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A global zero-dimensional (0D) model has been developed to describe the Clg/Ar plasma discharge in dynamic
mode. Our model computes the time evolution of the plasma composition under conditions similar to fast-
paced plasma processes, such as Atomic Layer Etching (ALE), characterized by alternations in the feed gas.
The study focuses on calculating the densities of charged and neutral species for various gas switch durations,
(ts). Simulations demonstrate the impact of gas switching time (ts) on the temporal evolution of Cly, Cl, and
ion densities, as well as the electron temperature (Te) during the gas switch. A parametric study reveals that
the temporal evolution of T, can be represented by a semi-empirical exponential law during the transition
from a pure Cly plasma to Ar as a function of (t5). During the gas switch, the extinction of chlorinated
species, which play a crucial role in the adsorption step in ALE, persist during the argon plasma phase. The
duration of this extinction decreases with longer ts. Finally, our model shows a good reproducibility of ALE
cycles modeled for the chosen input parameters, including the densities of neutral and charged species and
Te, relative to the ALE period. This work aims to provide insights into the kinetics of transient plasmas
occuring in ALE cycle ALE cycle, the importance of purging, and lifetime residual species, such as residual

chlorine in a plasma with pure argon.

INTRODUCTION

Plasma etching processes are widely employed in the manufacturing of electronic and optoelectronic devices such

as microprocessors, memory circuits, and amplifiers.! Advancements in scaling down these devices demand a higher

level of precision in pattern transfer while minimizing structural defects, especially within the devices’ active zones.

For instance, the electrical performance of GaN-based High Electron Mobility Transistors (HEMTS) heavily relies on



minimizing the morphological and stoichiometric defect density introduced during the etching steps for gate formation
between the drain and the source.?. Plasma Atomic Layer Etching (ALE) emerges as a promising alternative, capable
of meeting such stringent specifications.?. Plasma ALE is a cyclic etching process designed to precisely etch only one
monolayer of a target material per cycle. An ideal plasma ALE cycle comprises two self-limiting half-reactions enabled
by alternating gas pulses, often separated by purge steps. The first half-reaction involves the surface modification
of the uppermost atomic layer of the material, through the adsorption of neutrals and radicals from a reactive gas-
based plasma. The second half-reaction involves the controlled and selective removal of the previously modified layer
without damaging the underlying unmodified layers. This second reaction is often achieved by controlled energetic
ion bombardment from a rare gas plasma.*”” Most reported ALE processes also utilize the rare gas from the second
half-reaction as a purge gas while maintaining the plasma discharge during the purge steps that separate the two
half-reactions.® Such process entails the continuous exposure of the material surface to plasmas. Since ALE is ideally
control at the atomic-scale, plasma deviation has the potential to impact the process, particularly when ALE steps
are conducted in disparate plasma media. While a global model has been developed in steady-state for a constant
plasma mixture, the species densities can be tracked for gas pulsed plasmas in a dynamic mode. Plasma of varying
composition during the transitions occurring from the modification to the first purge step, that we will refer to
transient plasmas, could alter the controlled modification reactions by over-exposing the surface to unquantified or
undesired fluxed of modifying species. In particular, the densities and residence time of the species (neutrals, ions
and radicals) in these transient plasmas have to be investigated. On the other hand, these varying fluxes of modifying
species could be integrated into the overall surface modification scheme as recently proposed by Fathzadeh et al for the
concept of Transient-assisted plasma etching.? This work aims to model low-pressure plasma discharges composition

during these transitions occurring in ALE process and could highlight the possible sources of deviation processes.

ALE of various materials of choice for the microelectronics industry has been achieved with chlorine based
chemistries: Cly or BCl3 as a source of reactive species for the modification step while a rare gas based plasma

like argon is used for the ion bombardment step.310:11

Several studies have been carried out to model low-pressure plasma discharges based on chlorine. Notably, 2D models

12715 providing information about the

employing a fluid approach for modelling Cls plasmas or Cla-based mixtures ,
spatial variation of electron density, ion and neutral densities at the plasma phase, as well as the electron temperature.

These approaches while providing a detailed plasma description are still time-consuming. Other works also focus on

plasma kinetic models of Clo-based mixtures using a global approach have been developed.!6723 All of those studies are



mainly carried out for modelling Reactive Ion Etching (RIE) processes of silicon or IT1I-V materials such as InP.'® The
main advantage of a global kinetic model is its ability to use a quite extensive reaction scheme occurring simultaneously
at the plasma discharge. The computational run using such approach is much faster compared to those using the
fluid model'?13 or a Particle In Cell (PIC) one.?4 26 In Inductively Coupled Plasma (ICP), most of the global kinetic

models have been developed in the radio-frequency domain with a continuous feed gas injection.

To date, global models have been well used to determine the plasma composition at plasma reactor parameters,

which have been first designed to describe plasma in steady-states conditions.!”:23

In this present study, we propose a dynamic global model of Cly/Ar plasmas that follows the evolution of the plasma
over time during a complete ALE cycle, adsorption, purge, activation and purge while modelling the feed gas switch
overtime. The global kinetic model is applied for an alternating feed gas Cla/Ar to simulate the ALE conditions (Cla

plasma discharge to Ar)

Il. COMPUTATIONNAL MODEL

As described in the previous section, the 0D global approach is used to model Clg/Ar plasma kinetics. Details of

17-19,27

our global kinetic model are presented in previous works where simulations are performed only in stationary

conditions for Cly/Ar plasma mixture.

The model used in this work has been upgraded from the last version published in the work of Le Dain et al.?”
Whitout any modifications in the reaction scheme. Consequently, the pressure is calculated at each time step, and
self-consistent to the value of the first input. Firstly, the model is used to calculate plasma parameters and densities
for various Cla/Ar compositions in steady-state conditions. It is then employed to calculate plasma properties of
transient Cla/Ar plasma where the feed gas composition varies over time in dynamic mode of the global model. It
allows investigating the kinetic of the transient plasma occurring during the transition from an ALE modification step
(i.e. a pure Clp plasma) to the purge step (i.e. a pure Ar plasma). Afterward, it is applied in ALE conditions by
studying the temporal transition from a pure Clg to a pure Ar plasmas, modelled as a temporal feed gas switch. The

kinetic model relies on the continuity equations for each neutral and ion species under consideration:17-18
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where, the first term corresponds to the inlet feed gas. In our case, §; = 1 for i = Cla, Ar and §; = 0 for the other
species. x;(t) is time evolution of the flow rates fraction of both Cly and Ar, V' is the reactor chamber volume and @ is
the total flow rate. Fig. 1 presents one example of the x¢y, (t) and x 4,(t) time evolution which allows the simulation
of the transition from a pure Cly plasma to a pure Ar plasma. The 2"¢ and 3"? terms correspond to the loss and the
production rate of the species ¢ by electronic impact where k,; are the reaction coefficients of reactions [ by electronic

impact.

To calculate the reaction coefficients by electronic impact, the Boltzmann equation has to be solved. Electron
impact reaction coefficients by electronic impact depend on the effective cross-sections extracted from the literature.

The reaction coeflicients are calculated using the following formula:

inf
B(TL) = (o(e)ve) /0 \/Za(e)f(e,Te)de (2)

where T, is the electron temperature, v, is the electron velocity, m, is the electron mass, f(e) is the electron energy
distribution function (EEDF), and € is the electron kinetic energy. In this study, the electron impact reaction
coefficients are determined by approximating the EEDF with a Maxwellian distribution. The latter is expressed as a

function of energy and electron temperature Te:

8 3 €
gt e (—qTe) 3)

fle,Te) =

By integration Eq. 2, k(Te) associated to all electronic impact reactions are obtained.
The 4" and °*" terms represent the loss and production rates by reactions of the considered species i —m and m —1
respectively, where kp,;/k.,; is the associated kinetic coefficient calculated as a function of the gas temperature, Ty.

7th

The 6" term corresponds to the loss rate of species i on the reactor walls and the is the production term of the

reaction wall where ks; is the surface reaction coefficient of species [. Such coefficients are calculated, for the neutral



species, as a function of the diffusion coefficient using Chantry theory.?® The last term corresponds to the loss term of

species ¢ by pumping. The real time plasma pressure p, according to the ideal gas law as the sum of partial pressures,

is given by:

p=kpTyy ni (4)

where n; corresponds to all of the distinct species densities in the gas, kg is the Boltzmann constant and T is the
gas temperature. As the heating equation is not included in our model for the estimation of the gas temperature,
we use a semi-empiric relation where the gas temperature is a function of the plasma pressure and the RF power,

detailed in previous work from Thorsteinsson et al.??
The charge neutrality equation is added to self-consistently determine the electron density:
ne+Snsy = Yne o)
j i
where n_ ; and n4 ; are the densities of negatives j and positives i ions respectively.

Finally, a power continuity equation is considered to determine the electron temperature T, by the following

equation:

A(3qTene) _nPrr

ot Vv (Pev + Pew + PIons,w) (6)

Where, ¢ is the electron charge, Prp is the RF source power applied to the antenna and 1 = 0.9 is the estimated
effective power fraction absorbed by the electrons. Pey, Pew and Prons are the power losses between the electron-
neutral, electron wall and ion wall collisions respectively. P, is determined by considering electron-species collision.

The term Pe rons,w = Pew + Prons,w is calculated by considering the average energy per electron or ion respectively

during a collision with the reactor walls.
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In Eq. 7, €+, and € are the threshold energies for ionization and excitation of species j to species i or
respectively. M is the mass of the neutral species j and m, is the mass of an electron. For equation 8, €rons,w,j
and €¢q are respectively the average energies lost by ions and electrons at the reactor walls. In this global model,

€Tons,w,j and €eyy are approximated by 2¢T. and 6¢T: respectively. Ions energy is set constant at 0.5 ev.16

As previously mentioned, we implemented a dynamic mode in our 0D plasma model especially during the transition
from a pure Cly plasma to a pure Ar one. As a first approximation, we consider a linear time ramp corresponding
to a change in the feed gas composition of the Cly/Ar while maintaining a constant total flow rate. The linear
temporal progression from pure Clg to pure Ar plasma starts at tgy, and ends at tge, leading to a switch duration of
ts=tse-tsh-Experimentally, ts can vary from few milliseconds to the second. It is relevant to study the plasma kinetic
for ts= [0.001:4] s. Others functions such as step-by-step or exponential could also be good approaches in regards of
a mass flow meter’s time response.

The steady-state condition is reached when the plasma properties represented by ni, ne and Te reach constant

values with time, i.e. Z5t = S =

38Tte =0. In dynamic mode, employed to investigate transient plasma arising from

feed gas switching from pure Cly to pure Ar, the plasma properties are reported as time dependent functions as the

P . on; __ One __ 0T,
balance equations are non-null, i.e. St = ¢ = 3¢ # 0.

According to Eq. 4, the residence time is calculated considering the instantaneous pressure fluctuation due to the

time variation of the total particle density:
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FIG. 1: Representation of the time evolution of %Cly and %Ar, percentage of Cly and Ar of the total flow rate
respectively during the feed gas switch from tgp, to tge. This occurs during the transition between modification step
(Cly plasma) and purge/activation step (Ar plasma). Total flow rate remains constant.

where n;(t) is the instantaneous neutral or ion density, T is the gas temperature and kg is the Boltzmann constant.
The variation of 7p with time induces a long calculation time compared to the previous model version where the
residence time was determined from the initial pressure input of the calculation. The global model is coded in
Fortran77, and the nonlinear differential equation system is solved using a LSODE, the Livermore solver for ordinary

differential equations.3°

I1l.  RESULTS AND DISCUSSIONS

A. steady-state conditions

Plasmas modeling has been widely studied since thirty years.'® Firstly, simulations have been performed for various
Cly/Ar plasma mixture in steady-state condition composition in order to validate our reaction scheme and improved
model. Results are compared with the modeling and experimental works of Efremov et al.?? and Thorsteinsson et
al.??

Figure 2 presents the charged and neutral densities as well as the electron temperature as a function of %Cls in
Cly/Ar plasmas in steady-states conditions for Prp = 800 W, total flow rate Q = 60 sccm, pressure p = 1.33 Pa and
wall temperature Ty, = 300 K.

The electron density increases from 7.6 x 101 em™ to 3.1 x 10! ¢cm™ when decreasing %Cly. Cls is an electroneg-
ative gas for which dissociative attachments upon electronic collisions can occur at relatively low energy,3! leading to

a steady increase of the Cl- density, which becomes the main negative species for %Cly above 60%.



(a) — a,  — At o (b) —a, — A
" — I _— M — — T
10 I | I I ] I
s 101 2 1014
R
g S
ko) ]_010_ ,1.)
% @ 1 13
- 5 10
o) =
=109 )
O Z
108 | | | | 1012 .
100 80 60 40 20 0 100 80 60 40 20 0
%Cl, %Cly

FIG. 2: Species densities for steady-state simulations of Cly/Ar plasma at p = 1.33 Pa, Prp = 800 W, Q = 60
scem and Ty, = 300 K,(a) charged species and (b) neutrals and Te.

The electron temperature T, increases from 2.34 €V to 3.02 eV as the %Cly decreases. For chlorine rich plasma, i.e.,
above 60%Cly, a significant part of electrons energy is dissipated through electronic collisions: dissociation and/or
excitation processes, such as rotational and vibrational excitations of Cly, leading to an overall decrease of electrons
kinetic energy i.e., Te. Owing to the high T, and ne, the dissociation of Cly into CI radicals is enhanced in argon
rich plasma as reported in Fig. 3. The Cl1t density increases with the diminution of %Cls until reaching a maximum
around 20%Cl,. This is due to the increase of ne and Te for lower %Cls, leading to an increased ionization rate of
Cl and dissociation rate of Clg, even though Cl and Cly densities continue to decrease with the diminution of %Cls.
In the [60-10] %Cls interval, C1T is the dominant positive ion, while for %Cly < 10%, Ar™ is the dominant ion and
for %Cly > 80%, Clyt is dominant. Conversely, Cl~ density increases with %Cly and exceeds ArTdensity for %Cly >

40%.

We report in Fig 3-a, the main kinetic coefficients for the Cls dissociation reaction by electronic collisions versus Te.
At T, lower than 1eV, the dissociative attachment is favored, but significantly decreases at higher T. For T, above
1eV, the others dissociation reactions are amplified as T, rises. Such trends are the main phenomena responsible for
the high Cl density observed for Ar rich plasma (see Fig. 2). On the other hand, the decrease of T, for Cly rich
plasma lowers Clg dissociation efficiency.

1.23

Figure 4 reports normalized densities from Efremov et al.“®, reported as cross markers for densities measured by
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FIG. 3: (a) Kinetic coefficients of Cly dissociation reactions by electronic impact versus Te at p = 1.33 Pa, Prp =
800 W, Q = 60 sccm and Ty, = 300 K. (1) Clz + e — 2Cl + e, (2) Cly + e — CIT + CI + 2e, (3) Cly + e — CIT +
ClI' + ¢,(4) Cly + e — Cl + CI', (b) dissociation rate of Cly against the feed gas composition for the same

parameters.
xXx Efremov QMS -_Cl —_ L
+  Efremov model —_— Cly Ar

—_—

—~ 2.0

= | | | | |

S

s 1.5

O

=

2 10

@

o

T 0.5

Q

N

‘g

g 0.0

~

o

S _p5 L | | | | |
100 80 60 40 20 0

%Cly

FIG. 4: Comparison of QMS measurements and simulation results of densities from Efremov et al.?3 in Cly/Ar
plasma with our model set at identical input parameters ( Prp = 700 W and p = 0.53 Pa ). Solid lines: our
computational results, dashed lines: computational results from Efremov et al.23 and markers: QMS results

Quadrupole Mass Spectroscopy (QMS) and as dashed lines for simulated ones. Results of our computational work
are also presented for identical inputs conditions, reported as solid lines. Each density has been normalized to their
own maximum. Chlorine densities have been normalized by their values calculated or measured at 100%Cls, similarly

argon ion density has been normalized by its value calculated or measured at 0%Cls.
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The normalized ClT density obtained from our model progressively increases as %Cly decreases up to reaching a
maximum at 25%Clg, and then gradually decreases up to 5%Cls and finally collapses as the composition tends towards
0%Cly. The normalized C1T density from our calculation departs from the normalized calculated Cl, density from
Efremov model, but follows a similar trend as their experimental results. The difference between the two normalized
calculated densities may originate from a higher dissociation of the Cly in low %Cls supported by higher n. and
T in our calculation. In addition, our model considers Cl recombination into Cly in volume and additional volume
reactions Cl comparing with Efremov reaction scheme (see R52-R53 in reaction scheme). The latter may lead to a
higher Cl; dissociation degree especially at low %Cls favoring the ionization of Cl into C1*. Moreover, our model has
been improved regarding the management of physical parameters, such as pressure, with a self-consistent function of
the pumping term (see Egs. 4 and 9 and the gas temperature function from Thorsteinsson et al. work.2’

Our results present the same qualitative hierarchy for the reported normalized chlorine densities: Cl > Clp* >
Clz. The normalized Ar™ density from our simulation follows the same downward trend as the density simulated
by Efremov and the corresponding QMS measurements. Our simulation results reveal a sharper decrease of the
normalized Art density with %Cls regarding Efremov’s results. Compared with Efremov, it originates from a faster
decline of the ne and T, as discussed above.For further validation, our model is also confronted to Thorsteinsson et

al.28 work, for the same machine parameters, presented in Figs. 5 and 6.
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FIG. 5: (a) Charged and (b) neutral species densities versus %Cls for p = 1.33 Pa, Prr = 500 W, Q = 100 sccm, R
=10 cm, L = 10 cm. Solid lines: our model, dashed lines: as Thorsteinsson model.??

Figure 5 shows the simulation results from our model compared to those of Thorsteinsson et al.28 Contrary to Fig.
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4, which presents normalized data, absolute densities of neutral and charged species are presented versus %Cly. These
results, in solid lines, align well with those presented in Figure 2 at different machine parameters. A good agreement

1.29 is observed. The trends for species densities are consistent,

between our model and those from Thorsteinsson et a
but the amplitude of each chlorine species is slightly lower in our model, favoring argon species. Additionally, our

model shows a lower dissociation rate of Cly in highly chlorinated plasma, resulting in overall lower atomic chlorine

species
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FIG. 6: (a) Dissociation rate of Cly of our results (solid line) compared to Thorsteinsson et al.2? model dissociation
(dotted line) and Fuller et al.3? dissociation rate (black diamonds) obtained by optical actinometry for p = 2.4 Pa, Q
= 38 sccm, Prp = 600 W. (b) Electron density and temperature versus %Cly for the same parameters in our model.

Figure 6-a presents the dissociation rate evolution of the Cls versus %Cly determined by our model and compared

1.29 work. Both of the models show similar trends for the calculated densities. The increase

with Thorsteinsson et a
of the dissociation rate of Cly is due to the increase of n and T, when decreasing %Cly (Fig. 6-b). The simulation
results reveal that our calculated dissociation rates of Cly are close to those obtained experimentally by Fuller et
al. using optical actinometry? at different parameters, p = 2.4 Pa, Q = 38 sccm, and Prp = 600 W, reported as
markers in Fig. 6-a. The dissociation rate in our simulation results increases from 76% to 96% as %Cls decreases and
is higher than Thorsteinsson’s results when below %Cls. However, this trend reverses when the %Cly exceeds 50%.
The dissociation rate from our results aligns with those reported from the experiment.32.

We conducted steady-state simulations for our global model with the objective of validating our improved model.

A comparison of our results with those of Efremov et al.?3 reveals discrepancies that may be attributed to differing

methodologies, particularly the volume recombination of CI, which results in a higher dissociation degree in low
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chlorinated plasma, in addition to the update of the pressure management. In comparison with the findings of
Thorsteinsson et al.?, our results demonstrate a satisfactory degree of alignment, despite a slight discrepancy in the
calculated chlorine densities, in favor of the argon species. Furthermore, the dissociation rate of Cly observed in our
results exhibits a comparable trend to that reported by Thorsteinsson et al.?% aligning with the dissociation rate

proposed by Fuller et al.32

B. Feed gas switch : dynamics from Cl, to Ar plasma

In Clg/Ar-based Atomic Layer Etching (ALE), chlorine plasma is utilized for the modification step, while argon
plasma is employed for the activation step. The objective of our study is to examine the plasma kinetic behavior
within the ALE framework, particularly during the feed gas transition phase. This transition, illustrated in Fig. 1 of
our model, marks the shift from the modification step to the removal step. We implemented a linear time ramp to
correspond with the change in the Cly/Ar feed gas composition, ensuring a constant total flow rate throughout the
process.

Figure 7 presents the charged and neutral species densities versus time during the feed gas switch starting at tg, =
0.5 s and for a switch duration of ts = 1 s in Fig. 7-a,b and tg = 0.05 s in Fig. 7-c,d.

In Fig. 7-a and 7-b, the densities obtained for the dynamic mode exactly follow the trend of the steady-states for a
feed gas switch duration ts = 1 s. However, in Fig. 7-c and 7-d, we observe a discrepancy between the dynamic mode
results and the steady-states. For a feed gas switch duration of tg = 0.05 s, the results obtained in dynamic mode of
our model does not have sufficient time to adapt to the feed gas switch from Cls to Ar in temporal input parameters.
Significant chlorine residuals are observed after the switch at t=tge, with concentrations of 1013 c¢m™ and 1019 cm™
for Cl and ClT respectively. These findings are critical in the context of ALE, particularly when transitioning from
the modification step to the activation step, chlorine species could interfere with the Art sputtering.

The Art, n. densities and T, increase with time during ts. However after tee, these densities still vary while
reaching their steady-state in 100% argon feed gas. The differences between the densities’ variations for ts = 0.05 s
and ts = 1 s could indicate that the plasma kinetic is bounded from time when tg is short.

We compare in Fig. 8, Clg, Ar and n, densities as well as T, obtained in dynamic mode (from blue to red, ts =
[0.001,0.01,0.05,0.1,0.25,0.5,1,2,3,4]s), with those corresponding to the steady-states, as black diamond markers, for
identical %Cly compositions in the feed gas source switch from Clg to Ar (from 100%Cls to 0%Cly). We describe in

Fig. 1, the implementation of a dynamic mode corresponding to a temporal linear ramp of %Cls of the feed gas input.
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FIG. 7: Transient plasma densities during a feed gas switch from a pure Cly plasma to a pure Ar Plasma for (a)
Charged species and (b) neutral species and electronic temperature with ts = 1 s, and (c) charged, (d) neutral
species and electronic temperature with ts = 0.05 s for p = 1.33 Pa, Prr = 800 W, Q = 60 sccm constant, Ty=300
K Equivalent steady-state are reported as dots, while densities in dynamic mode as solid lines.

It is possible to timing out the feed gas composition and extract densities in order to compare with the steady-states.
This allow us to discuss the lower limit of the divergence observed compared with Fig. 2, for a short feed gas switch

duration tg=0.05s.

In Fig. 8, for tg > 0.25s, the densities calculated in dynamic mode are very close to those obtained in the steady-
state. However, for shorter feed gas switch durations, significant divergences arise. The residual chlorine amount

increases as the feed gas switch duration decreases, leading to an almost constant Cl density for the shortest feed gas
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FIG. 8: Equivalent densities of (a) Cla, (b) Ar and (c) electron density and (d) electron temperature in dynamic
mode versus %Cly, compared with those in steady-state as black diamond markers at p = 1.33 Pa, Prrp = 800 W, Q
= 60 sccm constant, Ty, = 300 K.

switch duration of tg¢ = 0.001s.

Additionally, neutral argon, reported in Fig. 8-b, hardly increases at short feed gas switch durations. For the
shortest feed gas switch duration, ts= 0.001s, the neutral argon density is two orders of magnitude lower than the
stationary states. Even if the input in the model imposed a density of the argon in source, the model for these
fast composition transition, seems not to be able to properly substitute the chlorine densities. The origin of these

observations will be discussed below.

Similarly, Te and ne both remain lower than their respective steady-states reported, in Fig. 8-c and -d, which
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originate from the high residual chlorine in the plasma. As the plasma kinetic in our model is primarily governed
by effective electron collisions, it is valuable to quantify these collisions during the feed gas switch from Cl to Ar for

different durations.

1073 ¢

107 |

—— (l, plasma 3
—— Ar plasma

7. [s]

1077
2.0 2.5 3.0 3.5 4.0

T, [eV]

FIG. 9: Characteristic time of electronic collision in Cls plasma and Ar plasma (blue and red lines respectively) as
a function of the electron temperature for a plasma total density computed at p = 1.33 Pa, Prp = 800 W, Q = 60
scem constant and Ty, = 300 K. We extrapolate the characteristic time of electronic collision as a function of T,
with n=nte¢ (in Clg or Ar) constant with Te. Vertical dashed lines represent the electronic temperature T, in pure
Cls plasma and Ar plasma, in blue and red respectively computed at the same plasma parameters.

To quantify effective electronic collisions, we first calculate the global characteristic time of electronic collisions
between an electron and any species present in a pure Cly or a pure Ar plasma: atom, molecule, or ion. We defined

the overall characteristic time of effective electronic collision reactions in the Cly and Ar plasmas as :

1

e/t = S (o) X rvons (10)

where Y k;(Te) is the sum of kinetic coefficients of reactions by electronic collisions in ¢ plasmas for i=Cly or Ar.
Niot,s is the total densities in the pure ¢ plasma, in the steady-state mode.

The considered characteristic times of effective electronic collisions represent the average time between two collisions
involving an electron and any gas species in the plasma, taking into account the reaction scheme of our model. The
number of electrons involved in these collisions is weighted by the kinetic coefficients described in section 2.

In a pure Cly plasma at p = 1.33 Pa, Prrp = 800 W, Q = 60 sccm and Ty, = 300 K, the electronic temperature is

Te c1, = 2.28 eV while in Ar plasma, T, c1, = 3.04 eV, reported as vertical dashed lines in blue and red, respectively
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Short tg Long tg
ts [3] 1073 1.0
N. 102 10°
Neon [cm™] 1013 1016

TABLE I: Compararison of electron collisions during short and long ts. N€ is the number of collisions per electron
during ts and n°! is the electron collision density during ts

in Fig. 9. Proper total densities in Cly and Ar plasmas are n,c1, = 1.31 10" e¢m™ and Nyt Ar = 1.03 X 104 em™3.

The higher total density for pure CI2 plasma originates from dissociative processes in Cl2 plasmas.The dissociation of
Cly into Cl induces an increase of total pressure and total density in our model (one Clg particle creates two distinct
Cl particle). Consequently, the pressure in chlorine plasmas is greater than pure argon plasma. In transient plasma
form Cls to Ar, the change of total densities and pressure is the main reason for the implementation of a self-consistent

description of the pressure in the model, described in Eq. 9.

In Fig. 9, we extrapolate the characteristic time of effective electronic collision as a function of T, with a constant
total density (in Cla or Ar) established under our calculation conditions. Thus, this value is valid only for the T, used
to calculate the total density, as the densities depend on T. The characteristic time of effective electronic collisions of
Cly, from 7¢ /¢y, = 6.5 10765 t0 6.5x 1077 s, and Ar, from Te/Ar = 3.2 X 1074 5t0 9.9x 1076 s, are both decreasing
with Te, from 2 eV to 4 eV, in Fig. 9. Higher kinetic energy leads to more effective collisions and therefore faster
interactions. In addition, the characteristic time of Ar plasma is higher than that of Cly because Ar plasma is less

dense, leading to fewer electron-gas collisions.

These calculations lead to a characteristic time of effective electronic collision 7¢/c, = 4 X 1076 s, in Cly plasma

and T¢/ar = 6 X 1075 s, in Ar plasma, for electron temperatures of 2.28 eV and 3.03 eV, respectively.

From these results, by approximating the characteristic time of electronic collisions for pure Ar and pure Cly plasmas
t0 Te/tor = 1075 s, we can estimate, as shown in Table I, the number of effective electronic collisions during the feed

gas switch from Cly to Ar, for short and long durations: 0.001 s and 1 s, respectively.

Approximating the average characteristic time of effective electronic collisions at 7¢ /¢t = 107° s, we can determine
the number of effective collisions per electron during the feed gas switch by dividing ts by T¢/tor- We obtained a
number of effective collisions per electron during the feed gas switch, N, = 102 for t = 0.001 s and 10° for t; = 1.0

3

s. By multiplying N, by the averaged n, = 10" c¢m™, we can deduce an electron collision density neoy, occurring

during the switch duration, neo = 103 cm™ for tg = 0.001 s and neo = 106 cm™ for tg = 1 s.

In comparison with the averaged plasma density, ngot (10 cm™) > neop (103 em™) when ts = 0.001 s, the
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calculated nco does not allow each gas particle to interact with an electron. This insufficiency may explain the
discrepancies in the densities n; and T, obtained between dynamic mode results and steady-states conditions observed
in Fig. 8 for ts < 0.25 s.

Conversely, for a long feed gas switch duration (ts = 1 s in Table I), we obtain neep (1016 em™) > ngop (1014 cm™).
This two-order-of-magnitude difference allows each particle in the plasma to interact with an electron at least once,

enabling the plasma to follow the gas change instructions.

This analysis implies the existence for our model of a cutoff time for ts that allows the plasma to respond to the

feed gas switch, explaining less differences between steady-state and dynamic results for tg > 0.25 s in Fig. 8.

1014
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10*
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10°
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| |
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FIG. 10: Effect of t5 on Cl and Cls densities at the end of the feed gas switch for
ts=[0.001,0.01,0.05,0.1,0.25,0.5,1,2,3,4] s at p = 1.33 Pa, Prr = 800 W, Q = 60 sccm constant and Ty, = 300K. tse
corresponds to the feed gas switch end, afterward, the feed gas is 100% Ar. Cl at the top and Cls at the bottom.
Solid black line corresponds to fitted function to obtain the characteristic time of the trends. Dotted line corresponds
to residual chlorine density decay considering only the pumping term with the corresponding residence time 7p.

In Fig. 10, we investigate the behaviors of Cl and Cls densities at the end of the feed gas switch tse, when the feed
gas input is pure Ar. For each tg simulation, the theoretical pure argon feed gas respective times, starting at tse, have
been shifted to Os to allow a simultaneous comparison of Cl and Cly behaviors. At each feed gas switch from Cly to

Ar, significant residual chlorine densities are observed in the argon plasma, as initially reported in Fig. 8.

Residual Cl and Cly are important, even for the longest feed gas switch duration, from 1 x 10'% cm_3 to 4 x 1012
cm_3, for tg = 0.001 s and tg = 4 s respectively while Cly goes from 8 x 1012 cm_3 to 5 x 10'? em_3 , for tg = 0.001 s
and tg = 4 s respectively. The amount of residual chlorine, Cl and Clg, decreases when increasing the feed gas switch
duration. The longer the feed gas switch duration is, the better chlorine densities can accommodate to the extinction

of the Cly feed gas.
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Chlorine densities show identical decreasing trends. The decreasing trends observed in Fig. 10 can be represented
by an exponential decrease under the form of exp(;—;), where 7, is a characteristic time. We fitted the trends to
extract the characteristic time of each species reported as the dotted lines in Fig. 10, with 7 = 2.0x 1073 s.

For comparison, we reported on Fig. 10, as dotted lines, a decreasing exponential with a characteristic time equals
to the pumping residence time calculated above 7p. This one is factoring the reactor geometry, the flow rate and the
pressure as described in Eq. 1. In our considered plasma conditions, the pumping residence time is 7p = 3.8 x 107 3s.

In order to evaluate the chlorine residual densities trends, from Eq. 1, we can approximate the mass balance

equation by introducing the chemical characteristic time, by:

on; i i 1 1
n %:ﬂ:n 721*77,1 + +— (11)
ot TCi TP TCi TP

By solving the Eq. 11, we obtain:

na(t) = i g exp (t) (12)

where % = % + % and nj o is the n; density at t = tsc = 0 s in this work, considering the variable change of t.

In this specific case, i represents Cl or Cla, 7¢; corresponds to the chemical characteristic time which approximates
the contribution of the plasma kinetic associated to electronic, inter-species and wall collisions. Noting that after tg,
the source term of Cly feed gas is null.

From Fig. 10, we obtained a characteristic time for chlorine species decrease of 7 = 2.0 x 1073 s. From Eq 11,
we can deduce that 7c = 4.64 x 1073 s, considering the pumping residence time 7p = 3.8 x 1073 s. Both Cl and
Cly decays are slower than the pumping residence time indicating that these two species are still involve in chemical
reactions in the pure Ar plasma and that the characteristic times of these reactions are longer than 7p. Long lifetime
of residuals species has been presumed to originate from surface recombination and reactions in the plasma volume?®.
The main reactions available for Cly and Cl decays are chlorine dissociation (RO : Cla + e — 2Cl + ¢e) and wall
recombination (R230 : Cl + wall — % Clz). The slopes of Cly and Cl densities are identical, suggesting that an
equilibrium is established between these two reactions. They are highly sensitive to the pressure and the nature of
plasma reactor walls.

As mentioned above, in order to be near the ALE conditions, we use the gas flow rate variations from Clg to Ar

represented in Fig. 1. Figure 11 presents the evolution of the electron temperature T, during the feed gas switch
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FIG. 11: Electron temperature during a gas source switch for different values of t3=[0.001,0.01,0.05,0.1,0.25,0.5] s at
p = 1.33 Pa, Prrp = 800 W, Q = 60 sccm constant and Ty,=300 K

from Cls to Ar for different switch duration ts. As shown in the steady-state condition results, the transition from
pure Cls to pure Ar leads to an increase of T, from a minimum value of 2.3 €V to a maximum 3.0 €V, corresponding
to the T of pure Cly and pure Ar, respectively. It should be noted that the minimum and the maximum values of T
are independent of the transition duration and corresponds to the values obtained from the steady-state conditions.
Almost exponential variation of T, during the transitions are observed illustrating the nonlinear kinetic phenomena
of the plasma discharge. The temporal variation of T, in our transition duration range (Fig. 11) can be approximated

by exponential function :

t—t
Te(t) = Te min +0.0079 x exp (O 23;b> for t < tge
. S

(13)
T, (t) = Te,ma:n for t > tee

where tg is the transition duration and tg, = 0.5 s is the start of the switch time. The switch from a Cly plasma to
Ar plasma is accompanied by an increase of T. At the switch beginning, T, increases slowly, then a fast increase is
observed, clearly, illustrating the exponential variation of T¢ (see Eq. 13 ). This semi-empirical expression fits well the
temporal evolution of T, determined from the global kinetic model for ts > 0.1 s, in agreement with aforementioned

observations about discrepancies at very short ts.
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C. One ALE cycle

To be near the experimental conditions of ALE, we perform simulations in the same experimental conditions from
a plasma ALE recipe by Mannequin et al.33 trying to reproduce the plasma behavior. Highly chlorinated plasma is
used for the modification step (40 sccm of Cly and 10 sccm of Ar). Constant 10 scem of argon plasma is applied
during the entire cycle. In parallel, a constant RF source power is applied (50 W) for the purge and the modification

steps while during the activation step, 120 W of RF power is applied to increase ion density (Fig. 12).
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FIG. 12: Simulation of the Cly/Ar plasma in ALE conditions at p = 0.66 Pa, Prp = 50 W and 120 W, Ty, = 300
K and ts = 1 s. (a) Flow rate and RF power parameters, (b) T, (c) charged species and (d) neutral species.

Simulation was carried out for a duration of 20 s corresponding to one cycle. Firstly, we considered an instantaneous
switch from the Cly gas source to Ar. In this case, a simulation discrepancy is observed which is characterized by the
lack of evacuation of the chlorinated species during the purging steps in pure argon plasma. This can be justified by
highly stiff numerical system of our global model.This abrupt switching from Cly gas source to Ar induces a numerical
instability leading to the wrong results. A feed gas switch duration ty = 1 s prevent the divergence. Applying this
feed gas switch duration in our model is not far from experimental conditions in the context of gas switch in a reactor
that is not equipped with a pulsed gas injector.

During the first purge (5 to 10 s), the electron temperature increased from a higly chlorinated plasma to a pure Ar
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plasma. T, increases when Cls switch from 100% to 0%. In addition, short bursts for T, are observed at the beginning
and the end of the added Pry pulse during the activation step of the cycle. However, except during switching times,
T, does not undergo any variations, and it remains constant. This is consistent with the low sensitivity of Te to Pry
variations reported in steady state.

Figure 12-c shows the charged species time evolution. n, increases when moving from a highly chlorinated plasma
to a pure argon plasma. This is in agreement with our previous results about plasma kinetics as a function of the feed
gas composition in steady-state. However, there was a slight delay due to the presence of residual chlorine species.

In addition, we noted an instantaneous variation in ne during the transition from the purge step to the activation
step. As seen above, the ionization processes are more effective in the presence of Ar than of Cly. Furthermore,
ne increases during the transition from purge step to the activation step because of the increase of the RF power.
On the other hand, Clo™ and CI are still the dominant ions during the modification step while the C1T and Ar™
densities are relatively weaker and almost equal. During the transition from the modification step to the purge step,
a fast increase of C1* and ArT densities is observed because of the fast increase of the dissociative ionization rate of
Cly and the ionization of Cl and Ar due to the increase of n, and T.. In this transition phase, even if the neutral
chloride population Cly and Cl decreases, the fast increase of ne and T, leads to the fast increase of the ionization
rate of Cly and CI to product C1t. At the end of the transition regime, C1t density collapses while the Ar continues
to increase until reaching a constant value corresponding to the steady-state In Figure 12-d, we report the neutral
species densities Cla,Cl and Ar species in the plasma during the ALE cycle. In these conditions Clg density is above
Cl density for the entire modification step, in opposition to our reported steady-state in Fig. 2 for p = 1.33 Pa and
Prr = 800 W. The low pressure of p = 0.66 Pa and Prg = 50 W during the modification step, induce a lower chlorine

dissociation.

D. ALE multicycle

Experimental ALE cycles are numerous, even hundreds during an etching process. To ensure the reproductibility
of our results over several ALE cycles, we consider 10 successive ALE cycles by applying a linear switchover from Ar

to Cly gas flow over a period of 1s at the end of each ALE cycle.

Figure 13 reveals the excellent reproducibility of our model over a sequence of 10 ALE cycles. The amplitudes and

trends in the evolution of species densities are exactly the same from one cycle to the next, and cycles can almost be
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FIG. 13: Modelling of the Cly/Ar plasma for 10 successive ALE of GaN in chlorinated plasma for Prp = [50 W,120
W], p = 0.66 Pa, Ty, = 300 K, ts = 1 s.

considered independent. Each cycle has the same input machine parameters illustrating the ALE process. However,
we aimed to quantify the impact of preceding cycles on subsequent ones. In our study, ALE steps last for 5 seconds,
the plasma kinetics could be delayed if ts < 0.5 s. This allows the good system response to the perturbations induced
by the feed gas and source power switches. Consequently, the accumulation of errors induced by previous steps can
be neglected, and each simulated cycle appears to be independent. Concerning the densities of species present in the

reactor, their variations are symmetricals between the Clo — Ar and Ar — Cly plasma source switches. ClT maxima
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can be observed in weakly chlorinated plasmas either during Clo — Ar or Ar — Cls transitions, observed initially in

the stationary states and then during a change of plasma source in the previous sections.

IV. CONCLUSION

A Cly/Ar plasma dynamic global model is developed and applied to provide insights on plasma kinetics during
pulsed processes, such as Atomic Layer Etching (ALE) conditions. The advantage of our model lies in its ability to
track the time evolution of neutral and ion species densities, considering alternating feed gases. We first compared
our results with the literature to validate the reaction scheme and the kinetics in steady-state, showing satisfactory
agreements. Our initial results of the temporal ramp of composition change in the Cly/Ar feed gas align well with
the steady-state ones, provided the feed gas switch duration ts is sufficiently long. In plasmas primarily driven by
electron interactions, the feed gas switch duration must exceed a minimum limit (ts > 0.1 s) to ensure adequate
effective electron collisions for responsiveness to input parameters. Significant residual chlorine densities are observed
after switching from Clg plasma to Ar plasma, independent of the feed gas switch duration, lasting several hundred
milliseconds, highlighting the existence of a chemical characteristic time presumed to be maintained by a balancing
between reactions at the plasma volume and wall recombination. During the ALE cycle, CIT reaches its maximum
around 15% Cls, indicating a critical result regarding the need for chlorine adsorption during the modification step
rather than the purge. Finally, we modeled a chain of ALE cycles. The presence of purge steps between modification
and activation prevents residual chlorine during the activation step. Setting each step to 5 seconds ensures the stability

of plasma kinetics and no diffusion discrepancies.
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