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Chlorine chemistries are often used for the radio-frequency (rf) discharge plasma etching of
compound semiconductors, metals, and silicon. A variety of gas mixtures are used as Cl atom
donors, many of which have different electron transport coefficients. In this article we
computationally investigate 13.56 MHz rf discharges sustained in He/Cl,, He/HCl, and
He/CCl, gas mixtures in the context of plasma etching. The study is performed using a Monte
Carlo-fluid hybrid model of of discharges. We find that the Cl atom production efficiency is
surprisingly similar in these mixtures, while the details of the electron transport (sources of
ionization, locations of attachment, electronegativity ) dramatically differ. We also find that even
at the low pressures of interest (0.25-1 Torr) attachment in He/HCI mixtures is dominated by
vibrationally excited HCI, in analogy to high-pressure discharge devices.

. INTRODUCTION

Chlorine chemistries are often used for the plasma etching
of I1I-V semiconductors, Al, n-type Si, and polycrystalline
silicon.! The etching precursor for these discharges is be-
lieved to be chlorine atoms. A variety of different gases are
commonly used as Cl donors. Some examples of these do-
nors are HCl, Cl,, CCLF,, SiCl,, and CCl,. The electron
and ion transport coefficients for these gases are guite dif-
ferent. As a result, there is no expectation that the dis-
charge properties (i.e., electron density, electronegativity,
plasma potential)} obtained using different Cl donors will
be similar even though the etching rates may be similar.
Likewise, similar power depositions and gas pressures do
not necessary result in the same rate of Cl atom produc-
tion. Since the etching characteristics of the discharge de-
pend both on the rate of Cl production and parameters
such as ion fluxes, some care must be taken in selecting the
Ci donor for the etching conditions of interest.

A number of theoretical studies have addressed the
properties of Cl, radio-frequency (rf) discharges. Rogoff,
Kramer, and Piejak® computationally and experimentaily
investigated the bulk plasma in 13.56 MHz rf chlorine dis-
charges. They found that the highly electronegative nature
of the plasma resulted in power deposition which increased
linearly with increasing electrode spacing (1.0-2.5 cm),
current and gas pressure (1.0-1.5 Torr). These character-
istics imply that the bulk plasma is well represented by a
positive column in which ionization is balanced by attach-
ment. Meyyappan and Govindan® modeled a Cl, f dis-
charge (13.56 MHz) using a three-moment fluid model.
For an electrode separation of 1 cm and applied rf ampii-
tude of 140 V, they obtained an ion density of ~2x 10"
cm™® and an electronegativity (negative ion density/
eleciron density} of »100. Under these conditions, space
charge neutrality is maintained by the positive and nega-
tive ions, with the electrons being somewhat decoupled.
Meyyappan and Govindan therefore predict that the elec-
trons will advect across the discharge under the influence
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of the applied electric field and reach a maximum value
near the clectrodes on alternating half-cycles. The electron
ternperature was predicted to have =~30% modulation
during the rf cycie, with a mean value of 2.6 eV. Park and
Economou,* and Aydil and Economou® developed one-
and two-dimensional fluid models for Cli, discharges to
investigate etching uniformities, and separately a bulk
plasma mode! using a local field solution of the electron
energy distribution to obtain rate coefficienis. They also
found electronegativities of ~ 100 at a gas pressure of 1
Torr, and that electron densities modulated by = 15% dur-
ing the rf cycle.

In this article, we report on a computational investiga-
tion of f discharges sustained in different chlorine donat-
ing gases as used for the etching of semiconductors. The
goal of this study is to characterize the efficiency with
which Cl atoms are produced, and how other properties of
these discharges {such as electronegativity } compare. This
study was performed with a self-consistent Monte Carlo-
fluid {MCF) simulation for the electron, ion, and neutral
kinetics in paraliel plate rf discharges.® The gases investi-
gated are HCl, CCly, and Cl,. We found that the Cl atom
production efficiency is highest for Cl, and lowest for HC},
and that the efficiency generally increases with increasing
pressure and voltage, though the differences are not large.
The dominant source of Cl atoms is dissociative electronic
excitation in all cases, though dissociative ionization (for
CCly and Cl,) and attachment may account for a few to
10% of the percent of the total Ci production. We also
found that since the dissociative attachment cross section
for HCI siganificantly increases with increasing vibrational
level, HCI{v) must be accounted for in low pressure mod-
els of eiching discharges.

In Sec. I, the mode! we used in this study will be briefly
described and the results of our investigation are discussed
in Sec. L. Cur concluding remarks are in Sec. IV.
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il. DESCRIPTION OF THE MODEL

The model used in this study is a self-consistent Monte
Carlo-fluid hybrid (MCFH) model for the electron, ion,
and.neutral kinetics in parallel plate rf discharges. The
MCF simulation is discussed in detail in Ref. 6, and there-
fore will be only briefly described here.

The MCFH model consists of three linked simulations,
an electron Monte Carlo simulation (EMCS), a self-
consistent fluid model (SCFM), and a neutral chemistry
and transport model (NCTM). In the EMCS, electron
trajectories are calculated in an oscillating rf electric field
while accounting for collisions with the input gases, ions,
and other species which evolve during the simulation. The
EMCS begins by assuming an eleciric field as a function of
position between the electrodes and phase during the rf
cycle, E(z,¢). This electric field is used to advance the
electron trajectories for 10s of rf cycles to generate electron
impact source functions, S(z,¢), for excitation, ionization,
and dissociation of the gases, as a function of position and
phase. Electron transport coefficients (mobility, average
energy) are also produced in the EMCS. The S(z,¢) and
transport coefficients are then transferred to the SCFM. In
the SCFM the charge densities for electrons, positive ions,
and negative ions are obtained from their respective conti-
nuity equations using the source functions and transport
coefficients from the EMCS. E(z,¢) is obtained in the
SCFM by solving Poisson’s eguation. All pertinent
charged particle chemistry (e.g.. Penning and charge ex-
change reactions) are included in this portion of the
model. The SCFM is also run for 10s of rf cycles. At that
time, the charge densities and E(z,¢) are returned to the
EMCS. The EMCS is run for 10s of rf cycles using the new
field, generating new source functions for use in a subse-
qguent run of the SCFM. We continue to iterate between
the EMCS and SCFM until the average plasma density
converges to acceptable limits (see Ref. 6).

Before execution of the SCFM during each iteration,
S(z,9) and the charge densities may be transfered to the
NCTM in which neutral radical and molecular densities
are calculated. The resulting densities are then used in both
the EMCS and SCFM. Typically, 100s to 1000s of rf cycles
are required for the calculation to converge. This requires
hours to 10s of hours on a laboratory computer (Stardent
3000).

The major revision to the model described in Ref. 6 is in
the manner in which S(z,¢) is transferred to the SCFM. In
highly attaching gas mixtures, small changes in the charge
balance can cause large changes in £(z,¢) between itera-
tions between the EMCS and SCFM. These changes in
E(z,¢) are reflected in the source functions which are cy-
cled back to the SCFM. The end result is an oscillation in
the plasma density whose time scale corresponds to many
ion diffusion times across the plasma. This phenomenon
may require many 1000s of rf cycles to damp out. We feel
this is a numerical effect since these low frequency oscilla-
tions are not typically observed experimentatly.” This effect
is largely mitigated by back averaging S(z,¢) between suc-
cessive interations between the EMCS and the SCFM. This
back averaging is performed by
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TABLE 1. Species included in the model.

He Cl, HCl CCiy
He* Ctt HCl(v=1,2) CCl
He' (o' HCI™ CCL,
e Ci

Si1(z8)=fSi(zd) + (11 1S (z2,¢), (1)

where the subscript denotes the iteration, the primes de-
note the back-averaged values, and the unprimed quanti-
ties are the raw instantaneous values. For highly attaching
mixtures, we used f=0.5. We also revised the manner of
recording particle locations in the EMCS. In this work we
recorded particle locations in phase space (position, rf
phase, energy) every time a particle’s trajectory was up-
dated. Since the time steps used to advance individual par-
ticles differ, the recording of each particle’s position in a
given cell of phase space is weighted by the length of the
previous fimestep or the length of time spent in that cell,
whichever is shorter.

Cross sections for attachment, vibrational excitation,
electronic excitation, and momentum transfer for CCl,
were obtained from Hayashi.® Cross sections for dissocia-
tive ionization for CCl, were obtained from Leiter e al.’ In
accordance with Hayashi,8 and Breibarth and
Rottmayer,!? we assumed that all electronic excitations are
dissociative. A single branching to CCl,-+2Cl was used, as
suggested by Breibarth and Rottmayer.'® Cross sections for
all processes in Cl, were obtained from Rogoff ez al.” Elec-
tronic excitation to the C'II state of Cl, is dissociative.
Cross sections for momentum transfer, electronic excita-
tion and ionization of HCl were obtained from Hayashi.®
Cross sections for vibrational excitation to HCl(v=1,2,3)
were obtained from Penetrante and Bardsley,!! and cross
sections for dissociative attachment to HCI(2=0,1,2,3)
were obtained from Bardsley and Wadhera.'? Electron su-
perelastic quenching cross sections for all levels were cal-
culated by detailed balance. We approximated that the
electronic excitation and ionization cross sections for
HCI(v=0) could be used for HCi(v> 0) by decreasing
their threshold values by the vibrational quanta.

Helium is a common diluent used in etching of semi-
conductors, and so the gas mixtures used in this study were
He/M=0.9/0.1, M=CCl,, HC|, and Cl,. The species in-
cluded in the model are listed in Table I. The electron
impact and heavy particle reactions included in the model
for these mixtures are shown in Table II.

The attachment cross sections of the feedstock gases
dramatically vary, as shown in Fig. 1. CCl, has a large
thermal attachment cross section. The cross section for
dissociative attachment to Cl, also has a thermal compo-
nent, though 50-100 times smaller than CCl,. There are
small resonances in the Cl, attachment cross section be-
tween 1 and 10 eV, though these resonances do not signif-
icantly contribute to the total Cl, attachment.

The attachment cross section for HCl{(v=0) is, in com-
parison, small and has a threshold energy of 0.75 eV. The
attachment cross section, though, increases with increasing
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TABLE II. Reactions included in the model.

Process Rate coefficient® Reference
All gas mixtures
e+He-He-+e b i3
e+HezHe* e b,c 14
e+ He=He¥* 4 b, 14
e+He—-Het +2¢ b 15
e+ He*-He™ +2¢ b,c 16
et+He¥==He¥* L e b.c 17
e+He** ~He™ +2¢ b,c 16
e+ Het ->Het 4e b i8
He*4+ He*>He' +He+e L5x107° 19
He*+ He—2He 58x10° 20
e+Cl™Cl™ +e b 18
e+Cl” »Cl4e b 21
Cl™+He" - Cl+He 5.0x107¢ d
Additional reactions for He/Cl,
e+Ch~Cl+e b 2
e+Ch-Chiv=123)+e b 2
e+ Cl-CL(B 2 1,2!12) e b 2
e+ Clh~CL{C ) +e—2C e b 2
e+ Cly-Clf +2e b 2
e+Cl,~Cl™4+C1 b 2
e+Clf -Cl+Cl b d,22
e+Cl - Clf 4e b 18
He*+ClL,—Cl + He+e Lox 10710 d
Het 4+ Cl-»Cl +He 1.0x10°° d
CliF +CF -3¢t 5.0x10°8 d
Additional reactions for He/HCI
e+ HCl(v==0,1,2) =~ HCH{v=0,1,2) 4-¢ b,e 8
e+ HCl2eHCH(v=12)+e b 11
e+ HCl(v=1}2HCl{(v=2)4¢ b i
e+HCIH{(v=0,12)-H+CCl+e b,e 8
e+HCHv=0,1,2) ~HCI" +2¢ b,e 8
e+ HCl(v=0,1,2) - H+Cl- b 12
e+HCH - H+Cl b d,22
e+HCI - HCl +e b 18
HCY +Cl =H+2C1 5.0x107 8 d
HCHv=1)+HCl-2HCl 2.18x 101 23
HClv=2)+HCI - HCI+ HCl{(y=1} 4.35x10°1 23
HCHv=1)+HCH{r=1)-HCHv=2)+HCl 3.0x10°" 23
He*+ HCl(v=:0,1,2) - HClY +He+e 1.ox10~" d
He ' +HC(v=0,1,2) -~ HCI" +He 1.0x10 % é
Additional reactions for He/CCl,
e+ CC,—»CCly +e b 8
e+ CClL—CCli(v=1,2,3) +e b 8
e+CCl—CCL +2Ch +-¢ b 8,10
¢4 CClL -~ CCl +Cl4-2e bt 9
e+ CClL—-CCL+-CL b 8
e+ CCl - CCL+CE b d,22
e+ CCly - CCly +e b 8
CCl; +Cl™ - CCL+2C 50%x107*® d
He* 4 CClL— CCl +Cl4+-He+e 1.0x107"° d
He' + CCl,—-CClf +Cl+He 1ox107° d

*Rate coefficient has units cm® s~ ! unless otherwise noted.

*Rate coefficient obtained from calculated electron energy distribution
and cross section obtaired from noted reference.

“He* represents a composite state. See Ref. 6.

Estimated. See reference for analogous process.

“Cross sections for electron collisions for HCl{(»=0) were also used for
HCl(v=:1,2), with the threshold energy appropriately modified.

‘Al dissociative ionization branchings for CCl, were summed and repre-
sented by a single branching to CClf in the model.
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FiG. 1. Dissociative attachment cross sections for Cly, CCl,, and HCl(»).
Note the large thermal attachment cross section for CCl,, and the large
vibrational enhancement in the cross section for HCl(p).

vibrational level while the threshold energy decreases. As
we will discuss below, even in the low pressure discharges
of interest, attachment processes in HCI plasmas are dom-
inated by the vibrationally excited species. This is a well-
known phenomenon in bigh-pressure discharges contain-
ing HCI, such as those used in XeCl excimer lasers.?
Although there is some expectation that CCl(v) and
Cl; (v} may also have larger attachment cross sections, the
fractional increase in the total rate of attachment due to
vibrationally enhanced attachment will be small due to the
thermal attaching nature of the ground state.

iti. CHARACTERISTICS OF rf DISCHARGES IN CI
DONORS

In this section, we will discuss characteristics of 13.56
MHz parallel plate rf discharges sustained in He/M=0.9/
0.1, M=Cl,, CCl,, and HCL Unless otherwise noted, the
gas pressure is 250 mTorr, and the electrode separation is
2.54 cm (1 in.). The applied voltages specified below are rf
amplitudes. We note that gas flow and depletion of feed-
stock gases are not included in this model.

The time averaged electric fields for He/Cl, mixtures
are shown in Fig. 2. Electric fields are shown for applied
potentials of 75, 100, and 150 V, and at pressures of 0.25,
0.5, and 1.0 Torr for 100 V. The thickness of the time
averaged electric field is largely determined by the ion
mean free path, which is a weak function of electric field.
Therefore, as the voltage is increased, the thickness of the
sheath remains nearly constant while the maximum efec-
tric fleld increases to account for the increase in voltage.
The sheath thickness scales inversely with gas pressure to
reflect the change in the ions’ mean free path.

Time and spatially averaged electron densities and pos-
itive ion densities for Cl, discharges (0.25-1.0 Torr, 75—
150 V) are shown in Fig. 3. Over the range of operating
conditions studied, the plasma densities increase linearly
with applied potential, but less than linearly with pressure.
The positive ion density (0.5-4X 10'" cm %) is dominated
by Clf. In spite of the larger mole fraction of He, the
density of He™ is small (10'~10° cm™?). The production
of He™ is low and it is rapidly depleted by charge exchange
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Fi1G. 2. Time averaged electric fields in He/Cl;==0.9/0.1 mixtures for
various f voltages and gas pressures. The discharge is symmetric across
the center line, and regions only 0.75 cm from the electrodes are shown.
The varying voltage cases are at 0.5 Torr; the varying pressure cases are
at 100 V. The sheath thickness is nominally only a function of pressure for
these conditions.

with Cl,. The electronegativity (negative ion density/
electron density) is 15-20 at 0.25 Torr, increasing to 30-60
at 1 Torr. These values are somewhat lower than those
predicted by Meyyappan® and Economou® for pure Cl,
discharges. These values are a factor of 2-3 larger than
densites for Cl;" estimated from laser induced fluorescence
(LIF) measurements by Donnelly, Flamm, and Collins for
similar gas mixtures and power deposition (based on
W cm™2).” We attribute these differences to a possible
depletion of the feedstock gases in the experiments, as
noted by a saturation of ion density with increasing power,
and 2 higher rate of loss of ions by radial diffusion in the
relatively small experimental reactor (3.8 cm diam elec-
trodes). Although numerous LIF experiments of ion den-
sities and electric fields have been performed on attaching
gases (see, for example, Ref. 26 and citations therein), the
majority of those measurements have been in BCl; (for
which electron collision cross sections are not available) or
at lower 1f frequencies. We can, however, compare to the
experimental results of Gottscho?® who measured sheath
thickness in an Ar/BCly (95/5, 0.3 Torr, 10 MHz} dis-
charge. He found maximum sheath thicknesses of =0.3
cm, commensurate with those predicted here.

The average electron and positive ion densities in
He/HCl discharges are shown in Fig. 3(c) for the same
conditions as for He/Cl, in Fig. 3(b). For a given pressure
and applied potential, the plasma density is approximately
twice as large in the HCI discharge, and the electronega-
tivity is smaller (10-15). This trend is largely a conse-
quence of the rate of attachment to HCl(v=0) being much
smaller than that for Cl,, and that HCI must be vibration-
ally excited to significantly attach. These trends are dis-
cussed in more detail below.

It is well-known from experience with atmospheric pres-
sure discharges that attachment in HC! containing gas
mixtures, such as for XeCl lasers, is dominated by vibra-
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FiG. 3. Time and space averaged charge particle densities in He/Cl, and
He/HCI gas mixtures. (a) Electron density as a function of rf voltage for
various gas pressures for He/Cl,. (b} Cly and electron densities at 0.25
Torr as a function of f voltage for He/Cl,. (c) HCI" and electron
densities at 0.25 Torr as a function of f voltage for He/HCl. Plasma
densities increase nearly linearly with voltage and less than linearly with
pressure. For otherwise similar conditions, the plasma density is lower
and electronegatively higher in He/Cl, mixtures.

tionally excited HCL** To investigate this issue in low pres-
sure, plasma processing discharges, calculations were per-
formed including and excluding attachment to HCl(v).
The results for electron density are shown in Fig. 4(a)
where the gas pressure is 0.25 Torr, and rf voltage is 100 V.
The densities of ions are shown in Fig. 4(b). The densities
of HCl(v) and He* are shown in Fig. 5. When including
HCI(v), the electron density has a maximum value of
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Fia. 4. Charged particle densities in He/HC! mixtures (0.25 Torr, 100
V) as a function of position when including and excluding vibrationally
excited HCL The resulis are symmetric across the center line. (a) Elec-
tron densities shown every 1/20 of the rf cycle for half the cycle. Without
HCl(v), the electron density is twice as large; with a profile which is more
diffusion dominated. (b) Time averaged densities of HCl*, C1, and
He?. The positive and negative ion densities increase while the electron
density decreases with HCI(v), a consequence of increased rates of ai-
tachment.

3.5%10% cm 3, compared to 6.2 X 10° cm—? when exclud-
ing the vibrational states. The electfonegativities for these
two cases are 15 and 3, respectively. When including
HCIi(v), the plasma density is more uniform across the
plasma and the electron temperature is higher (2.1 eV
compared to 1.8 eV}, both characteristics of more elec-
tronegative plasmas. Note that the density of He™ is =500
times smaller than HCI™, a consequence of the He higher
ionization potential and rapid rate of charge exchange. The
densities of He’ and He* are maximum near the edge of
the sheaths where their rates of production are higher, but
quickly decay due to charge exchange, Penning reactions,
and to a lesser extent ion—iom neutralization. The peak
densities of HCl(v=1) and HCl(v=2) are 3.9x 10"
em ™ and 1.5% 10" cm ™ at 100 V, yielding a tota! frac-
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FI1G. 5. Neutral particle densities in He/HCI discharges. {a) Time aver-
aged HCI {(v=1,2) and He* (0.25 Torr, 100 V) as a function of position
between the electrodes. (b) Time and spatially averaged HCl (v==1,2) as
a function of rf voltage at 8.25 Torr. The fractional densities of HCI{v)
are 5%-~10%, while the density of He* is rapidly depleted by Penning
reactions.

tional density of HCl which is vibrationally excited of 0.07.
The HCI{(v) densities increase somewhat linearly with in-
creasing applied voitage, as shown in Fig. 5(b). As in ex-
cimer laser discharges,24 moderate densities of HCI(v) are
sufficient to dominate attachment in HC! containing plas-
mas due to the large enhancement in their dissociative at-
tachment cross sections relative to the ground state. Simi-
lar vibrational enhancements for attachment in H, have
been exploited in the context of multicusp negative ion
sourees.?’

The electron sources {due to ionization, attachment,
and recombination) are shown in Fig. 6 as a function of
position and phase for rf discharges in He/Cl,=0.9/0.1 at
pressures of 0.25 and 1.0 Torr. The electric fields for these
cases are shown in Fig. 6{¢). The applied rf potential is
150 V. The contours which are not overlayed by dots de-
note regions in the (z,¢)} phase space where ionization ex-
ceeds losses. The contours which are overlayed by dots
denote regions where losses due to attachment and recom-
bination exceed ionization. As expected, the lower pressure
plasma is more nonequilibrium. Electrons are stochasti-
cally heated at the expanding front of the sheath, and pen-
etrate further into the bulk plasma. This results in more
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F16. 6. He/Cl, electron sources and electric fields (150 V). {a) Electron
sources by electron impact events (ionization, attachment, and recombi-
nation) as a function of position between the electrodes and phase during
the 1f cycle for 0.25 Torr. (b) Electron sources for 1.0 Torr. (¢} Electric
fields for 0.25 and 1.0 Torr. In {a} and (b) the contours not overlayed
with dots denote regions of positive sources (that is, net ionization) while
the contours overlayed with dots show regions of negative sources (that
is, net loss). The contours are labeled as a percentage of their maximum
values, separately shown at the top of each figure for losses and sources
(em ?s7!). In (c) the contours not overlayed with dots are positive
fields and the contours overlayed with dots are negative fields, The max-
imum amplitude of the field is shown at the top of the figure.

widespread regions of net ionization. The losses are due
dominantly to attachment and occur throughout the cycle.
The maximum in the rate of loss in the bulk plasma is
10%-15% that of ionization. At 1.0 Torr, the regions of
net ionization are confined to a smaller region of the (z,¢)
phase space near the maximum extent of the sheaths. The
electron losses have roughly the same magnitude and ex-
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FiG. 7. Electron sources for (a) He/HC! (0.25 Torr, 75 V) and (b)
He/CCl, (0.25 Torr, 600 V). The labeling scheme is the same as for Fig.
6.

tent over {z,¢); hence the magnitude of the net ionization
must increase to maintain the discharge. The electric field
in the bulk plasma has maximum values of <2-3 Vem™ L
There is evidence of an electric field reversal at higher
pressures, as shown in Fig. 6{c), which is absent at the
lower pressure.

The electron sources for He/HCI and He/CCl, dis-
charges at 0.25 Torr are shown in Fig. 7. He/HC! dis-
charges are able to operate in a similar pressure-voltage
parameter space as He/Cl, discharges; and when HCI is
vibrationally excited the rates of attachment in the He/Cl,
and He/HCl plasmas are similar. Therefore, the magni-
tudes of the electron sources, and the regions of (z,¢) in
which the sources have net ionization or loss, are similar.
The situation in He/CCl, discharges, though, is quite dif-
ferent. The thermal attachment cross section for CCly is
more than 100 times greater than either Cl, or HCl, and
this requires rf discharges in CCl; to operate at much
higher voltages. The case shown in Fig. 7(b) is for a rf
amplitude of 600 V. To generate similar total plasma den-
sities {see below), the electron sources in He/CCl, have
net rates of electron loss (by attachment) which are > 10
times larger than for He/HCI or He/Cl,, and also have
commensurately larger rates of net ionization. The quasi-
steady state in the He/CCl, discharge is maintained by a
balance between large sources and large rates of loss. Small
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FIG. 8. Time averaged charged particle densities as a function of position
between the electrodes. {a) He/Cl, for 0.25 and 1.0 Torr. (b) He/CCl,
{0.25 Torr, 600 V). In all cases, ionization is maximum near the sheaths.
Under conditions where the mean frec path for loss is short, the ion
densities are maximum near the sheath edge. This occurs at higher pres-
sures in He/Cl, and low pressures in He/CCl, due to its high attachment
Cross section.

excursions from the operating point therefore lead to more
rapid changes in discharge properties. This may explain
the poor reproducibility and heightened sensitivity of
highty attaching gas mixtures to small changes in operating
conditions.

As is typical for rf discharges sustained in molecular
gases, the maximum in the ionization rates are near the
oscillating edges of the sheaths. The spatial distribution of
charged species is then largely determined by their mean
free path for loss by attachment, icn—ion recombination,
recombination, or loss at the wall from their source of
generation. For example, the spatial distribution of HCI™*
and C1™ at 0.25 Torr [Fig. 4(b)] indicate production near
the sheath edges with a moderate loss in the bulk plasma.
The net flux of He™ ions towards the center of the plasma
indicates a net loss from charge exchange in the bulk. The
spatial distributions of Clf, C1™, and He"' in 0.25 Torr
He/Cl,, plotied in Fig. 8(a), show simiiar trends. How-
ever, in 1 Torr He/Cl, mixtures [also shown in Fig. §(a)]
the plasma densities are higher and ion mean free paths for
loss are commensurately shorter. As a result, the ion den-
sities are maximum near the sheath edge, with a net flux
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towards the center of the plasma compensated dominantly
by ion—ion neutralization. The same phenomenon occurs in
He/CCl, discharges at a lower pressure, as shown in Fig.
8({b), since the rates of attachment and ionization are com-
mensturately larger. Note that there is a steady diffusion
flux of positive and negative ions towards the center of the
plasma. The 1f current continuity is maintained by small
modulating electric fields which balance the diffusion flux
with an opposing drift. This condition is discussed in Ref.
6 in the context of clectronegative O, discharges.

Cl atoms are believed to be the major eiching species in
the discharges of interest. In all of the gas mixtures exam-
ined, dissociative electronic excitation is the major source
of CI atoms. The branching for neutral products during
dissociative excitation of CCl, have not been measured.
Kinetic studies, though, suggest that the major branching
is to CCl;+2C}, and we have used that branching here. 10
Only a small fraction of the Cl1™ produced by dissociative
attachment leaves the discharge since the heavy Cl7 is
trapped by the ambipolar fields. The vast majority of Ci—
is ultimately neutralized by ion~ion collisions, and so dis-
sociative attachment also represents a volumetric source of
Ci atoms,

Electron impact ionizations of HCE and Cl, are not
dominantly dissociative whereas those for CCl, are disso-
ciative. The major branching for dissociative ionization of
CCl, is to CCli +Cl+-e. Therefore, to first order, ioniza-
tion of HCI and Cl, are not sources of Cl atoms whereas
ionization of CCl, is. HCI" and Clf can, however, un-
dergo dissociative recombination which does produce Cl
atoms. At the pressures and densities of interest, this is not
a particularly large source of Ci atoms. The majority of
volumetric losses of positive ions result from ion-ion neu-
tralization. These processes are generally dissociative and
at high pressure are a significant source of Cl atoms. Most
positive ions diffuse out of the plasma and recombine on
the electrodes or walls, at least at lower pressures. The
products of wall catalyvzed recombination are not known
since the dissociative states which are formed during the
recombination process can be rapidly quenched to the
ground state of the ion. For purposes of discussion, we
have assumed that positive ion recombination on surfaces
is ot dissociative, whereas positive ion recombination in
the bulk is dissociative. In any event, this process makes
only minor contributions to Cl atem production. Penning
and charge exchange reactions with helium excited states
and ions also produce Cl atoms, though they also make
only minor contributions. The fractional contributions of
various processes to Cl atom production are shown in Ta-
bie III. In all cases, dissociative electronic excitation is the
dominant source of Cl atoms. Ionization, attachment, and
neutralizaticn processes produce only a few percent of the
Cl atoms. Dissociative recombination makes only minor
contributions to the production of Cl atoms.

The relative efficiencies for producing Cl atoms (pro-
duction rate/power deposition) are shown in Fig. 9 for the
gas mixtures studied here. The efficiencies are only weak
functions of voltage and hence power deposition provided
that the Cl donors are not depleted. The efficiency in-
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TaBLE IIL Fractional contributions to Cl atom production.

Gas mixture (0.25 Torr)

He/Cl, He/HCI He/CCly

Process (100 vV} (100 V) (600 V)

Dissociative 0.97 0.90 0.91
excitation

Dissociative o e 0.04
ionization

Dissociative 3.3x107* 7.0x10* 1.4x 1073
recombination

Dissociative 0.03 0.08 0.04
attachment

Ton-ion neutral- 2.5%x107} 0.02 Lix 1o~}
ization

Penning and charge 9.2x1073
exchange

creases with increasing gas pressure primarily because the
fractional power lost to ion bombardment of the electrodes
is smaller. One might also expect the efficiency to increase
with decreasing voltage for the same reason. This trend is
observed for HCI and higher pressures of Cl,. An increase
in the efficiency of producing Cl atoms by dissociative ex-
citation apparently compensates for this effect at lower
pressures. Cl atom production efficiency in Cl, is larger
than in HCl primarily because all dissociative processes
yield two Cl atoms, as opposed to one. The net production
efficiency for CCl, is surprisingly similar even though its
operating voltage is much higher.

Since the emphasis of this study was on the plasma
kinetics of Cl discharges we did not consider flow or de-
pletion of the feedstock gases in the model. Clearly, in a
sealed off chamber in which etching is taking place, a
steady state is not achieved because Cl is being consumed
by the etching process and not being replenished by flow.
One can estimate the depletion of the feedstock gases in,
for example, He/Cl, discharges in the following manner.
The plasma averaged values of Cl and Cl, can be obtained
from

1.25 ; - - r
He/Cly
> 1 Torr A---.
(8} i SRS
L “-A
é 1.00
[
E 0.5 mg----- &---- -
W 078 F e @ i
z 0.25 ®---nn- ¢ " ®
= CCl,,B600V
8 0.50 | 0.25 Torr 1
2 S S S
2
& 025t e
S He/HCt/ &7 Y |
0.25 Torr
0.00 1. ), .

50 75 100 125 150
rf POTENTIAL (V)

FI1G. 9. Relative Cl atom production efficiency for all gas mixtures inves-
tigated.
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dicly_ . spiCll_icy]

dt A? 7’ (22)
diCL] [Chle—[Chi § s'DICI] "
ar p 2t T2AT ¢ (20)

where S is the source of Cl atoms, D is the diffusion coef-
ficient for Cl, A is the diffusion length, s is the total reactive
sticking coefficient for Cl, s’ is the reactive sticking coeffi-
cient for reassociation of Cl to form Cl,, [ClL], is the influx
density of Cl,, and 7 is the residence time for flow. In
parallel plate geometries, A=L/2w and for our conditions
D~ Dy/P, where Dy=400 cm”*-Tort/s and P is the gas
pressure in Torr. Choosing L=2.54, P=0.25—1 Torr and
7=~001—-0.1 s, one can ignore flow in Eg. (2a) for
s>1072—~107>. Using this approximation, one can show
that the fractional depletion of Cl, is

__ 5T
f= {Ch o (

Typical values of S for plasmas sustained in He/Cl,=9/1
(0.25—1 Torr) are 10"°—10'7 cm’®s~!. Using 7=0.03 s,
significant depletion of Cl, occurs at the higher source
rates if 5’ /s < 0.5, or if more than half the Cl removed from
the plasma is by etching (as opposed toc reassociation to
form Cl,}.

1—s'/s). (3)

IV. CONCLUDING REMARKS

Radio frequency discharges in He/Cl,, He/HCI, and
He/CCl, have been investigated using a Monte Carlo-fluid
model. These gases have dramatically different electron
collision transport coeflicients, but produce Cl atoms by all
processes with a commensurate efficiency. In all cases, dis-
sociative electronic excitation is the dominant source of Cl
atoms. Even at the low pressures investigated here, attach-
ment in HC] mixtures is dominated by vibrationally ex-
cited HCI. The predicted electron densities are a factor of
two lower when including HCI(v). For otherwise similar
conditions, plasma densities are roughly twice as large in
He/HCl mixtures compared to He/Cl, mixtures, an effect
largely attributed to the lower rate of attachment to
ground state species. In He/CCly, and to a lesser extent in
He/Cl, mixtures, the modulation between electron sources
and loss in the (z,6) phase space is quite deep. This results
in the steady state being maintained by a balance between
two rapid processes: ionization and attachment. This mode
of operation may explain the sensitivity of similar gas mix-
tures to small changes in operating parameters.
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