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Quantifying transient phenomena such as pulsed operation is important to optimizing plasma
materials processing. In particular, pulsed electronegative plasmas are promising candidates for
reducing notching and charge buildup in features during microelectronics fabrication. In this article,
a two-dimensional plasma equipment model is employed to investigate pulsed inductively coupled
plasmas in Ar/Cl2 gas mixtures. The consequences of varying pulse repetition frequency~PRF!,
duty cycle, power, pressure, and Cl2 mole fractions on plasma properties are quantified. The
nonmonotonic temporal dynamics in Cl2 density observed in experiments are well captured by the
model. We found that for constant peak power, a lower duty cycle resulted in higher peak electron
temperatures at the leading edge of the power pulse due to a lower initial electron density at the end
of the afterglow. Increasing the PRF produces an increase in the time averaged electron density due
to a lower rate of attachment in the afterglow. The inertia of Cl2 ions produces a sluggish response
to rapid changes in plasma potential which results in ‘‘islands’’ of higher Cl2 density in the
periphery of the reactor. The results show that as the Cl2 fraction increases, the transition from
electron–ion to ion–ion plasma is more pronounced. ©2002 American Vacuum Society.
@DOI: 10.1116/1.1434965#
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I. INTRODUCTION

Pulsed electronegative plasmas are promising candid
for improving etch processes for microelectroni
fabrication.1–8 Extraction of negative ions from electroneg
tive pulsed plasmas has been proposed as a method to re
charge buildup in features, thereby reducing undesira
notching and bowing. This is attributed to the fact that ne
tive ions are able to reach deep into features during
power-off phase and neutralize positive charge. The ext
tion of negative ions during the power-off phase is possi
because the electron density and electron temperature dr
sufficiently low values that the plasma potential is too low
confine negative ions. The pulsed discharges of interest
radio frequency~rf! inductively coupled discharges~ICPs! in
which the carrier frequency~the power! is pulse-square wave
modulated. In Part I9 we describe a moderately parallel com
puter model with which we investigated the characteristics
pulsed electropositive plasmas in argon. Previous works
the pulsed plasmas of interest are reviewed Part I. Additio
works of interest to pulsed electronegative are noted be
@In the discussion that follows, the pulse repetition frequen
~PRF! refers to the number of power-on, power-off modu
tion periods per second. The duty cycle refers to the frac
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of the modulation period the power is on. The peak pow
refers to the maximum instantaneous power applied du
the power-on portion of the pulse.#

Overzetet al.1 performed time resolved measurements
pulsed ICPs sustained in SF6 at 30 mTorr with a power depo
sition of 150 W at a PRF of 100 Hz, duty cycle of 50%, a
flow rate of 20 sccm. They observed a large negative ion fl
to the walls immediately at plasma turnoff, which they attri
uted to a momentary reversal of the sheath electric fie
Samukawaet al.2–4 observed highly selective, anisotropi
notch-, and damage-free polycrystalline silicon etching us
chlorine at a pressure of 2 mTorr in a pulsed electron cyc
tron resonance~ECR! plasma. Measurements were pe
formed for peak powers of 1 kW at 2.45 GHz, duty cycle
50%, and PRFs between 10 and 100 kHz.

Takahashiet al.5 investigated pulse modulated ECR pla
mas for SiO2 etching using CHF3 at 2 mTorr for a peak
power of 1 kW at 2.45 GHz, duty cycle of 50%, and PR
between 10 and 100 kHz. They obtained high selectivity
SiO2 over Si etching while reducing the effects of microloa
ing. The ratio of CF2 /F they measured largely depended
the duty cycle. Mieno and Samukawa6 studied pulsed ECR
plasmas in Ar/Cl2 mixtures at 2 mTorr for a peak power of
kW at 2.45 GHz, while varying duty cycles and PRFs b
tween 2.5 and 100 kHz. They confirmed that in pulsed C2

plasmas, fluxes of negative ions to the substrate can be
tained as the plasma potential decays in the off period.

Malyshev et al.7 investigated the temporal dynamics
pulsed Cl2 ICPs at pressures of 3–20 mTorr with an avera
il:
3252Õ20„2…Õ325Õ10Õ$19.00 ©2002 American Vacuum Society
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power of 300 W, PRF of 10 kHz, and duty cycle of 50%
They observed a large degree of modulation in the elec
density during the on–off period as a result of the combin
effects of loss of electrons by ambipolar diffusion and dis
ciative attachment. Malyshev and Donnelly8 also reported
on the dynamics of pulsed Cl2 ICPs operated with a continu
ous rf substrate bias. The conditions were 10 mTorr, aver
power of 500 W at 13.56 MHz, duty cycle of 50%, and PR
between 0.3 and 10 kHz. The rf bias power was 300 W. T
found that there is no significant difference in plasma ch
acteristics with or without the rf bias during the on period.
the off period with a rf bias, the electron temperature
creased rapidly in the late afterglow after having dropped
the early after glow. The electron and ion densities decrea
in the early off period with or without the bias. The electro
density decreased more rapidly in the late afterglow with
bias.

These previous results show that pulsed electronega
plasmas have unique features that can be tailored by j
cious choice of gas composition, PRF, duty cycle, and pow
In this article, results from our computational investigati
of Ar/Cl2 pulsed ICPs are presented to demonstrate som
these properties. This study was performed with the tw
dimensional hybrid model employing moderate compu
tional parallelism described in Part I. Transients in electr
ositive plasmas are discussed in Part I. Here, we extend
study to electronegative plasmas. Our computational met
directly interfaces short plasma time scales~sub-ns! with
long-term neutral time scales~ms!. The short time scales ar
determined by resolving the plasma frequency and osc
tions in the rf potential. The long time scales are determin
by transport of neutral species across the reactor. Briefly
this numerical method plasma transport, neutral fluid tra
port, and electromagnetics are simultaneously addresse
separate processors of a parallel computer. Fluid prope
~e.g., changes in pressure, mole fractions, and flow fie!
which slowly evolve over time are made available to t
simultaneous calculation of more rapidly changing plas
properties~e.g., electron and ion density, electrostatic field!
through shared memory. This approach thereby captures
long-term transients that occur during pulsed operation
plasmas while still resolving plasma phenomena during
cycle.

The results discussed here were performed for a Gas
Electronics Conference Reference Cell~GECRC! modified
to include an inductive coil.10 The effect of varying duty
cycle, PRF, power, pressure, and Cl2 fraction on plasma
properties was quantified. We found that the transition fr
electron–ion plasma to ion–ion plasma can be controlled
varying PRF. For example, the plasma becomes more e
tronegative during the power-off period at lower PRF. T
electron density peaks off axis during the power-on ph
and the peak gradually shifts toward the center of the rea
in the late afterglow. We also observed that the transit
from an electron–ion to an ion–ion plasma was shortene
the Cl2 fraction increased. At Cl2 fraction at and above 70%
J. Vac. Sci. Technol. A, Vol. 20, No. 2, Mar ÕApr 2002
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the negative ion flux to the substrate becomes nearly equ
the positive ion flux during the power-off period.

A brief description of the model is presented in Sec.
The two-dimensional dynamics of pulsed Ar/Cl2 plasmas are
discussed in Sec. III. Our concluding remarks are in Sec.

II. DESCRIPTION OF MODEL

A moderately parallel implementation of the Hybr
Plasma Equipment Model~HPEM!11–13 was used in this in-
vestigation. The parallel HPEM model~HPEM-P! is de-
scribed in detail in Part I. The structure of the model will b
briefly described here. ‘‘Task parallelism’’ is employed
HPEM-P to execute the Electromagnetics Module~EMM!,
Electron Energy Transport Module~EETM!, and Fluid Ki-
netics Module~FKM! of the HPEM in parallel as differen
tasks on three processors of a symmetric multiproces
computer having shared memory. The model is implemen
using the compiler directives provided in OPENMP14 for
shared memory parallel programming. In doing so, para
eters from the different modules can be exchanged thro
shared memory on a frequent and, in some cases, arbitr
specified basis without interrupting the time evolving calc
lation being performed in any other module. For examp
the plasma conductivity and collision frequency are contin
ously updated during execution of the FKM. These upda
parameters are made available in shared memory as the
computed so that they can be accessed by the EMM to
duce nearly continuous updates of the electromagnetic fie
These more frequent updates of the electromagnetic fi
are then made available to the Monte Carlo simulation of
EETM, through shared memory, along with parameters fr
the FKM to continuously update electron impact sour
functions and transport coefficients. The electron imp
source functions and transport coefficients computed in
EETM are then transferred to the FKM through shar
memory, as they are updated, to compute densities, flu
and electrostatic fields. Using this methodology, the para
eters required by different modules are made available
the fly’’ from other modules. The methodology adequate
captures long-term transients as it directly interfaces
short scale plasma time scales with the long-term neu
time scales.

III. Ar ÕCl2 PULSED PLASMAS

Results from our parametric study of Ar/Cl2 pulsed plas-
mas are discussed in this section. The base case condi
are Ar/Cl2580/20 at 20 mTorr, peak power of 300 W, PR
of 10 kHz, and duty cycle of 50%. The reactor is the GECR
discussed in Ref. 10. The Ar/Cl2 reaction chemistry is given
in Table I. Dissociative attachment of Cl2 ,

e1Cl2→Cl1Cl2 ~1!

has a rate coefficient which increases with decreasing e
tron temperature. This rate of dissociative attachment de
mines the temporal evolution of electron density and
density in the afterglow. In the discussion which follow
quasisteady state refers to having achieved a constant de
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averaged over a rf cycle. Pulse-periodic steady state refe
replicating intrapulse time dependent behavior during s
cessive pulses.

The electron density for the base case conditions at
reference point of the reactor located 1.7 cm radius and
cm above the substrate@see Fig. 3~a! of Part I# is shown in
Fig. 1~a! for duty cycles of 10%, 30%, 50%, and 70%. U
like the pure argon case discussed in Part I where the qu
steady state during a pulse was reached at a duty cyc
30%, here the power-on time is not sufficient to reach
quasisteady state for duty cycles of less than 70%. Th
trends agree well with the experimental results of Heb
and Fledderman.15 The longer time to achieve a steady sta
as well as a pulsed-periodic steady state, is due to the lo
ionization rate for a given power deposition of this Ar/C2

gas mixture compared to that for pure argon. In spite of
ionization potential of Ar being 16 eV, the effective ioniz
tion potential at the beginning of the power-on pulse in p
Ar is 4–5 eV due to the multistep ionization resulting from
large density of Ar(4s) surviving to the end of the afterglow

TABLE I. Ar/Cl2 chemistry.a

Reaction
Rate coefficient

(cm23 s21) Reference

e1Ar→Ar* 1e b 16
e1Ar→Ar11e1e b 17
e1Ar* →Ar11e1e b 18
e1Ar* →Ar1e b d
Ar* 1Ar* →Ar11Ar1e 5310210 c
Ar11Ar→Ar1Ar1 5.7310210 e
e1Cl2→Cl21Cl b 19
e1Cl2→Cl1Cl1e b 19
e1Cl2→Cl2

11e1e b 19
e1Cl→Cl* 1e b 19
e1Cl→Cl11e1e b 19
e1Cl* →Cl11e1e b 19
Cl* →Cl 1.03105 s21 c
e1Cl2→Cl1e1e b 19
e1Cl2

1→Cl1Cl 1.031027/Te
1/2 c

Cl21Cl1→Cl1Cl 1.031027 c
Cl21Cl2

1→Cl21Cl 1.031027 c
Cl21Ar* →Cl2

11Ar1e 7.1310210 c
Cl21Ar1→Cl1Ar 1.031027 c
Cl1Ar* →Cl* 1Ar 7.0310210 c
Cl21Ar1→Cl2

11Ar 8.431029 20
Cl21Ar1→Cl11Cl1Ar 6.431029 20
Cl1Ar1→Cl11Ar 2.0310210 20
Cl1Cl1Ar→Cl21Ar 1.28310232 cm6/s 20
Cl1Cl1Cl→Cl21Cl 1.28310232 cm6/s 21
Cl1Cl1Cl2→Cl21Cl2 5.4310232 cm6/s 21
Cl11Cl2→Cl2

11Cl 5.4310210 c, 20
Cl11Cl→Cl1Cl1 1.031029 c
Cl2

11Cl2→Cl21Cl2
1 0.831029 c

aOnly reactions that change the density of a species are shown. All pert
electron impact processes, such as elastic collisions and vibrational ex
tion, are included in the EMCS.

bRate coefficients are calculated from electron energy distribution obta
in the EMCS.Te is the electron temperature~eV!.

cEstimated.
dCross section obtained by detailed balance.
eRate coefficient obtained from mobility. See Ref. 22.
JVST A - Vacuum, Surfaces, and Films
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FIG. 1. Plasma properties in an Ar/Cl2 ICP as a function of time for different
duty cycles for a constant peak power of 300 W, PRF of 10 kHz, and
flow of 20 sccm:~a! electron density at the reference point@Fig. 3~a! Ref. 9#,
~b! Cl2 density at the reference point, and~c! electron temperature. Quas
steady state electron densities are obtained for duty cycles>50%. The
electron temperature peaks more prominently at lower duty cycle due to
lower electron density at the end of the afterglow.
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Therefore a large rate of ionization is obtained with a mo
erate electron temperature. In this Ar/Cl2 mixture, the effec-
tive ionization potential is actually higher than that of pu
Ar, in spite of the lower ionization potential of Cl and Cl2 ,
due to the quenching of Ar(4s). When coupled with disso
ciative attachment to Cl2 and power losses due to vibration
and electronic excitation of Cl2 , a lower rate of avalanche
occurs. Note that as the duty cycle increases the time a
aged power deposition increases, resulting in more disso
tion of Cl2 and less dissociative attachment. A higher el
tron density is then achieved for a given peak power.

For a given duty cycle and PRF, electron attachmen
Cl2 in the afterglow results in a lower electron density re
tive to the pure Ar plasma. This lower electron density p
duces a more highly peaked electron temperature at the l
ing edge of the following power-on pulse, as shown in F
1~c!, as the ICP power is coupled into a smaller inventory
electrons.

The temporal dynamics of the Cl2 density at the referenc
point are shown in Fig. 1~b!. The time dependent Cl2 density
significantly varies with different duty cycles. The Cl2 den-
sity generally peaks as the power is turned on. This is a b
an artifact of observing the density in the middle of t
plasma because the total inventory of Cl2 does not commen
surately change. The plasma potential increases at the b
ning of the power-on period, resulting in the negative io
drifting to the center of the plasma where the plasma po
tial is most positive. Since the plasma potential is absolu
most positive at the start of the power on period, a peak
the Cl2 density results. As the electron temperature
creases following its peak at the start of the power-on per
the peak in plasma potential falls and spatially broade
resulting in a broader spatial distribution of Cl2 and a de-
crease in its density at the reference point. A lower rate
dissociative attachment due to the high electron tempera
and larger rate of detachment of Cl2 may produce a ne
decrease of Cl2 density late during the power-on puls
When the power is turned off, the Cl2 density rises as the
rate of dissociative attachment increases with a decreas
the electron temperature. At lower duty cycles, the off time
sufficiently long for the ambipolar diffusion losses of Cl2 to
overcome the production of Cl2 ions by dissociative attach
ment, while the production of Cl2 diminishes due to the
depletion of electrons. As a result the Cl2 density may de-
crease in the late afterglow. These nonmonotonic dynam
agree well with the trends observed by Malyshevet al.7

The plasma potential and electron temperature disp
similar transient behavior. When the power is turned off,
plasma potential and electron temperature decay rapidly.
decay in electron temperature is due to loss of electron
ergy resulting from inelastic collisions and some amount
diffusion cooling@see Fig. 1~c!#. The rate of decay of elec
tron temperature is nearly the same for all duty cycles as
rate depends primarily on the collision frequency whi
scales with pressure. The decay time of the electron temp
ture was about 30ms while the rise time was about 4ms and
was similar for different duty cycles. For 10% duty cycle, t
J. Vac. Sci. Technol. A, Vol. 20, No. 2, Mar ÕApr 2002
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electron temperature and plasma potential peak exception
high at power turn on. The heating rate for a 10% duty cy
is about 10 MeV s21, resulting from the instantaneous pow
deposition in the smaller inventory of electrons surviving
the end of the longer afterglow. For example, the elect
density for the 10% duty cycle decays to 33109 cm23 at the
end of the afterglow, which is 2 orders of magnitude low
than for 70% duty cycle.

The two-dimensional spatiotemporal dynamics of elect
and Cl2 densities for the base case conditions are show
Figs. 2 and 3, respectively. Similar to the pure Ar case d
cussed in Part I, as the power is turned on, the electron d
sity increases and the peak in electron density occurs u
the coil as the majority of power deposition occurs there. T
peak is more pronounced compared to the pure Ar case
to the shorter energy relaxation distance of electrons and
continued losses to attachment.@In Ar, the dissipation of
electron energy is dominated by collisions with Ar(4s). In
Ar/Cl2 mixtures, this dissipation is dominated by collision
with Cl2 , a process having a shorter mean free path.# As time
progresses in the active glow, a quasisteady state is atta
with the plasma having an electronegative core and elect
ositive periphery. At this time the peak in electron density
about 6.031011 cm23 and is at the center of the reactor.

FIG. 2. Electron density in Ar/Cl2 plasmas at different times for 300 W, PR
of 10 kHz, and duty cycle of 50%. The power is turned off at 50ms. Results
are shown for:~a! 0 ms, ~b! 9 ms, ~c! 20 ms, and ~d! 40 ms during the
power-on period and~e! 60 ms and~f! 90 ms during the afterglow. Contours
are labeled in units of 1011 cm23.
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At power on, the negative ions are accelerated toward
peak of the plasma potential. This produces a local maxim
in Cl2 under the coils at 20ms. However, due to the inerti
of the ions, there is still a significant number of ions in t
outer regions of the reactor which do not move to the cen
of the plasma. The acceleration of the ions scales with
electric field which is at best a few V/cm in periphery.
these fields, it would take about 25ms for the negative ions
to move to the center of the plasma from the periphery. Ho
ever, the electric fields in the periphery fall to a few tent
V/cm in less than this time. Hence, the negative ions are
behind, producing an ‘‘island’’ of negative ions in the perip
ery of the reactor.

As the power is turned off, electrons are rapidly lost d
to ambipolar diffusion and dissociative attachment while
negative ion density increases. The plasma transitions f
an electron–ion plasma to an ion–ion plasma late in the
terglow.@Compare Figs. 2~f! and 3~f!#. The peak Cl2 density
in the late afterglow is 131011 cm23, while the electron
density is 831010 cm23. Prior to power on at the end of th
afterglow, the Cl2 density has a diffusion dominated spat
distribution. As a result of the low plasma potential, C2

extends throughout the reactor.

FIG. 3. Cl2 density in Ar/Cl2 plasmas at different times for 300 W, PRF o
10 kHz, and duty cycle of 50%. The power is turned off at 50ms. Results are
shown for:~a! 0 ms, ~b! 9 ms, ~c! 20 ms, and~d! 40 ms during the power-on
period and~e! 60 ms and ~f! 90 ms during the afterglow. Contours ar
labeled in units of 1011 cm23. Note the ‘‘islands’’ of Cl2 ions in the periph-
ery of the reactor due to the inertia of the heavy ions.
JVST A - Vacuum, Surfaces, and Films
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The spatiotemporal dynamics of the Cl2 at different times
during the pulse are illustrated in Fig. 4 with the flux vecto
shown superimposed on the plasma potential.~The vector
symbols only indicate the direction of the flux, not its ma
nitude.! At the end of the afterglow the plasma potential
sufficiently small that low temperature Cl2 ions are able to
flow to all the surfaces and the flux vectors point outwa
When the power is turned on, the plasma potential increa
most rapidly in the center of the plasma where the elect
temperature is the highest. The negative ion flux vectors
verse in the center of the reactor where the resulting am
polar fields are the largest. The ions are accelerated tow
the peak in plasma potential under the coils quickly turn
away from surfaces as shown in Fig. 4~b!. At this early time,
negative ions in the periphery are also accelerated toward
center of the plasma. However the electric fields in the
riphery are weak~0.6 V/cm! and inertia prevents the heav
ions from immediately following the changes in the plasm
potential. For example, negative ions are still moving towa
the wall 5ms in the periphery of the reactor while Cl2 ions
in the center of the reactor are moving toward the peak in
plasma potential. At about 10ms after the power on, the
negative ions are moving away from surfaces and toward

FIG. 4. Cl2 flux vectors and plasma potential in Ar/Cl2 plasmas at different
times for a power of 300 W, PRF of 10 kHz, and duty cycle of 50%.~Cl2

flux vectors only indicate direction and are not scaled with respect to m
nitude!. Results are shown for:~a! 0 ms, ~b! 5 ms, ~c! 10 ms, and~d! 20 ms
during the power-on period and~e! 60 ms and~f! 90 ms during the afterglow.
Negative ions are extracted only after 70ms into the afterglow.
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peak in plasma potential under the coil at all reactor lo
tions. The peak in plasma potential moves to the axis as
quasisteady state is achieved~.20ms!. The ion flux vectors
track the motion of the peak in plasma potential and, after
inertial lag, also point toward the center.

When the power is turned off at 50ms, Cl2 ions in the
center of the plasma begin moving toward the walls as
electron temperature and plasma potential decrease,
negative ions begin to dominate the negative charge.2

ions in the periphery still move toward the center of t
plasma after the power is turned off because of their ine
in the lower electric fields. After 90ms, the plasma potentia
has been significantly reduced throughout the reactor fo
long enough period of time that the negative ion flux is
rected toward surfaces at all locations.

The effect of peak power on plasma properties was inv
tigated from 165 to 300 W. The conditions were 20 mTo
PRF of 10 kHz, and duty cycle of 30%. The maximum ele
tron density during the power-on pulse scales nearly line
with power as shown in Fig. 5~a!. The power-on time is no
long enough to establish a quasisteady state in all cases
Cl2 density as a function of time for different powers
shown in Fig. 5~b!. The Cl2 density is lower in the late

FIG. 5. Plasma properties in Ar/Cl2 as a function of time for different peak
powers for a PRF of 10 kHz, duty cycle of 30%, and gas flow of 20 sc
~a! electron and~b! Cl2 density at the reference point.
J. Vac. Sci. Technol. A, Vol. 20, No. 2, Mar ÕApr 2002
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active glow at higher power as the Cl2 undergoes more dis
sociation and so there is less Cl2 available to form Cl2

through dissociative attachment. The time at which the C2

density peaks in the afterglow was nearly the same for all
cases. The time of this peak corresponds to establishin
balance between losses due to ambipolar diffusion and g
eration due to dissociative attachment. These two proce
are dependent on the electron temperature in the afterg
which was nearly the same for all powers.

The electronegativity of the plasma increases as
plasma transitions from an electron–ion plasma in
power-on period to an ion–ion plasma in the late aftergl
of the power-off period. The electronegativity in the late a
terglow is higher at lower power as there is more Cl2 avail-
able for attachment. For example, at 70ms into the afterglow,
the ratio of the Cl2 density to the electron density at th
reference point was 3.7 for a power of 300 W, while it w
7.8 for a power of 165 W. The plasma potential peaked
around 40 V and the electron temperature at about 7
during the leading edge of the power-on pulse for all powe
The plasma potential and electron temperature peak u
the coils where the power deposition is largest. The spa
distributions of electron temperature and plasma poten
were similar for all three powers.

The effect of PRF was investigated from 5 to 20 kHz f
a peak power of 300 W and 50% duty cycle. The time ev
lution of electron and Cl2 densities at the reference point a
shown in Fig. 6 for PRFs of 5, 10, and 20 kHz. As the PR
was lowered to 5 kHz from the base case value of 10 kH
quasisteady state was achieved during the active glow. As
PRF was increased to 20 kHz, a quasisteady state was
achieved. The electron decay rate is similar for all PRFs
the Cl2 density and rate of attachment are similar. Howev
as the power is off for a longer time for 5 kHz, the electr
density decays to lower values. The peak in Cl2 density in
the initial phase of the power turn-on period was about
same for 10 and 20 kHz. The Cl2 density in the late after-
glow is also similar for the higher PRFs. However, at 5 kH
the power-off time is long enough that the plasma poten
decays to sufficiently small values that diffusion losses do
nate over the production of negative ions by dissociat
attachment. As a result, the negative ion density reache
peak at about 50ms after plasma turn off while sources du
to dissociative attachment are still large, and then decre
due to diffusion losses. Similar processes occur at the hig
PRFs, however the final outcome is truncated due to
shorter power-off period. At 10 kHz the Cl2 density has just
reached its maximum at the end of the afterglow. For
kHz, the Cl2 density is still rising at the end of the afterglo
as negative ion generation due to dissociative attachment
dominates over diffusion. As a consequence, a maximum
negative ion density in the afterglow is not observed.

The spatial distribution of electron and Cl2 densities in
the late afterglow are shown in Fig. 7 for different PRFs. T
transformation from an electron–ion plasma during t
power-on period to an ion–ion plasma in the power-off p
riod was more definitive at lower PRFs, as indicated
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@Cl2#.@e#. The longer power-off periods at the lower PR
afford more opportunity for the electron density to decay
attachment and for the plasma to become electronegativ
contrast, at 20 kHz, the plasma is still largely electroposit
(@Cl2#,@e#) in the late afterglow. Note that at 20 kHz th
Cl2 still has an island of higher density in the periphery
the reactor at the end of the afterglow, a structure which
dissipated at the lower PRFs. These structures are due t
inertia of the ions limiting their ability to move to the cent
of the plasma during the power-on period. These lobes
particularly prevalent at higher PRFs as the negative i
have less time to respond to the changes in the plasma
tential.

The peak in the electron temperature is higher at low
pulse repetition frequencies as the power deposition is in
smaller total number of electrons which survive to the l
afterglow. The rates of decay of plasma potential and e
tron temperature are similar for all PRFs as the rate depe
primarily on the electron collision frequency which is not
function of PRF.~Since the time averaged power is the sam
the degree of dissociation is roughly the same.! The longer
afterglow period for the lower PRFs allowsTe to decay to

FIG. 6. Plasma properties in Ar/Cl2 as a function of time for different PRFs
for a peak power of 300 W, duty cycle 50%, and gas flow 20 sccm:~a!
electron and~b! Cl2 density at the reference point.
JVST A - Vacuum, Surfaces, and Films
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smaller values. For example, the electron temperature
'0.3 eV and the plasma potential was'3 V for 20 kHz at
the end of the afterglow, while for 5 and 10 kHz, the electr
temperature and plasma potential were 0.04 and 0.3 V,
spectively.

The electron temperature and plasma potential at the t
of the peak in electron temperature are shown in Fig. 8
different PRFs. The electron temperature and plasma po
tial peak under the coil at the leading edge of the power
period, and these localized peaks are more pronounced
lower PRF. Due to a longer period of dissociative attachm
during the afterglow at lower PRF, a lower electron density
produced at the end of the afterglow. When the power
turned on, the local power deposition in the high elect
fields near the coil occurs in a smaller inventory of electro
resulting in a higher electron temperature. The localization
electron temperature at low PRF results from a lower ther
conductivity and a shorter energy relaxation length at
higher temperature.

The effect of pressure on plasma properties was inve
gated from 10 to 30 mTorr, for a peak power of 300 W, PR
of 10 kHz, and duty cycle of 50%. As the pressure is lo
ered, the electron temperature generally increases during
power-on period due to higher rates of loss by diffusion. T

FIG. 7. Electron density~a!–~c! and Cl2 density~d!–~f! in Ar/Cl2 plasmas in
the late afterglow as a function of PRF for a peak input power of 300 W
duty cycle of 50%. Results shown are at the end of afterglow for~d! 5 kHz,
~e! 10 kHz, and~f! 20 kHz.
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plasma potential scales similarly to the electron temperat
As the electron temperature and plasma potential rise a
leading edge of the power pulse, the high electron temp
ture is more conducive to device damage. Fortunately,
flux of these electrons to the substrate is low. The peak e
tron temperature was 5.5 eV and plasma potential was 4
at 10 mTorr, while at 30 mTorr, these values were 5 eV a
32 V. The electron temperatures in the late afterglow w
about 0.5 and 0.042 eV at 10 and 30 mTorr, respectivel
consequence of higher rates of thermalizing collisions at
higher pressure.

The spatiotemporal evolution of electron and Cl2 density
varies with pressure tracking the electron temperature.
example, the electron and Cl2 densities in the late afterglow
are shown in Fig. 9 for 10 and 30 mTorr. At power turn o
the Cl2 density at the reference point has a more promin
peak at higher pressure as a larger number of negative io
the end of the afterglow move to the center of the reactor
the late active glow at higher pressures, the rate of prod
tion of electrons is lower and the rate of attachment is hig
due to the lower electron temperature, resulting in a low
electron density. The maximum Cl2 density was 1.3
31011 cm23 at 30 mTorr at the end of the afterglow, whi
only 531010 cm23 at 10 mTorr. The electron density wa
2.431010 cm23 at 30 mTorr and 5.531010 cm23 at 10
mTorr. The plasma is therefore generally more electrone

FIG. 8. Plasma potential~a!–~c! and electron temperature~d!–~f! in Ar/Cl2
plasmas at the time when the peak in electron temperature occurs durin
leading edge of the power pulse as a function of PRF for a peak input po
of 300 W and duty cycle of 50%.
J. Vac. Sci. Technol. A, Vol. 20, No. 2, Mar ÕApr 2002
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tive in the afterglow at higher pressures and the plasma
tential is lower, thereby making it easier to extract negat
ions.

The consequences of electronegativity of the feedst
gases were investigated by varying the Cl2 mole fraction
from 20% to 70%. As the Cl2 fraction increased, the plasm
more rapidly transitioned to an ion–ion composition in t
afterglow. For example, the ratio of electron density to po
tive ion density at the end of the afterglow and as a funct
is time is shown in Fig. 10. As the Cl2 fraction increased
from 20% to 70%, this ratio decreased from 0.25 to 1
31025 at the end of the afterglow. An@e#/@M1# of ,0.01,
a measure of a true ion–ion plasma, occurs here for a2

mole fraction.0.35. The transition to an ion–ion plasm
occurs more rapidly as the Cl2 mole fraction is increased du
to the higher rate of attachment. For a 20% Cl2, the transi-
tion to an ion–ion plasma requires a longer off period th
provided by this PRF and duty cycle.

Note that at power on, the electron density rapidly d
creases before recovering for the larger Cl2 mole fractions
which have transitioned to an ion–ion plasma by the end
the afterglow. This rapid decrease in electron density occ
because the electron density is sufficiently low at the end
the afterglow that space charge neutrality is maintain
largely by the negative ions. The ambipolar electric fields
only of sufficient magnitude to maintain a balance of neg
tive ion and positive ion fluxes leaving the plasma. As
consequence, electrons are to a large part in a free diffu
mode. When the power is applied there is a short period
time ~a fewms! during which the electrons are heated by t
high fields and achieve a high electron temperature and
respondingly higher rate of diffusion, but ionization has y

the
er

FIG. 9. Electron density~a!–~b! and Cl2 density~c!–~d! in Ar/Cl2 plasmas
in the late afterglow as a function of pressure for a peak power of 300
PRF of 10 kHz, and duty cycle of 50%. Results are shown for the end
afterglow for 10 and 30 mTorr. The plasma is more electronegative at hig
pressures.
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to occur in significant amounts. The ambipolar fields a
therefore still ‘‘sized’’ to balance the ion fluxes. The hott
electrons, unimpeded by the weak ambipolar fields, are
more rapidly by diffusion. Once sufficient electron avalanc
has occurred so that electrons once again are major cont
tors to the charged particle density, the larger ambipolar e
tric fields reestablish themselves to confine the electrons

The fluxes of positive ions, electrons, and Cl2 ions to the
substrate are shown as a function of time for different2
fractions in Fig. 11. In the active glow, the plasma is ele
tropositive, thereby resulting in nearly equal fluxes of ele
trons and positive ions to the substrate. The flux of nega
ions to the substrate is negligible during the active glow
the plasma potential is sufficiently positive to confine ne
tive ions. As the plasma potential drops to below a few vo
in the afterglow, the sheath potential becomes sufficien
small that negative ions can be extracted. Negative ion
traction occurs later into the afterglow as the Cl2 fraction
decreases and the transition to the ion–ion plasma ta
longer to occur. Significant Cl2 extraction is only obtained
for Cl2 mole fractions.0.5

FIG. 10. Ratio of electron density to positive ion density:~a! at the end of
the afterglow~just before power turn on! as a function of the Cl2 mole
fraction and~b! as a function of time for different Cl2 mole fractions. As the
Cl2 mole fraction increases, the plasma transitions to an ion–ion pla
earlier during the afterglow.
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IV. CONCLUDING REMARKS

Results from a computational investigation of pulsed o
eration of ICPs in Ar/Cl2 mixtures were discussed. We foun
that the peak electron temperature at the leading edge o
power-on pulse increases with a decrease in duty cycle as
same power is deposited into a smaller number of electro
As the Cl2 fraction increases this peaking of electron te
perature is more pronounced as there are fewer surviv
electrons at the end of the afterglow. As the pressure is l
ered, the electron temperature and plasma potential at

a

FIG. 11. Temporal dynamics of the positive ion, electron, and Cl2 fluxes to
the substrate as a function of Cl2 mole fraction: ~a! Ar/Cl2530/70, ~b!
Ar/Cl2560/40, and~c! Ar/Cl2580/20. As the Cl2 more fraction increases
negative ions can be extracted for longer periods during the afterglow.
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leading edge of the power on pulse increase as well. As
PRF decreased, the peak in electron temperature increas
the electron density at power on was proportionally smal
The spatial distribution of electron temperature showe
larger peak under the coils at lower PRFs as the conduct
of the plasma was lower, particularly at high Cl2 fraction.
The inertia of Cl2 ions made them unable to respond to rap
changes in the plasma potential, which resulted in ‘‘island
of higher Cl2 density in the periphery of the reactor. As th
Cl2 fraction increases, the transition from an electron–ion
ion–ion plasma in the afterglow is more rapid and p
nounced. As the Cl2 fraction decreases, there is less atta
ment and electron flux persists for longer times in the af
glow, which delays the extraction of negative ions. For
conditions investigated~PRF510 kHz, duty cycle 50%!
negative ions can only be extracted for Cl2 fractions of.0.5.
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