum from the adjacent electrode at the low pressure used
in this work. A higher F atom density develops in the peak-
type driving voltage waveform case attributed to the higher
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constant peak-to-peak voltage.

F atom generation rate near the sheath region caused by the
faster sheath expansion and the reversal of the electric field
during the sheath collapse, which will be discussed in more
detail later (see figure 12). In these four cases, the density of
F atoms is highest in the 67.8 MHz single frequency case, fol-
lowed by the peak waveform case. However, for applications
the pursuit of a high F atom density to enhance the etch rate is
one aspect, but the issue of energy efficiency for the genera-
tion of this radical is another important aspect. Moreover, the
F atom density should ideally be controlled separately from
the ion energy and high driving voltages at high frequencies
should be avoided to prevent electromagnetic effects, that can
induce non-uniformities. Therefore in the next subsection, the
energy cost / energy efficiency of F atom generation and its
separate control from the ion energy will be discussed.

3.2. Effects of the driving voltage waveform shape on the
energy cost / efficiency of F atom generation and its separate
control from the ion energy

Figure 8 shows the space and time averaged power absorbed by
each charged particle species separately and the total absorbed
power as a function of the driving voltage amplitude for the
single frequency cases in (a, b), and as a function of the num-
ber of consecutive harmonics at fixed peak-to-peak voltage
of 600V for the TVWs in (c) and (d). For each species the
absorbed power (P;) is obtained based on their current density
(/;) and the electric field E as P; = J; - E, where j indicates the
type of species. With the increase of the driving voltage amp-
litude or the number of consecutive harmonics, the absorbed

power of all charged species is enhanced. For the single fre-
quency cases, the total absorbed power increases faster at
higher voltage amplitudes, which is mainly due to the power
absorption by positive CF;r ions in the sheaths. However, most
of the energy absorbed by these ions is lost at the electrodes,
when the ions hit the boundary surfaces, and is not used for the
generation of F atoms. As shown in figure 8(b), an increase
of the voltage amplitude at the high frequency of 67.8 MHz
can more significantly increase the electron power absorption
through the interaction of electrons with the rapidly expand-
ing sheaths compared to that in the lower frequency scenario.
This leads to a high ionization rate during the sheath expan-
sion as shown in figure 11 and explains why the electron and
F atom densities are the highest in this case. At the same time,
the power absorbed by the ions also increases significantly.
Thus, increasing the electron and F atom density by increas-
ing the driving voltage amplitude in single frequency CCPs
comes at the cost of dissipating a high fraction of the total dis-
sipated power to the ions rather than the electrons. According
to figures 4 and 7 tuning the driving voltage amplitude does
not allow to separately control the F atom density and the
mean ion energy at the electrodes. This high power absorbed
by the ions due to the high sheath voltages (caused by the high
driving voltage amplitude) cannot be used to accelerate elec-
trons to high enough energies to generate F atoms via high
energy threshold electron-neutral collisions. For some applic-
ations, e.g. reactive ion etching or high aspect ratio etching,
the presence of highly energetic ions is required in addition
to the presence of high radical fluxes so that increasing the
driving voltage amplitude to some extent is useful for this
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purpose. However, often the ion energy must be above a certain
threshold value and increasing it further is not useful, while
the radical fluxes should be enhanced as much as possible.
Generally, separate control of the flux of energetic ions, their
energy and of the flux of radicals to the wafer is desirable, but
cannot be achieved by simply increasing the driving voltage
amplitude.

For the TVWs, the situation is very different, since the con-
trol parameter is not the driving voltage amplitude, but the
waveform shape, which is controlled by changing the number
of consecutive harmonics (and the harmonics’ phases). In this
case, the power absorbed by all the charged particles increases
as a function of the number of harmonics. In the case of the
peak-type waveform, as shown in figure 8(c), a similar frac-
tion of the total dissipated power is absorbed by the electrons
and the CF3+ ions—in strong contrast to the single frequency
scenarios. And for the case of the sawtooth-up waveform, as
shown in figure 8(d), the power absorbed by electrons will
even exceed that of CF;r ions, if the number of harmonics is
larger than 5. Based on figures 4 and 7 separate control of the
F atom density and mean ion energy by tuning N is possible
for the sawtooth waveform.

Based on the F atom generation rate, shown in figure 5,
and the total absorbed power density, shown in figure 8, the
energy required to generate a single F atom can be determ-
ined as the ratio of the power density to the F atom generation
rate, &g, representing the energy cost required to produce an
F atom. The dependencies of £ on the driving voltage amp-
litude (single frequency cases) and the number of harmon-
ics (TVWs) are shown in figure 9(a). As the generation of

F atoms is mainly determined by collisions of electrons with
the neutral gas, the energy cost of the generation of a single
electron is also determined as &, and shown in figure 9(b).
Based on figure 9(a), the energy required for generating an
F atom increases as a function of the driving voltage amp-
litude for the single frequency cases for both the low and
high driving frequency, with the latter being somewhat more
effective. This is mainly caused by the enhanced power dis-
sipation to ions at higher driving voltage amplitudes due to
the higher sheath voltages. However, for the TVW cases, the
energy cost to produce an F atom decreases as a function of
the number of consecutive harmonics. The dependence of &,
on the driving voltage amplitude and the number of harmon-
ics is similar to that of £g. As the fraction of the total energy
absorbed by the electrons is highest in the sawtooth-up case
(see figure 8(d)), the energy cost to produce an electron or an
F atom is minimum for this driving voltage waveform shape,
i.e. the energy efficiency for producing electrons and F atoms
is highest. For the TVWs, the energy cost of F atom gener-
ation decreases as a function of the number of consecutive
harmonics used to synthesize the TVW. We note that a low
number of consecutive harmonics, &, is sufficient to realize
a high energy efficiency. As the peak-to-peak driving voltage
and the DC self bias remain essentially unchanged for the saw-
tooth waveforms, the ion energy is approximately constant as
a function of the number of harmonics (see figure 4). Thus,
the F atom flux to the electrodes can be controlled separately
from the ion energy by adjusting the shape of this driving
voltage waveform in contrast to the standard single frequency
discharges.
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The reaction threshold electron energies related to the gen-
eration of F atoms are relatively high (> 12eV) as shown in
table 1. The effects of the driving voltage waveform shape
on the energy cost of F atom generation can be understood
based on the analysis of their effects on the EEDF, which
is controlled by the spatio-temporal dynamics of energetic
electrons [74]. Figure 10 shows the normalized EEDFs aver-
aged over different spatio-temporal regions of interest (ROI),
which are indicated by rectangles in the spatio-temporal plots
of the ionization rate in figures 11 and 12. These regions con-
tain the maximum of the ionization rate during sheath expan-
sion, i.e. within these ROIs energetic electrons are present that

cause F atom production. And it is selected in a way that the
region covers one quarter of the sheath expansion phase and
one eighth of the distance between the electrodes. Note that
in the sinusoidal cases, the size of the ROIs is, thus, the same
in all cases, while in the TVW cases, the size of the ROIs is
different because of the different duration of the sheath expan-
sion phase. We can see that dissociative ionization is the dom-
inant source of F atoms, i.e. the ionization rate reflects the F
atom generation rate. Note that the EEDFs for N = 1 in the
TVW cases correspond to the EEDF for the 13.56 MHz single
frequency case at 300 V. As shown in figure 11, the ioniza-
tion rate distributions are symmetric in space and time for the
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single frequency scenarios. For the 13.56 MHz case, at the low
voltage of 100V, the discharge is operated in the DA mode and
the maximum ionization rate occurs at the edges of the col-
lapsing sheaths because of the high local ambipolar electric
field in this strongly electronegative plasma. Within the ROI
used to extract the EEDEF, which is located on the bulk side of

35—].

the sheath edge at the powered electrode during its expansion
phase, there are only a few high-energy electrons for a driving
voltage amplitude of 100 V, which leads to a weakly populated
high energy tail of the EEDF as shown in figure 10(a), because
the discharge is operated in the DA-mode. Above 300V the
discharge operation mode changes to a hybrid mode, which is
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dominated by the a-mode with the ionization maximum loc-
ated near the expanding sheath edges. A beam of energetic
electrons is generated by ambipolar electron power absorption
during sheath expansion that propagates into the plasma bulk
due to the long electron mean free path at low pressure and
the drift electric field in the bulk. Therefore, the high-energy
tail of the EEDF is populated more strongly within the ROI
used to analyze the data. After the discharge mode transition,
with the increase of the driving voltage amplitude, the ioniza-
tion rate is enhanced because of the increased electron density,
but the electron power absorption dynamics does not change.
Thus, as shown in figure 10(a), besides the change of the EEDF
caused by the mode transition, i.e. the more enhanced high-
energy tail when the voltage is higher than 300 V, the depend-
ence of the EEDF shape on the voltage is limited. The fraction
of high-energy electrons among all electrons does not increase
as a function of the voltage, so that the energy cost of produ-
cing electrons and F atoms cannot be decreased in this way. In
fact, with the increase of the driving voltage amplitude, more
energy is dissipated to the ions causing the energy efficiency
of F atom production to decrease. A similar scenario occurs
in the case of 67.8 MHz. With the increase of the voltage, the
maximum ionization rates at the expanding sheath edges are
enhanced, but the electron power absorption dynamics is not
changed, showing a marginal effect on the EEDF shape (see
figure 10(b)).

The situation is different for TVWSs, which allow to con-
trol the spatio-temporal distribution of the ionization rate effi-
ciently at constant peak-to-peak voltage as shown in figure 12.
The asymmetry of this ionization rate distribution is enhanced
by increasing the number of harmonics, N, which changes the
shape of the driving voltage waveform in a way that induces a
faster expansion of the sheath near the powered electrode. For
the peak waveform case, as shown in the first row of figure 12,
if the number of driving harmonics is higher than 1, ioniza-
tion will mainly occur in the first half of the RF period dur-
ing the fast sheath expansion near the powered electrode. A
weak ionization rate maximum can also be seen near the upper
(grounded) electrode when the adjacent sheath expands. As
the number of driving frequencies is increased, the spatio-
temporal ionization maximum at the bottom electrode during
sheath expansion gets stronger, since the driving voltage wave-
form induces a faster local sheath expansion. A weak local
ionization maximum also appears in the lower right corner of
the spatio-temporal distributions, when the sheath collapses in
figures 12(a2)—(a5) caused by a local electric field reversal, of
which one is indicated by a white arrow in (a5). Within the
region of interest indicated by the dashed rectangle, when the
sheath at the powered electrode expands, the use of a peak-
waveform effectively enhances the power absorption of elec-
trons, producing a higher number of energetic electrons that
can generate new electrons via ionization and F atoms by ion-
ization and dissociation. Ultimately, this leads to an enhance-
ment of the high-energy tail of the EEDF especially at around
100eV being at the position of high cross section of reac-
tions that produce F atoms as shown in figure 2 in this ROI in

figure 10(c) and a significant enhancement of the energy effi-
ciency of F atom and electron generation by controlling the
EEDF shape by voltage waveform tailoring.

For the case of the sawtooth-up waveform, as shown in the
second row of figure 12, a similar effect of increasing the num-
ber of driving frequencies is observed, i.e. the ionization max-
imum at the bottom powered electrode during sheath expan-
sion is enhanced. Correspondingly, as shown in figure 10(d),
the high-energy tail of the EEDF is enhanced at higher num-
bers of harmonics and the energy cost of F atom produc-
tion is decreased. Compared to the peak-waveform case, an
even lower energy cost is observed. This is caused by the fact
that the high energy electrons generated by the fast sheath
expansion near the powered electrode are confined better in
the sawtooth-up as compared to the peaks-waveform case. As
shown in figure 12 the beam of energetic electrons reaches the
opposite grounded electrode during the local sheath collapse
in case of the peaks-waveform, so that many energetic elec-
trons are lost at this boundary surface. Due to the particular
shape of the peaks-TVW, the sheath is collapsed for a long
time within each fundamental RF period at the grounded elec-
trode. This is different from the sawtooth case, for which the
duration of the sheath collapse at this electrode is shorter so
that some of the energetic beam electrons are reflected back
into the bulk when the sheath expands immediately after the
sheath collapse, i.e. less energetic electrons are lost to this elec-
trode. This is a consequence of the different shape of the driv-
ing voltage waveform. In parallel the peak-to-peak voltage and
the DC self bias remain constant so that the ion energy at the
electrodes does not change much.

Overall, for applications a high density and flux of F atoms
is typically desired, while ensuring an optimum energy effi-
ciency of F atom generation. Based on figure 7, generating
an F atom density of about 2.5 x10'"® m—3 requires a driv-
ing voltage amplitude of 900 V in a classical 13.56 MHz CCP
and results in an energy cost of about 200 eV per F atom (see
figure 9). The same F atom density can be realized based on
a peak-waveform synthesized from 4 consecutive harmonics
of 13.56 MHz with a much lower cost of only about 75eV
per F atom. High F atom densities can also be generated
in single frequency discharges driven by higher frequencies
at reasonable energy cost. However, as long as the control
parameter for this radical density is the driving voltage amp-
litude or power, changing this control parameter will affect
the ion energy and the energy efficiency of producing this
radical drastically. Thus, better separate control is realized
by using TVWs, especially sawtooth waveforms, where the
peak-to-peak voltage can be kept constant. Moreover, using
high voltage amplitudes in single high frequency CCPs can
result in radial plasma non-uniformities due to electromag-
netic effects. While still containing high frequency compon-
ents, their amplitudes are lower for TVWs compared to single
high frequency waveforms and such detrimental effects might
be less pronounced. Generally, our results show that TVWs
provide advanced control and flexibility for plasma processing
applications.
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4. Conclusions

RF discharges operated in low pressure fluorine-containing
gases are widely used for the etching of SiO, in microelec-
tronic circuit fabrication. In the etching process, atomic flu-
orine plays a crucial role in forming volatile products, such
as SiFy, thus etching the substrate. The F atom density is an
important parameter which affects the etching rate.

In this work, we studied the main channels of F atom gen-
eration and the energy cost / energy efficiency of F atom gen-
eration in the presence of different driving voltage waveform
shapes, i.e. sinusoidal waveforms with low (13.56 MHz) and
high (67.8 MHz) frequency, peak and sawtooth-up TVWs, in
capacitively coupled CF,4 plasmas by using a PIC/MCC sim-
ulation combined with a stationary diffusion model for the
calculation of the F atom density profile. In both sinusoidal
voltage waveform cases, the voltage was varied from 100V to
1000V, and in the TVW cases, the peak-to-peak voltage was
fixed at 600 V and the number of the harmonics composing the
waveform was changed from 1 to 10 to tailor the waveform
shape. The other discharge conditions were kept constant at
4 Pa pressure and 2.5 cm electrode gap.

Our results demonstrate that in CF; plasmas electron
impact ionization and neutral dissociation with the production
of CF;' ions and CF; molecules, respectively, are the main
channels of F atom generation. In the cases of sinusoidal driv-
ing voltage waveforms, the rates of all the reactions that can
produce F atoms and the F atom density exhibit a symmetrical
axial distribution and are enhanced by increasing the voltage
amplitude. The energy cost of F atom and electron generation
was found to increase as a function of the driving voltage amp-
litude, since more energy is absorbed by the ions due to an
increase of the sheath voltages. The EEDF shape cannot be
controlled efficiently in this way and no separate control of
the ion energy and the F radical flux can be realized.

However, TVWs were found to result in a lower energy
cost of F atoms and electron production as well as in more
advanced control options. Applying peaks- and sawtooth-up
waveforms synthesized from different numbers of consecut-
ive harmonics of 13.56 MHz was found to induce asymmetric
ionization dynamics. The ionization rate during the fast sheath
expansion phase near the powered electrode was enhanced as
a function of the number of driving harmonics, since the shape
of the driving voltage waveform induces a faster local sheath
expansion. This increase in energy absorbed by electrons res-
ults in an enhancement of the high-energy tail of the EEDF
in the region of maximum ionization. This was found to lead
to an increase of the generation rate of electrons and F atoms
and a better energy efficiency of their production at constant
peak-to-peak voltage. For sawtooth-up waveforms, the mean
ion energy at the electrodes remained constant so that separ-
ate control of the F atom density and the mean ion energy via
Voltage Waveform Tailoring is possible. The lowest energy
cost occurred in the sawtooth-up case because of the better
confinement of high energy electrons compared to the peak
case.

We demonstrated that TVWs can efficiently control the
dynamics of energetic electrons and provide a lower energy

cost of the F atom generation as compared to classical single
frequency CCPs as well as separate control of the F atom dens-
ity from the ion energy. We expect that the F atom density
and flux generated with low energy cost by TVW driven plas-
mas and the advanced control options can improve the energy
efficiency and control of plasma processes and serves as an
example of knowledge-based plasma process development and
improvement.
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