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Modeling and Diagnostic of an RF Plasma at
Low Pressure

C. Riccardj Member, IEEER. Barni, F. De Colle, and M. Fontanesi

Abstract—This research concerns the experimental and theo- ferent from that of an ordinary noble gas one at the same ex-
retical analysis of an Sk radio-frequency (RF) discharge at low ternal pressure and RF power [5]. The main aim of this work is
pressure in a small reactor for industrial applications. The plasma the analysis of the chemical kinetics and of the transport of the
is produced in the pressure range of 0.05-1 mbar by a 13.56-MHz . L . .

RF supplier at moderate power, up to 25 W. The pumping system activated species ina plasma reacFor making a comparison bg-
sustains a flowrate of about 50 cm/s, with residence time in the dis- tween model predictions and experimental results. The analysis
charge of about 0.2 s. The discharge parameters have been meais performed checking the validity of the standard theoretical
suredand lie in the rangen, = 107-10° cm~*, n; = 10'°-10"*  (numerical) models [6] used in the simulation of such systems
cm™, T. = 5-10 eV. Measurements were performed by means p,, measuring the relevant plasma parameters and at the same
of movable electrostatic probes and of a phodiode. Particular care _. . . S . .

in the analysis of the data proved necessary due to the presence of,t',me experimentally investigating .the propertle§ and the capabil-
a substantial amount of negative ions. On the other hand, we have ities of such a plasma. The conditions determined by our setup
performed simulations of the discharge composition through the are moderately high flow velocity (about 50 cm/s) and short res-
implementation of a suitable numerical model of the chemical ki- jdence times, of about 0.2 s. For this reason, the model should
netics in the device. On the basis of the experiments a comparison be formulated as a plug-flow reactor model [7] (in which the ef-

of charge and neutral species production with those predicted by . . . . .
the theory was performed, and a more realistic description of the fect of the diffusion along the flow is not considered). In fact, in

involved phenomena was obtained. In particular, several assump- the pressure range of our experimgnts-, the ﬂO_W vglocity exceeds
tions concerning the ion diffusion coefficient were tested, allowing the diffusion one, making the contribution of diffusion along the

us to pin down the relative importance of transport and bulk pro-  flow direction negligible. A more detailed description of such an
cesses in the discharge state. PACS: 52.75.Rx, 52.25.Dg, 82'40'Raappr0ach can be found, for instance, in [8]. The model is able
Index Terms—Capacitively coupled discharges, chemical ki- to predict the neutral and charged species densities as a func-
netics, diffusuin and transport, modeling, plasma measurements, tjon of several parameters, like neutral gas pressure, RF power,
radio frequency plasma. and position in the vacuum chamber. The experiments were per-
formed in conditions similar to those assumed in the humerical
|. INTRODUCTION code. On the basis of the experiments, a direct comparison of

charged and neutral species production with that predicted by

HE RESEARCH on glow discharges is of great intere . . .
o . L : ; . ._1he theory can be performed. In particular, in order to obtain
in industrial applications and in particular in the chemica

vapor deposition (CVD) processes [1]. Depending on the g%god agreement between experiments and theory, some unclear

. A . ‘aspects had to be systematically discussed: the amount of nega-
mixture used for the plasma production, different processes ke’ . :
. e ! - L IVe ions, the particle transport, and the choice of the cross sec-
film deposition, etching, polymerization, and activation can he :
: . ) jon data set. For what concerns the transport of charged parti-
performed in order to modify the first surface layers of a ma- ) . e .
. - ; cles, different models for particle diffusion [9] were considered
terial. The research in this field is mainly devoted to both the . . . .
a,[nd experimentally tested, and a quite exhaustive explanation of

modeling of the plasma composition and the optimization ol - . i
) . e more realistic assumptions for the transport was given. The
the processes [2]. This research concerns the experimental and

) . . amount of negative ions with respect to the electrons was ana-
theoretical analysis of an gFadio-frequency (RF) plasma pro- . : ; .
. . .lyzed varying the main plasma parameters like neutral density
duced at low pressure (0.05—1 mbar) in a device for the activa- : S
. N ) . . .and RF power by means of Langmuir characteristic curves [10].
tion and polymerization of materials, mainly, plastics and texti : ; . . ; "
o this purpose, a discussion on the interpretation of Langmuir

products [3]. o A
. . . . characteristics in the presence of negative ions based on the-
The Sk plasma is quite a peculiar one: as a matter of fact, the . : .
o . ) gretical assumptions [11], [12] and supported by experimental
large electronegativity of fluorine results in a large attachmen :
servations was done.

cross section of electrons on radicals containing fluorine [Aﬂ. This paper is organized as follows: after a brief description

The ion composition is thus largely dominated by atomic anc% . . . .
L . of the apparatus, there is a discussion of the experimental tech-
molecular negative ions with respect to electrons. Thus trans-

ort properties and the reactivity of such a plasma are very ditdues used in the characterization of the device, a presentation
port prop y P Y C8f the theoretical model employed for the simulation of the re-

actor performance, and a comparison of the numerical results

Manuscript received May 4, 1999; revised October 8, 1999. ~ —  jjth the collected data. In the end, we summarize the conclu-
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Fig. 1. Schematic view of the reactor setup.
Il. EQUIPMENT SETUP on a shunt resistance and read on a digital oscilloscope. The bias

Swept in about 0.1 s, and for each sweep we collect 2000 data.

The reactor used for the experiments is sketched in Fig. 1. 'IJ . . )
P v Langmuir probe was used without RF compensation [14]:

vacuum chamber consists of a series of stainless-steel cylindri t for | ' less than 25 W). the RF dist
tubes (10 cm diameter) with several ports for diagnostics. THL'act, for low operation power (less than ) the IStor-

chamber is evacuated by a pumping system composed of atiBB of the Langmuir characteristic can be considered negligible,

molecular bump and a rotary bumb to a residual pressuredf 1S €an be inferred_ from the measurements of floating potential
PP Y PUp . 1,13.56 MHz, which never exceed 80 mV and are much less

mbar. The actual pressure in the reactor is determined by the & ; . ! : :
an the static floating potential. The analysis of the Langmuir

sition of a manual leakage valve connected to thg f8Eding characteristic was performed in the framework of the orbited
t t f0.1mbar, thefl teabout25 . N X X
system (atapressureo mbar, the flowcateabout 25 sccm) tion limited (OML) theory [15] in the case of a thin sheath,

During operation, the pressureinside the chamberis monitoredﬂgdified by the presence of negative ions in;$fasma [11]

.2 m
a Pirani gauge (pressuferanges between 16 and 1 mbar). . . LT
The plasma is generated by a capacitive antenna: a sta{i]r?-]' By taking numerically the second derivative of the char-

less-steel cylindrical pin (1 cm diameter, 2 cm length) axially |Oe}pteristi§: [16], it js possible to Ioo}< also at thg electron energy
cated in the cylindrical vacuum chamber is fed with a RF volta stribution function (EEDFY 5, which appears indeed approx-
with respect to the same chamber, which is grounded. The ately Maxwellian and, therefore, can be completely parame-

tenna is then externally connected through a matching netw&?ﬁ'?ed by an electron ter_nperatlifg _The positive ion d_ensny
to a 13.56-MHz RF power supplier (REX600). ny IS extracted from the ion saturation currdntaccording to

In such a configuration, the RF coupling is dominated by thtge formula of [11]
large capacitance of the grounded reactor chamber [13]. The
actual RF power in the reactor was measured by a wattmeter Ip=q. S ny
and ranges up to 25 W. The plasma generated in the reactor fills
the vacuum chamber and extends longitudinally for about %v ereq, andM, are, respectively, the charge and mass of the

cm around the antenna. The discharge parameters, measured as .
discussed below, are in the range = 107—10° cm—2, n; = ions (here supposed to be SFas suggested both by the simu

1010_102 om~2, and . = 5-10 eV. Iat_ion and by previou_s works on charged species mobility [17]),
S is the probe collecting surface, and the square root represents
the Bohm velocity of the ions entering the sheath. Hétejs
the negative ion temperature, taken equal to the flowing gas one
In order to monitor the plasma parameters, movable elect(@-025 eV). Such a formula, arising from the Bohm sheath cri-
static Langmuir probes have been used [10]. The measuremeet®n generalized for the presence of negative ions [11], is ap-
were taken with shielded Tungsten cylindrical probes (1 mm diropriate under the conditior’s > 7 andny =~ n_ > n.,
ameter and 5.8 mm length) insulated with a ceramic sleeve. TWkich are met in most of the experiments inggffasma. When
current characteristic of the probe is measured as a voltage dnegative ions dominate, a presheath is created into which posi-

kg-1T_
C'M+

@)

I1l. EXPERIMENTAL DIAGNOSTICS OF THEREACTOR



280 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 1, FEBRUARY 2000

tive ions enter from the plasma bulk with a kinetic energy of thieal flow driven by the pumping system, by the diffusion of the
order of the thermal energy of the dominant negative chargedutral and charged species towards reactor walls, and by the
specie(kp7) [18]. Moreover, the approach of [11] was previsurface interactions at gaseous—solid interface. The last process
ously tested in the experiment of [19], which was performed includes adsorption of gaseous species, which eventually react
conditions very similar to ours, by independently measuring théth the surface atoms, desorption of volatile species generated
positive and negative ion densities. in the solid lattice, and sputtering due to energetic particles,

The electron temperatuig is extracted from the slope of themainly ions impinging onto the surface after being accelerated
linear fit of the logarithmic Langmuir characteristic along thidy the sheath at the walls.

formula A detailed simulation of the reactor performances requires
q the knowledge of several molecular mechanisms. Some of them
log I(V) =logly — 3 eT (V= Vpy) (2) are only poorly known, such as those crucially depending on

B +Le

the surface structure and composition (physical and chemical
adsorption, sputtering yields). Moreover, the active processes
current at the plasma potentidp,. are each characterized by its own times and magnitude, thus

The plasma potential and thus the electron density are egﬁplying a considerable degree of complexity. Therefore, in

mated from the Langmuir semilog plot by the intersection quder to keep the problem manageable, some approximations

the previous fit and the linear fit of the electron saturation rére needed.

gion [16]. As far as it concerns the plasma, we point out that the char-

The discharge light emission was monitored by a photodioag:ensnlC t|me.s $I|ng_th7e4dlscr:ﬁrge d?yelopmte?t ar? ver)l/ short
(Centronics OSD357CQ), which operates from the near ultrayl~ C)éc'ﬁ_per;o t;‘F val ns_, 13 confinemen d'Te”?r elec-
olet to infrared (200—1100 nm). The photodiode current signtgﬂ)nS ritting to the wallsra = #s) compared to the ones

is converted into a voltage output through a two-step amplificgpvemlng the radical species transport and the gas-phase reac-

tion circuit based on an operational amplifier working in tranions: therefore the plasma produced in the reactor can be con-

simpedance mode. Typically 1-nA current, equivalent to a Iigﬁ{dekr?d Ina quatS|-stat|onaryfést?lte dettermlnedd bF){Fthe external
intensity of about 2 nW, gives an output voltage of about 50 m orking gar?mtle erz (ptr.ess;J t’h ovx;]ra eq, ant . thpower tral
(after being filtered from the high-frequency external noise), RF_) and slowly adapting to the changements in the neutra
which is measured on a digital oscilloscope. We have measu gcies concentration. Therefore, the plasma evolution decou-

the photodiode circuit output observing the discharge with t es almost cor_npletel;_/ from gas kinetics. The plasma-(_jnven
different low bandpass filters\(> 600 nm andX > 650 nm) processes considered in the model can be fully characterized by

and without. By inserting a low bandpass filter & 650 nm). prescribing the correct plasma state as an external condition, set-

we can measure the emission lines of fluorine radical (in fa%?g as parametgrs the electron denaityr, z,) and the EI.EDF
electronic transitions fromy23p to 2*3s levels give photons - r(r, z,t). Despite the fact that several processes are involved

whose wavelengths lie between 600 and 800 nm; among thégettue elect:ﬁn energy Io;sEeEsl,D(Ij:l,Je tothe r'_Ch moltecfutlﬁr structure
the most prominent lines are the 685.6, 703.7, and 712.8 A€ gas, the measure S appear in most o the cases ap-

[20]). With such a cutoff wavelength, we are sure that a IOOg[oximately Maxwellian and, therefore, can be parameterized

sible contamination from emission lines of S&nd other SE S”I]I_E‘ly by an e{gctrct))nttemperaturi]e(rz %1). . i d
radicals is greatly reduced [21]. e connection between such microscopic parameters an

the external operative ones is assured by the analysis of the ex-
perimental Langmuir probe data. For instance, at fixed pressure,
the electron densityt. comes out to be nearly proportional to

In a plasma reactor fed with an §gas, several different pro- the RF power feeding the discharge, while the electron temper-
cesses are at work, as summarized in the scheme of Fig. 2. 8heeZ, is almost independent of it.
characteristic plasma chemistry processes are mainly driven byrhe problem of determining the evolution of the concentra-
free electrons, which are by far the most energetic particlestion of the different/V species can be managed by writing the

wherely = q. - S - ne\/(kp -1)/(2m - m.) is the electron

IV. NUMERICAL SIMULATION OF THE REACTOR

the reactor, and include: balance equation for each density(r, z, t) of the kth species
1) ionization reactions; dny,
2) electronic transitions to excited energy levels responsible e (k) — A(k) 3)

for the rich light emission spectra of the discharges, _ _ o _
molecular excitations of reactive vibrational and rotawhered/dt is the total time derivative. The first terbi(k) con-
tional states: sists of the sum of all production processes of ke species,
3) molecular dissociation with production of highly reactiv&lue to both chemical reactions, in the gas phase or at the reactor
free radicals: surface, and to the external gas fed. It can be written as
4) electron attachment, particularly importantin highly elec- N
troneg{:mve gases such as the ones c_omppsed of fluorine, I(ny) = Z K(i +j — k)nin;
which is the main source of negative ions in the plasma.
The gas mixture composition in the reactor is determined by N
the chemical reactions between the reactive species and by the + ZK(Z — U(w) — k)ni + Q(k(in) — k) (4)
transport processes. The transport depends on the hydrodynam- —1

i<j=1
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KINETIC PROCESS SCHEME
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Fig. 2. Block diagram of the kinetic processes at work in ap SBsma.

where K are the reaction rates for the gas phase reactions andh parallel, a simulation of the hydrodynamical flow should
the effective rate for the surface ones (consisting of the chailso be performed, so that the right velocity field can be inserted
process: adsorption of specigseaction at the surface and desin the total derivative in order to close the system of differential
orption of species) and 7 is the flowrate. In the same way, equations.

the contributions to the loss terrh of the kth species are the  In a preliminary stage, some other simplification is worthy:
destruction oft in a gas phase reaction, the diffusion followedince in normal operative condition® (= 0.1 mbar,Q = 25

by adsorption at the reactor surface and the pumping outsidgccm), the Reynolds number & = 1.97, a simple laminar
flow in a cylindrical tube is an adequate representation of our

N

_ L ‘ reactor hydrodynamics. Moreover, since the flow velogeity,,
Alm) = Zz_:l Kkt = j)meni (at P = 0.1 mbar about 50 cm/s) exceeds the diffusion one
7= ne (Vaig = D/2R where R is the vacuum chamber radius and

+ D(k — k(w))Vni + Q(k — k(out)) (5) the so-called Peclet numbBe = Vi, /Vaig is about2) the
effect of mixing in the flow direction can be safely ignored and

whereD is the diffusion coefficient of thé&th species. a plug-flow approximation [7] is appropriate: this means that we

Titot
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could neglect diffusion in the flow direction with respect to that
in the radial one.

As aresult, the geometry is slab afithy(r, z,t)/dt) =~ V -
(Ony(r, 2)/0z).

The equations can be further simplified treating the diffusion

REACTION RATES CONSIDERED IN THE
NUMERICAL SIMULATION . THE RATES ARE CALCULATED FROM ARRHENIUS
TYPE FITS FOR AN ELECTRON TEMPERATUREYZ, = 7 €V AND FOR A FLOWING

TABLE |

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 1, FEBRUARY 2000

GAS PRESSUREP = (.1 mbarAND TEMPERATURET = 293 K

process according to [22], that is, approximating the transvers
(radial) profile of the concentration as the first normal mode
of the reactor chamber (in our cylindrical geometry the Besse
function Jo(kr)). Within this approximation, diffusion should
be considered only for species that can be absorbed at the si
face (for which the so-called sticking coefficiefitis not zero)
and its contribution to the loss terth becomes
9 D

D(k — k(w))Voni(r, z) = 5 ni(2) (6)
where A% depends only on geometrical factors and on the
sticking coefficientS [22].

So linearized, this differential equations system can be inte
grated by means of standard numerical techniques, for instanc
using an adaptive Kutta-Runge routine such as DDEOQM@&-
ditional time can be saved, especially in the early steps, by usin
as variables the logarithm of density and of time, thus effectively
smoothing the system.

As aresult, a complete mapping of the gas-phase compositic
and of the flows towards the surface is obtained. In order to re
duce the species numh#&t, we consider only the mostimportant
ion species according to the data of [23] and [24]. Amore detailer
simulation ofthe positively charged species compositionrequire
knowledge, besides of the ionization processes, of the releva
charge exchange rates (usually quite fast), still lacking in litera
ture. This explain why even if the main ionization reaction is by
far the direct ionization of SFto SF!, such an ion does not ap-
pear in the measured ion composition [17], [24]. All the species
included in the simulation are shown in the scheme of Fig. 2.

Therelevantreactionrates atthe low-pressure conditions of tt
experiments were taken from the literature and are summarized
Table I. In particular for the ionization and dissociation rates we
followed? eventually integrating along the indications of [23] in
the case of Sfradicals and from [25] for multiple dissociation of
SF;s, whereasforelectron attachmenton Ske usethe cross sec-
tion fits of [26], extrapolated for radicals as in [23]. Recombina-
tionrates forions were taken from [27] and for radicals from [23],
[28]. Electron detachment was added for completeness, even ifit

Nr.
dissociation
1

€0t QD e W k2

—
<

ionization
11

attachment and
detachment
17

13
19
20
1
22
23
24
25
2

ion recombination

27

neutral tecombination
28

29

Reaction

¢ +F,oF+F+e”

¢ +SFF+8+¢

e +SF;—F+SF+e”

& +SF3—F+§F,+e”

€ +SF.»F+SPy+ e~

€ +SFy—F+SF+ e~

e +8F—F+SFs+e”

8 +SFs—>F+F+8F+ ¢

€ +SFga3F+F,15F+e”
€ +SF;=F+F+Fs+SFr e

e +FaFte +e

o +FF+F re v e

o +SFs > SR +87+e”
¢ +5F,— SFy +F+e +e”
e +SFSF +e7 +e”

€ +8F— SFy +Fre +e”

¢ +FF

e +F;F+F

e +8F,— §F;

€ +8F¢-» SFy +F
€™ +8F;»SFstF
€ +SFs— SFy +F;
e +8Fs— SF; +F
e +8F;-»SF+F
¢” +8F ¢ Sy +F

e +X —»Xte +e
XY —3X+Y

Fz"'SF; —>F+SF,,|
F+8F,—5F,
F+F>F;
SF+8F—»58+8F;
SF+SF;-»8+5F,
SF+SFs—»8F;+5F,
5Fy+SFy—»8F3+5F,
SFy+8F;—SF,+5F¢
sF:*ng—)SFﬂ'SFg

Rate (cm®/s) References

0.35E07
0.19E-07
0.15E-07
0.288-07
0.20E-07
04707
0.15E-07
0.72E-0%
0.21E-09
0.22E-09

0.10E-08
0.14E-08
0.12E07
0.13E07
0.13E07
0.52E08

0.13E-09
0.1BE-09
0.31E<09
0.26E-09
0.13E-09
0.24E-11
0.BIE-09

0.41E-09
0.34E-09

0.34E-08

0.10E-07

0.70E-14
0.25E-12
0.51E-18
0.18E.10
0.13E-10
0.11B-9

0.22E-11
0.40E-11
0.95E-12

A

23)
23}
{23)
(231
23]
3

125
[25]
125)

£ .
£
(23]
[23]
[23}
i)

%}

30)

*=1,6 [23,26]
[26]

[26)

{26]

{23,26]
(23,26}
{23,26]
[27,30)

27

x=0,5 23]
x=0,5 [23]
[30]
(28]
{28)
{28)
{28]
(28]
(28]

comes out that it plays a minor role in negative ion kinetics. Dif-

fusion coefficient for ions can be extracted from mobility studiegy operation, when an adsorbed fluorine monolayer has covered
[17], [26], while for fluorine and SEradical, we follow [26]. AS  the vacuum chamber walls [30].

far as concerns the sticking coefficieststhe valueS = 0 was
assumed for the stable species, wifile= 1 is appropriate for
charged particles. Unfortunately, the radical sticking coefficients

V. RESULTS

are badly known. Forinstance, as regards the mostinteresting flul he evidence of negative ions comes directly by measuring
orineradical§ ~ 1wasusedinthe literature[23], [27], whichfitsLangmuir characteristics. A typical radial profile obtained by
for a continuously polished surface. However, we find it more api€ans of the Langmuir diagnostic technique is shown in Fig. 3.
propriate to use a much lower valug & 0.007, as was assumed Considering as the majority positive ion species thg Sie

in [28], on the basis of the measurements made on methane r&#gctron{o} and the positive iofe} densities derived by Lang-

cals in [29]) to describe the reactor walls in stationary conditigRuir curves for the typical discharge parameters are, respec-
tively, 5 - 107 cm—2 and5 - 10*° cm~3. While the electron tem-

ICERNLIB is the C.E.R.N. Program Library: http:/Awwinfo.cern.ch/asd/. perature profile{ A} is rather flat, density profiles of electrons

2KINEMA database: http://www.csn.net/~morgan/database.htm.

and ions are similar and approximately parabolic.
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be paid in the treatment of ion diffusion. In most discharges, the
large electron mobility induces an ambipolar electric field modi-
fying positive and negative ions drift velocities, but this is not the
SF;s case. The first consideration is that the presence of a large
amount of negative ions invalidates the standard ambipolar dif-
fusion formula( D s, = Diree - (1+T% /T )) used for instance

in [23]. On the other hand, considering only free ion diffusion
losses, as in [27], an unphysical violation of quasi-neutrality in
the bulk plasma occurs because of the different diffusion ve-
locities of electrons and ions. In our simulations, we chose the
approach of Lichtembergt al. [32], where the charge balance
equations have been considered.

Since in numerical simulations the electron density is fixed
and equal to the electron density determined from experimental
data, neglecting the very small electron recombination rate, the
electron diffusion losses are determined by balancing electron
production, namely, ionization, with attachment process. Then
charge balance equations imposing quasi-neutrality fix the local
electric field and the diffusion loss term for positive ions.

As far as regards negative ions, we consider only free diffu-
sion followed by detachment in the wall sheaths [23]. At vari-
ance with [32], we do notimpose a null negative ion flux: in fact,
aconsequence of the absence of negative ion diffusionis the pre-
diction of a flat electron radial profiléVn, /n. < Vn,;/n;),
which is ruled out by our experimental data, as can be seen, for
instance, in Fig. 3.

Different hypotheses regarding the effective ion diffusion co-
efficients lead to quite different predictions of thesalues, as
shown in Fig. 5, reporting for experimental data and different
simulation implementation of the transport processes.

A numerical simulation considering an ambipolar diffusion
{O} results iny values of about 100, an order of magnitude
smaller than the observed onge}, and therefore can be ex-
Qluded in the reactor conditions. On the other hand, the simu-
lation involving balanced ion diffusion (Lichtenberg [32])(
and{A} are given by simulations obtained for two choices of

Varying the RF power between 2 and 25 W and the neutral g&¢ ion recombination ratefs,..) performs very well in all the
pressure from 0.05 to 0.5 mbar, the ion to electron density ragperimental conditions varying both pressure and RF power.
n ranges between 1000 and 5000, suggesting the dominanc&igce the effective ion drift velocity is rather small (about 15
negative ions in the SFplasma. The expected composition ofm/s for SE), typical of an almost free diffusion mechanism,

the negative ion population can be established considering theédur reactor geometry the value is determined by the bulk
kinetics of electron attachment process;Sind SE are pro- recombination rate. Therefore, some sensitivity can be claimed
duced by low energy electron impact ongSWhile the threshold also about the magnitude of this parameter, although the effect
for F~ formation is around 4 eV. Thus, the latter can dominaté not so striking. The comparison with the experimental data
only at a rather large electron temperature [31]. Electron deppints out that a better agreement can be achieved using the
sity comes out to be nearly independent of pressure and almi@sher low rates{} in Fig. 5, with K, ~ 10~* cm?®/s) taken
proportional to the delivered RF power, as it can be appreciaté@m [26] and not the ten times larger ondg\(} in Fig. 5, with
from Fig. 4. Electron temperature and density, derived from tHé-.. ~ 10~7 cm?/s), extrapolated from atomic recombination
analysis of the Langmuir probe data, can be used as input pardtit H~, O O™) used in the simulation of [27]. In fact, the sim-
eters of the numerical simulations, thus allowing a comparistiftion carried out with the larger rates produgegalues sys-
between the values of the ratipexperimentally found and the tematically lower than experimental values.
predicted ones. One can therefore check whether the simulatiotn spite of the rather crude approximation made in [32],
of the plasma composition is fairly correct. namely, that of a flat electron density radial profile, such a
In order to numerically derive the plasma and neutral gas mistodel is nevertheless able to reproduce the correct behaviour
ture composition, some basic considerations on the transp@y with the simple formula (represented by} in Fig. 5)
processes, supported by experimental results, have to be made.
The transport properties of such a plasma are completely dif- 15 Kyt - nsF,
ferent from electrons dominated plasmas. Particular care is to "™“\VS Ko .n

()

Krec cTe
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Fig.5. Behavior of ion to electron density ratjan the range of pressure and RF power studied in the experiments. Different simulation parameters are compared

with the data{e} = experimental result{d} = ambipolar diffusion{o} = balanced free diffusion with the ion recombination rdig.. ~ 10—% cm®/s,
{A} = the same but with the higher ion recombination rAte. ~ 107 cm®/s,{x} = (7) formula [32].
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Fig. 6. Comparison between the ion to electron density ragatracted from
the experimental radial profile shown in Fig.®&r = 10 W, P = 0.1 mbar)
{e} and the one predicted from the simulatipm} .

Fig. 7. Comparison between the positive ion to electron density ratio
extracted from the experimental daff. (= 8-10 eV, P = 0.1 {#},0.4 {o}
mbar) and the one predicted from the simulation at the same pressures with a
fixed electron temperatutE. = 9 eV (full and dashed lines, respectively).
This formula reproduces the correct dependence betweed
P and betweem and Wgy. In fact, the experimental resultsa wide electron temperature range keeping a constant electron
show a slow increase of with P (to be compared with the density prevents a sharper test of the behavior predicted by the
behavior) oc |/nsp, o VP of (7)) and a decrease gfwith simulation and displayed in Fig. 8.
Wrr, which at low power is proportional to the electron density An example of the evolution of the neutral and ion species
n., reproduced by the dependengec /1/n. of (7). concentrations as predicted by the model is shown in Fig. 9. The
The comparison between the experimental and theoreticasimulation shows that total dissociation is rather small and only
values of radial profile is quite good, as shown in Fig. 6. The inpartially developed, with dominant radicals F, $Sknd Sk,
crease of) values near the vacuum chamber efle= —5) can while Sk, and i are somewhat less abundant. The important
be interpreted using (7), as due to the reduction of the electrituorine radical reaches equilibrium quite fast and is quickly dif-
density at the edges and, to a lesser extent, to the slight decrdasig and recombined onto the walls downstream. The neutral
of the electron temperature resulting in a greater attachment rgi@s composition stays rather constant inside the plasma, with
The overall agreement between the simulation and the datastable specie density slowly increasing along the flow direction.
then value in accessible electron density and temperature rangdarge dissociation cannot be achieved in the reactor with such
is sketched in Figs. 7 and 8. In particular, the steep riseatf flowrates and such rather low powers. On the other hand, plasma
low electron density is correctly reproduced by the simulatiawomposition reaches almost instantaneously a stationary condi-
at different external pressures, while the difficulty in obtainingon far in advance the neutral gas phase.
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Fig. 10. The percentage of the different negative ion species with respect to
) . ) . . thetotal negative ion density as a function of the electron temperature predicted
Fig. 8. Comparison between the ion to electron density rajio py the simulation (SE is the full line,SE™ dotted, and F dashed).
extracted from the experimental dat:.( = 1-1.2 - 10% cm—3,

P = 0.05 {A},0.1 {0}.0.2 {e} mbar) and the one predicted from
the simulation at a fixed electron density = 1.1-10° cm~ (dotted, dashed, the highly dissociated radicals arise from a chain of single dis-
and full lines, respectively). sociation reactions or directly from $Ehrough a multiple dis-

sociation process. By suppressing the relevant rates in the sim-
ulation, it can be shown that Selensity is not affected by the
dissociation channel considered (varying from 8.6 to-4.6'3

SF \ 3 cm~2 in simulations including only single or multiple dissocia-
tion channel or both) and that about 70% of,®kensity is due

10" g T T T T T T T T T T

-
o
=
Ve

KR N A A ¢ to direct dissociation of S However, it should be kept in mind
Saovp [SR7F SF; 3 that many of the rel directl db
> ] SF, __._,‘,__,_f,\ ________ K: 1y of the relevant rates were never directly measured but
@ I B j only estimated, as, for example, the quoted branching ratio of
8 10° 3 13 SFs to Sk, dissociation [25]. So these figures are somewhat un-
?,, F l;\f certain, and existing simulations [23], [29], including only the
§ 10° 3 '3 chain of single dissociation reactions, should be adequately re-
o 3 nE alistic. The negative ion component is built up ofSISF,, and
107 5 F~. The last one is produced mainly in dissociative attachment
10 ¢ on Sk [4], [33], and its fraction increases with the electron tem-
perature, as can be appreciated by the simulation results shown
10 3 in Fig. 10. Again, a careful inspection of the simulation shows
ST r that less than 10% of Fdensity arises from direct attachment
E on fluorine or from other radicals.
%1013 3 In view of the possible applications of our reactor for surface
S 1012 Fr treatments, one of the most important parameters is the fluorine
(E“‘ 3 radical concentration, which depends on the balance between
= 10" 3 production by electron impact dissociation and recombination
4 10 | and diffusion losses. In order to gain insight into such param-
. eters in different operation conditions, we have observed the

discharge with a photodiode coupled with suitable filters. By
Longitudinal distance Z (cm) taking the difference between the phododiode output with and
without the 600-nm filter, we can select the short wavelength
Fig. 9. An example of the variation along the axis of the vacuum chamber pairt of the spectrum (in the range from 200 to 600 nm), which
the neutra[and charged species densities as predicted by the simulatien ( jg nearly proportional to the electron density, as extracted from
7-107cm=3,T. = 7 eV, P = 0.1 mbar). . . .
the Langmuir probe analysis. The purely linear dependence on
electron density disfavors fluorine and other radicals and there-
Due to the low dissociation level, the dominant positive iofore points towards a continuum contribution, also, if we cannot
is SF} deriving from ionization of SF, with SF} ion becaming exclude emission line from SFTherefore, each emission light
important only at substantial dissociation and relatively dowican be possibly ascribed to plasma bremsstrahlung radiation as,
stream, while F ion is always a minority component in the confor instance, was observed in the experiments mentioned in [23].
ditions of our experiments. This result justifies the choice of the The photodiode output current collected with the two
SF;r mass as the effective positive ion mass made in the analylsis-pass filters comes from light emission in the red spectral
of Langmuir characteristics. An interesting question is whetheggion, mainly from deexcitation of excited fluorine energy
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fluorine density (10™cm™)

delivered RF power at different pressures between 0.1 and 0.5 mbar
(P = 0.1 {0},0.2 {0},0.3 {V},0.4 {A},0.5 {+}). The discharge was Fig.12. Fluorine radical density as a function of the electron density at a fixed

observed through the 600 nm low-pass filter.

levels [21], which in turn get populated by electron impact re-
actions. Two different channels are to be considered: in the first

one, dissociation of SFmolecules can lead to excited fluorine

radicals through the process + Sk — ¢~ + Sk + F,

while in the second free fluorine, radicals in the ground state

are excited by inelastic electron collisions through the processz)

¢~ +F — ¢~ + F*. The second mechanism is considered to be

the dominant one in typical discharge conditions [21].

The small difference (less than 5%) between the data taken
with the two filters shows also that the contribution of the con-
tinuum is negligible and cannot affect our measurements in the

wavelength ranga > 650 nm.

Typical photodiode output data are shown in Fig. 11. A

systematic trend towards larger photodiode outputs is observed
when both pressure (and with it the total number density) and 3)

RF power (roughly proportional to the electron densityas

experimentally checked by the Langmuir data analysis at least
at low RF power; see Fig. 4) are increased. The numerical
simulation shows that indeed the fluorine radical density
displays a similar behaviour, as can be appreciated comparing
the experimental data of Fig. 11 with the theoretical results of

Fig. 12.

VI. CONCLUSION

5)
We have presented a detailed analysis of the characteristics

of an Sk plasma reactor. The peculiarities of such a chemical
compound show up in the particular kind of plasma produced in

the discharge (almost an electronless one) and in the transport

properties of such a system. Nevertheless, a clarification of the

relevant mechanisms determining the steady state reached in the

device can be obtained with the joint effort of a suitable experi-
mental diagnostic and of a detailed numerical simulation of the
chemical kinetics. In particular, we want to stress the following

points.

—tm—

e P=0.1 mbar L
| —— P=0.2 mbar
""""" P=0.3 mbar S
oo P=0.4 mbar ST

electron density (107cm™)

electron temperaturé. = 9 eV and at different pressure® (= 0.1 mbar is
the short dashed line, 0.2 solid, 0.3 dotted, and 0.4 dashed).

diffusion [32]. This fact can be exploited both in pinning
down the relevant reaction rates (at least at the right order
of magnitude level) and in the search of the optimum op-
eration conditions.

The ion to electron density ratig in the plasma has
demonstrated to be a sensible indicator also of the actual
ion diffusion and of the other loss processes. We can con-
clude that a realistic description of these processes in such
a plasma requires the full implementation of the charge
balance equations and cannot be achieved with simpler
approximations such as a standard ambipolar diffusion
formula or a free (that is, at the same velocity of the neu-
tral species) diffusion.

The practice of a Langmuir probe diagnostic technique
proves very useful in the characterization of the plasma
state produced in the device, all the more in view of the
cheapness and the simplicity of the implementation of
such an experimental method. In particular, it is able to
measure the values, which are relevant in the under-
standing of the plasma transport processes.

) The concentration of free radicals, as, for instance, fluo-

rine, which are relevant for the surface treatments, can be
determined by the numerical simulation and the results
agree with the experimental optical observations.

A numerical simulation of the chemical kinetic of such
systems can be quite easily accomplished, but in order
to obtain fully realistic predictions of the reactor per-
formances, it should be carefully tested with the exper-
imental observations. Then, after such an “optimization”
procedure, the simulation can become a very useful tool
in the analysis of the capabilities of the device in order to
study the applications to surface treatments.
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