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Pulsed plasmas as a method to improve uniformity during materials
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Continuous wave operation of inductively coupled plasfi@P) reactors as used for materials
processing and which have geometrical or flow asymmetries may produce asymmetric species
densities, temperatures, and fluxes. Flow asymmetries that produce nonuniformities in plasma
conductivity initiate a positive feedback loop. In this feedback loop, asymmetries in conductivity are
reinforced by the resulting nonuniform power deposition, which causes electron impact ionization
to also be nonuniform. In this article, we discuss results from a computational investigation of
long-term transients during pulsed operation of ICPs and their consequences on side-to-side
asymmetries in plasma properties. During pulsed operation, diffusion of charged species during the
afterglow between pulses smoothens these asymmetries prior to the next power pulse. The power
deposition during subsequent pulses is more symmetric and this reduces the positive feedback. The
improvement in uniformity afforded by pulsing is determined by the intrapulse plasma dynamics,
and so is a function of the pulse repetition frequency, duty cycle, and feedstock gas. Improvements
in the azimuthal uniformity of reactant densities were obtained in Ar andpismas in an
asymmetrically pumped reactor using pulsed power. As dissociative attachment dominates in the
afterglow of C} pulsed plasmas, it provides a more uniform sink for electrons compared to
ambipolar diffusion and different systematic behavior is obtained compared to argo200®
American Institute of Physics[DOI: 10.1063/1.1751636

I. INTRODUCTION ample, nonuniform etch rates. The asymmetries produced by
gas inlets, pumping ports, and nonuniform power deposition
Low electron temperature, high-plasma-density reactorgecome more important as the wafer sizes become I&tger.
are widely used for etching and deposition during microelec-  Kim et al.”® measured the radial and azimuthal variation
tronics fabricatiori]'._s As the wafer size increases, the re- of ion fluxes |mp|ng|ng on the wafer in ICPs sustained in
quirements for side-to-side uniformity and azimuthal SYM-Ar/SF; and Ar/Ch using a two-dimensional2D) array of
metry become more stringent. Gas injection and pumpinqmanar Langmuir probes on a 200 mm Si wafer. The typical
and their effects on process uniformity are well-characterize¢yngitions were 200 W, flow rate of 200 sccm, and pressure
parameters in high pressufe100 s mTory systems. HOw- 4 10 mTorr. They observed that the ion fluxes had a maxi-
ever, the impact of the symmetry of gas injection and pUMPy,ym near the pump port, a condition that they attributed to
ing on the uniformity of reactants is less well characterizedgqyced loss of charged species by recombination on the
in low pressurg <10 s mTorj systems. Many of the induc- walls.
tively coupled plasmaICP) systems used for etching and  pateret al® investigated the uniformity of plasma den-
depos.itioen7 have discrete nozzles or single sided asymmetrig, an etch rate in an ICP reactor having a single gas inlet
pumping.”” These syste.ms.wer_e deS|gped assuming that EHroducing a cross wafer flow. Typical conditions were 6
low pressure, transport is diffusion dominated and so the 983 Torr, SR/Ar=50/50, 700 W, bias of 50 W, and flow rates
sources and sinks appear as volume averages. As such, thsgtween 20 and 70 sccm. They found that etch rates varied
asymmetries should not adversely affect the uniformity Ofby 30% along the direction of gas flow, but were uniform

reactants to the sul?strate_. H(_)wever, previous experinféntal perpendicular to the gas flow. Langmuir probe measurements
and computational investigatichsf ICP reactors show that . . .
of ion saturation current showed that a plasma density gra-

asymmetric pumping may result in azimuthally asymmetric . :

plei/sma par;metgrsgwhigh ultimately translat); toy for eXdlent was sustained laterally across the reactor and as a func-
' tion of height. These gradients were sustained despite the

symmetric pumping and the relatively large mean free path
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asymmetries and their effects on etch uniformity in ICP re-transients(e.g., during one rf cycleare separately captured
actors. Their conditions were 10 mTorr of,C[2000 W, and in each module since the integration time resolves the rf
flow rate of 79 sccm. They observed that when etching is iorperiod, the exchange of parameters on longer time scales is
driven, the power deposition is the important metric for etchiimited by the looping time between the modules. To ad-
Uniformity as azimuthal nonuniformities in electron impact equate|y capture true transients, this |00ping time must be
sources can persist down to the substrate. They also observeghall compared to the time scale of the transients. However,
that asymmetric pumping causes azimuthal variation in Spep implementing such a strategy, the expediency of the serial
cies den_smes_. _ _ _ hybrid technique is defeated.

In this article, results from a 3D computational investi- ~ 14 gqdress these issues a computationally parallel imple-
gathn of pul_sed opera_tlon of Ar and ?(:ICPS with asym- mentation of HPEM3D has been developed. This is the 3D
metric pumping are dls_cussed. Previous works on IC’lJlsegnalog of the two-dimensional parallel version of the HPEM
plasmas of interest to this work were recently reviewed. describedsee Ref. 11 In the parallel HPEM3D, the EMM,

We found that flow induced nonuniformities in species den-
- A . EETM, and FKM are executed concurrently on separate pro-
sities, and the plasma conductivity in particular, can feed-

back through the resulting nonuniform power deposition.Cessors of a moderately parallel computer using OPEN-MP

This feedback makes the electron impact sources asymmeqlrethve_S%Ar In this approach the plasma paramettirs and
ric, which in turn reinforces the flow induced asymmetries. E1€CtC fields from one module are made available “on the
This positive feedback can be reduced by diffusion during!” in shared memory to be accessed by other modules on a
the afterglow between pulses, which makes the subsequeff@! time basis. The frequent sharing of information between
power pulses more uniform. We found that pulsed operatiofhe three modules reduces the time lag between the indi-
with lower duty cycles and pulse repetition frequetgP  Vidual modules. This aids in capturing the transient behavior
help reduce these flow induced asymmetries under sele€f plasma properties during pulsed operation. The algorithms
conditions. and methodology for parallelization are essentially the same
A brief description of the parallel hybrid model used in as in the 2D model except that the electron energy equation
this study is presented in Sec. Il. The 3D dynamics of pulseds solved in the EETM instead of the electron Monte Carlo
Ar and Cl, plasmas are discussed in Secs. Il and IV. Oursimulation.
concluding remarks are in Sec. V. In pulsed ICP systems, the rf power applied to the an-
tenna is(square wavemodulated. The PRF is the number of
power-on(active glow and power-off(afterglow) modula-
tion periods of the ICP power per second. The duty cycle is
The model employed in this investigation is a moder-the fraction of a given modulation period that the power is
ately parallel implementation of the 3D Hybrid Plasmaon. The peak power is the maximum instantaneous power
Equipment Model(HPEM3D).'* HPEM3D is a modular applied during the power-on portion of the pulse. Typical
simulation, which iteratively achieves a quasisteady state sanodulation parameters are PRFs of 10-100s of kHz and
lution. The main body of HPEM3D consists of the electro-duty cycles of 30%—70%.
magnetics modulg EMM), the electron energy transport The computational approach for simulating pulsed op-
module (EETM) and the fluid kinetics modulé=KM). The  eration was to specify a duty cycle, PRF, and either a peak rf
EMM calculates the inductively coupled electric and mag-power or a time averaged power. HPEM3D was then ex-
netic fields prOdUCEd by the inductive coils. The EETM US€Scuted on a cw basis using the time averaged power to es-
thes_e fields to spatially resolve electrqn energy_transport byablish a steady state in electron and ion density, gas tem-
solving the electron energy conservation equation. EleCtroperatyre, and gas flow field. Acceleration techniques are used
transport coefficients and rate coefficients are obtained by ing cw operation to speed the numerical convergence.
solving Bolizmann's equation using a two-term sphericalg o the steady state is reached, the numerical acceleration
harmonic expansion. The electron impact source functlon§s turned off and the power is pulsed at the specified PRF and

produced by EETM are used in the FKM during its nextduty cycle. The ramp up interval to the peak power ias

execution. The FKM solves separate continuity, momentumr . k
and energy equations for all species coupled with Poisson’she ramp down interval to the power-off state during the
fterglow is 15us. The power was actually reduced to 5

equation to determine the spatially dependent density of

charged and neutral species, their fluxes and temperature>s< 107" W during the afterglow and not set to zero due to

and electrostatic fields. The densities produced by the FKwumencal ISSues \{VhIC.h require a nonzero power. .Th_e' power
are used to calculate the plasma conductivity for the EMmAUTNG the off period is sufficiently low that no significant
and the collision frequencies for the EETM. These module€!€ctron heating occurs. Successive pulses of on-and-off pe-
are then iterated to a quasisteady st@eeraged over a rf riods are computed until a pulse periodic steady state is
cycle). When addressing pulsed operation, many power-ofchieved. This typically requires 4-10 pulses.
and power-off cycles are computed to achieve a pulse- The effects of pulsed operation relative to cw operation
periodic steady state. on the uniformity of a given plasma parametgfr, 6) are

In the computationally serial version of HPEM3D, each quantified by factorsr and 8. « is a measure of the absolute
module receives updates from other modules at best ongens deviation ofé(r, ) from its azimuthal averagey(r),
each iteration through the model. Although the short-termwhich is then averaged over all radius

II. DESCRIPTION OF THE MODEL
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B<1 also implies improved uniformity during pulsed opera-
tion compared to cw operation.

IIl. PULSED Ar INDUCTIVELY COUPLED PLASMAS

Pulsed Ar ICPs sustained in an asymmetric reactor were o)
investigated. The reaction mechanism for Ar is discussed in
Ref. 11. The reactor, schematically shown in Fig. 1, has azirig, 1. schematics of the asymmetric ICP reactor showing the showerhead
muthally symmetric coils and gas injection, but an asymmetand pump port locationga) (r, 2) section through an azimuth of the reactor
ric pump port which occupies the 60° segment on the rightwithout a pump port(b) (r, z) section thrOL_lgh an azimuth with the pump
hand side of the r(' 0) plane. The antenna consists of two por_t. (c) Top view of the rgactor. The_sectlon markers show the heights at

. . . . . . which plasma properties in the @) will be shown. A symmetric reactor

nested annuli set on top of a dielectric window with uniform pas ther, ) section in(b) for full a 360°.
azimuthal conduction currents to eliminate asymmetries that
may result from either transmission line effects or the shape
of the antenna. The gas injection is through a showerheatthan the average residence time, the effective source of neu-
placed below the cails. trals due to recombination at the walls can be commensurate

cw operation in this reactor produces azimuthal asymio or exceed the net flow rate. In the base case, the source of
metries in plasma propertie@ower, electron source and neutrals on the walls resulting from ion recombination is
[Ar*]) as shown in Fig. 2. The base case conditions are approximately 50-100 sccm, commensurate with the in-
pressure of 10 mTorr, cw power of 250 W at 10 MHz andjected flow rate. Due to the larger rate of recycling of neu-
flow rate of 50 sccm. Species densities are shown in thérals and longer average residence time in the stagnant zones,
(r,0) plane at height-A1 cm below the showerhepénd the gas density is also larger in these volumes.

height-B(1 cm above the plane of the wafers indicated in As the residence time is longer and neutral densities are
Fig. 1(@). Sources for electrons and power deposition ardarger in the stagnant zones, there is a greater likelihood for
shown at height-A. electron impact ionization and excitation reactions to occur

Due to the asymmetric pumping, gas injected away fronfurther from the pump port. As a result, the specific energy
the pump por{stagnant zongsas, on the average, a longer deposition(eV/atom is larger. This nonuniform source of
residence time in the reactor compared to that injected closeonization results in larger ion densities at sites that are re-
to the pump port. The differences in the residence time camote from the pump. A second peak in the"Aion density
be 10s of ms for a gas flow rate of 50 sccm. The absence @flso occurs in the front of the pump port resulting from the
the close-in wall near the pump port has two important conveduced rate of recombination on the more distant walls,
sequences. First, the local diffusion length is longer for ionssimilar to the trends observed by Kiet al.”® Depending on
and excited states near the pump port, thereby reducing theine details of the operating conditions, one of these two
losses by recombination on the wall. Second, the reducedeaks may dominate.
rate of ion recombination due to the longer diffusion length  As the electron density is azimuthally asymmetric, the
decreases the source for neutrals from the walls followingplasma conductivity is also nonuniform. A nonuniform
recombination. Since the diffusion time for ions from the plasma conductivity produces nonuniform power deposition,
bulk plasma to the walls is=30 us, which is much shorter which results in asymmetric electron impact sources, thereby
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FIG. 2. (Color) Ar plasma properties for cw operation in an asymmetric p O 20 40 60 80 100
reactor(10 mTorr, 250 W, 50 sccjn(a) Power deposition(b) [ Ar*] below Time (us)

the dielectric(height-A). (c) electron impact ionization sourceéd) [Ar*] L . .
above the wafetheight-B. The white circle is the outline of the substrate. F!C- 3. Reactor averaged plasma properties in Ar as a function of time for
The maximum for each quantity is noted in the brackets. Nonuniform powegifferent duty cycles for a constant peak power of 500 W, PRF of 10 kHz,
deposition results in nonuniform electron impact ionization sources produc@nd gas flow of 50 sccnia) Electron density anéb) electron temperature.

ing the maximum in ion density away from the pump port. The remoteness
of the wall produces a maximum [Ar*] near the pump port.

30%, 50%, and 70% are shown in Fig. 3. The average power

depositions are 150, 250, and 375 WMore extensive char-

acterizations of pulsed Ar plasmas can be found in Ref. 11,
reinforcing the asymmetries in species densities. Relativelmand references therejnDuring the activeglow the electron
small changes in gas density resulting from asymmetricensity ramps up from its low value at the end of the previ-
pumping(or gas injectioh can produce significant asymme- ous afterglow period. For these conditions, the duration of
tries in plasma properties by initiating this positive feedbackthe activeglow is not sufficient to achieve a quasisteady state
loop. The magnitudéand sign of the feedback loop results even for a duty cycle of 70%. As such, the reactor averaged
in part as to whether, for example, plasma densities increasglectron densities at the end of the activeglow increase with
or decrease with increasing gas density. For a constant powarcreasing duty cycle reflecting the increase in average
deposition in argon for the pressure ranges of intef@étw  power (2.2 10" cm™ 3,  2.8x10%cm™ 3, and 3.2
to 10s mTor), the plasma density generally increases withx 10'* cm™2 for duty cycles of 30%, 50%, and 7Q%Fol-
pressure, which then produces a positive feedback loop. lowing termination of power, the electron and ion densities

It is our premise that these azimuthal asymmetries caecay by diffusion and recombination on the walls. For these
be reduced, and the plasma uniformity improved, by limitingconditions, the diffusion is dominantly ambipolar for the en-
the positive feedback between nonuniform electron densityire afterglow period. Smaller PRFs or shorter duty cycles
and power deposition by using pulsed operation. With pulsednay produce afterglow periods which are sufficiently long
operation, electron impact sources for high threshold eventthat charged particle loss transitions from ambipolar to free
(such as ionizationgreatly decreaséor are eliminategddur-  diffusion.
ing the afterglow periods thereby temporarily eliminating the  As the ICP power is turned on, the electrons that survive
positive feedback. The diffusion of charged and excited spethe afterglow of the previous pulse are accelerated by the
cies during the afterglow smoothens the nonuniformities creinductive fields. During the initial stages of the power-on
ated during the previous power pulse, thereby providingamp, this power is dissipated into a smaller inventory of
more uniform initial conditions for the next power pulse.  electrons surviving the previous afterglow. As a conse-
To investigate this premise, parameterizations were perguence,T, spikes to 4.2 eV, compared to the steady state

formed for pulsed Ar ICPs by varying the duty cycle andvalue of 3.6 eV, to enable the smaller inventory of electrons
PRF. The base case conditions were 10 mTorr, 50 sccm, ta dissipate the desired powéPower dissipation per elec-
peak power of 500 W modulated at a PRF of 10 kHz and &aron generally increases with increasimg.) The higherT,
duty cycle of 50%(average power 250 WAs a point of also produces an electron avalanche thereby increasing the
reference, reactor averaged electron dengiy) @nd elec- plasma density. Shorter duty cycles produce smaller electron
tron temperatureT,) as a function of time for duty cycles of densities at the end of the longer aftergldfer example,
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however, achieved. The smaller electron density at the end of
the longer afterglows with smaller PRFs produces a larger
initial T, resulting in more efficient ionization. As a result,
the time averaged, generally increases with decreasing
PRF. For example, the time averagedis 2.1, 2.5, and 2.7
x 10 cm™3 for 20, 10, and 5 kHz.

The consequences of pulsing on flow induced asymme-

w
=)

DN
&)

Electron Density (x 10" cm'3)

20t " VAN tries will be quantified by first operating the reactor on a cw
) 7200 basis using the same average power to obtain a base line,
15 ) ) ) followed by a series of power pulses. Plasma properties av-
a) 50 100 150 200 eraged over a pulse period will then be inspected for succes-
Time (us) sive pulses. Pulse averagpdlr*] for pulses 2—5 following
5.0

cw operation of the base case are shown in FigThe cw
values are shown in Fig. 2During cw operation, the peaks

in [Ar*] below the dielectric (1. 10" cm™3) and above
the wafer (1.% 10" cm™3) are offset~2.5 cm, from the
center of the wafer to the side opposite the pump port. This
offset is ultimately due to the higher specific energy deposi-
tion resulting from the longer residence time in that portion
of the reactor. This peak in ion density shifts to the center of
the reactor over a period of several pulses, thereby improving
azimuthal symmetry.

100 150 200 This improvement in uniformity results from reducing
Time (us) the positive feedback between nonuniform plasma conduc-
FIG. 4. Reactor averaged plasma properties in Ar as a function of time fofiVity and power deposition. During the afterglow, the reduc-
different PRFs for a constant peak power of 500 W, duty cycle of 50% andiion in T, rapidly quenches the asymmetric ionization pro-
gas flow of 50 sccm(a) Electron density andb) electron temperature. cesses, which would otherwise feedback to the power

deposition by providing a nonuniform conductivity. The dif-
fusion that then occurs during the afterglow mediates these

ne=1.7x10" and 2.5<10'" cm 2 at the end of the after- nonuniformities during a time when there is no feedback to
glow for duty cycles of 30% and 70/6As a resulfT, spikes  the power. At the end of the afterglow, species densities, and
to a higher initial value with smaller duty cycles. As the the conductivity in particular, are more uniform providing a
electron density increases in the activeglow, the ICP power ighore uniform set of initial conditions for the subsequent
dissipated into a larger inventory of electrons allowing thepulse. The power deposition during the next pulse is there-
electron temperature to decrease. As a balance is reachéate more symmetric, which in turn improves the uniformity
between ionization and loss processes in the late activeglowf electron impact sources. These effects play out over sev-
T, reaches a quasisteady state value of 3.6 eV for duty cyclezal pulses to make the plasma conductivity, power deposi-
>50%. For shorter duty cycles the active glow is not longtion, and reaction sources more uniform. As such, these in-
enough to attain this balance ahgdeclines to, for example, trapulse dynamics will depend on the length of the afterglow
only 4 eV for a duty cycle of 30%. period during which the plasma properties are homogenized

When the power is turned offl, rapidly falls as elec- relative to the power-on period during which positive feed-
trons cool by inelastic collisions dominantly with Ar meta- back produces asymmetries.
stables. The rate of inelastic collisions is higher during the  Power deposition and electron impact ionization sources
initial stages of the afterglow as the Ar metastable densitypelow the dielectridheight-A) for pulses 2-5 following cw
(4.5x 10" cm™3) and the power dissipation per electron areoperation are shown in Fig. 6. Through several pulses, the
high. However, as the electrons cool and their rate of powesources and power deposition become more uniform as the
dissipation decreases, in this case after aboutd to the positive feedback through the plasma conductivity is less-
afterglow, the rate of decay df, also decreases. At lower ened. During cw operation, the peak in the ionization source
duty cycles, the afterglow is long enough that the electron§3.7x 10 cm 3s™1) is located ~3 cm off center away
essentially thermalize with the gas. from the pump port owing to power deposition and conduc-

The reactor averagen, and T, for PRFs of 5, 10, and tivity also peaking opposite the pump port. With successive
20 kHz for a 50% duty cyclébut otherwise the base case pulses, the ionization sources become essentially azimuthally
conditiong are shown in Fig. 4. For a fixed duty cycle and uniform. The remaining asymmetries at the wafer level in
constant average power, higher PRFs produce shorter opAr*] then result from the geometrical effects of the pump
and-off periods. For a PRF of 5 kHz, the power-on period isplenum.
nearly long enough to achieve a steady state electron density During cw operation, a peak in ion density (2.2
of 3.2x 10'* cm™ 2. At higher PRFs the power-on time is not X 10'* cm™3) occurs near the pump port due to the longer
sufficient for the electron density to reach this quasisteadyliffusion length afforded by the pump plenum. As this geo-
state value within a given pulse. A periodic steady state ismetrical asymmetry does not change with pulsing, this local
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= =3 =3
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FIG. 5. (Color) [Ar*] averaged over a pulse period for pulses 2, 3, 4, and 5 0 ‘ -Max

following cw operation(peak power 500 W, 10 mTorr, 50 sccm, PRF 10
kHz, duty cycle 50% (a) Below the dielectridheight-A) and(b) above the
wafer (height-B. The white circle is the outline of the substrate. The maxi-
mum for each set is noted in the brackétsr*] at both locations become
more uniform with successive pulses following cw operation.

FIG. 6. (Color) Time averageda) power deposition antb) electron impact
ionization sources below the dielectficeight-A) for pulses 2, 3, 4, and 5
following cw operation(peak power 500 W, 10 mTorr, 50 sccm, PRF 10
kHz, duty cycle 50% The white circle is the outline of the substrate. The
maximum for each variable is noted in the brackets. The power deposition
and electron impact ionization sources become more uniform with succes-

. - . . sive pulses following cw operation.
maximum in ion density remains even after several pulses. It

is unlikely that pulsing alone will eliminate this asymmetry.

Reactor designs without the pump port cavity but with asym-

metric pumping can also have flow induced asymmetriespumping in the same quadrant. Beginning from the cw con-
For these conditions pulsing alone may be more effective imlitions with a peak ifAr*] on the side of the reactor op-
reducing the asymmetries. For examgdlés*] and power posite the pump por,Ar*] and power deposition achieve
deposition are shown in Fig. 7 for 300 W and 5 mTorr for aessentially azimuthally symmetric profiles after several
reactor without the pump port plenum but with asymmetricpulses.
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[Ar] Power
(x 101 cm-3) (max =1 Wicm-3)

Pulse

Pulse

[M1.4x10" cm™) [2.3x10" cm™]
a) [Ar*] Below Dielectric b) [Ar'] Above Wafer

| v

FIG. 8. (Color) [Ar*] averaged over a pulse period at the end of six pulses
following cw operation for duty cycles of 30%, 50%, and 7Qgverage
power 250 W, 10 mTorr, 50 sccm, and PRF of 10 kHa) Below the
dielectric(height-A) and(b) above the wafetheight-B. The white circle is

the outline of the substrate. The maximum for each column is noted in the
brackets. Lower duty cycles resulted in a better azimuthal symmetry as the
longer afterglow enables diffusion to smoothen density profiles prior to the
next power pulse.

Pulse 6
[5

.0]

o NN FH max

FIG. 7. (Color [Ar*] and power deposition for a reactor without a pump
plenum but with asymmetric pumpin@00 W, 5 mTorr, 160 sccinResults

are shown for cw operation, and pulse averages for 3, 4, and 6 pulses after_: : : : : :
cw operation for a PRF of 10 kHz and 50% duty cycle. The white circle is E{mformlty with decreasing duty cycle. Having said that, to

the outline of the substrate. The maximum for each frame fdr i&moted deposit the same average power with a shorter duty cycle,
in the bracketgunits of 10t'cm™2, the peak power deposition during the activeglow must be
larger. Previous studies have shown that the azimuthal uni-
formity of plasma densities generally decreases with increas-
[Ar™] at the end of six pulses following cw operation ing power due to there being an increased positive
(averaged over a pulsed cyglare shown in Fig. 8 for duty feedback® Therefore, as the duty cycle decreases with con-
cycles of 30%—-70% and an average power of 250 W. Powestant average power, there is more positive feedback during
deposition and electron impact ionization sources are showthe shorter power-on perio@ue to the higher peak power
in Fig. 9. As the duty cycle is decreased for fixed PRF, theand while there is more mitigating diffusion during the
afterglow period is lengthened. The nonuniform electron im-4onger afterglow period. Hence, a nonmonotonic improve-
pact sources produced by the positive feedback during thement in uniformity with duty cycle may occur as shown in
afterglow are therefore absent, and the mitigating diffusion ig=igs. 8 and 9. If instead the peak power is held constant
active, for a longer duration. The positive feedback duringwhile the duty cycle is lowered, the dominant effect is the
the power pulse also occurs for a shorter duration. On thigengthening of the afterglow with its mitigating diffusion. As
basis alone, one should expect monotonic improvements ia result, monotonic improvement in uniformity is expected.
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FIG. 10. (Color) Plasma parameters averaged over a pulse period at the end
of six pulses for 5 and 20 kH@average power 250 W, 10 mTorr, 50 sccm,

o N Flvax
and duty cycle of 50% (a) Power andb) electron source below the dielec-

FIG. 9. (Color) Plasma parameters below the dielecthieight-A) atthe end  tric (height-A) and(c) [Ar*] above the wafetheight-B. The white circle is

of six pulses following cw operation for duty cycles of 30%, 50%, and 70% the outline of the substrate. The maximum for each quantity is noted in the
(average power 250 W, 10 mTorr, 50 sccm, and PRF of 10 ktdzPower  prackets. Lower PRFs result in better azimuthal symmetry.

deposition andb) electron impact ionization sources. The white circle is the

outline of the substrate. The maximum for each quantity is noted in the

brackets. The uniformity of electron impact ionization sources improve by

40% for a duty cycle of 30%. dependencies will also be sensitive to gas mixture, pressure,

and flow rates as these parameters determine the nature of
the feedback.

For a constant power of 250 W, the azimuthal uniformity It is not necessarily the case that the feedback during the
of densities had nonmonotic behavior from cw to lower dutyactiveglow is always positive. There are gas mixtures for
cycles. For examplay and 8 for [Ar*] were 1.2 and 1.0 for which the efficiency of the net production of electrqien-

a duty cycle of 70% and improved to 1.0 and 0.6 for a dutyization minus attachmentlecreases with increasing power
cycle of 30%. Witha> 1, the uniformity was actually worse deposition, and this could result in negative feedback. For
for a duty cycle of 70% compared to cw operation. In thisexample, the rate of dissociative attachment to signifi-
case, the larger ICP powé&B60 W) during the activeglow, cantly increases as the molecule is vibrationally excifed.
which reinforced the positive feedback, produced nonuniforLocal increases in power deposition which increase the den-
mities that could not be mitigated during the short afterglowsity of H,(v) will therefore decrease the net electron produc-
period. At lower duty cycles, in spite of the even higher peaktion efficiency by increasing the rate of attachment. The end
power during the activeglow which more strongly reinforcesresult is negative feedback. Molecular gas mixtures in which
the positive feedback, the uniformity was improved as thedissociation products are more highly attaching than the par-
longer afterglow period was able to mitigate these nonunient gases will also show a similar effect.

formities. Improving uniformity using pulsed operation is The tradeoff between positive feedback during the ac-
then ultimately a tradeoff between intensifying the feedbackiveglow and mitigation by diffusion during the afterglow
during the power-on period and mitigating the resulting non-was further investigated by varying PRF. For example,
uniformities during the afterglow. As a consequence, the sucpower deposition, ionization sources gt * ] for PRFs of
cess of this method will ultimately depend on peak or averb and 20 kHz are shown in Fig. 10 for a 50% duty cycle.
age power deposition, PRF, and duty cycle. ThoseSince the duty cycle is fixed, the peak power during the
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FIG. 12. The relative asymmetry factgrfor [Ar*], electron impact ion-
ization sources and power as a function of P@ferage power 250 W, 10
mTorr, 50 sccm The asymmetry factor decreases with PRF.

absolute measure of uniformjtyor [Ar*] is nonmonotonic
as the duty cycle is decreased. With decreasing duty cycle,
the peak power during the activeglow must increase to main-
tain a constant average power that in turn increases the posi-
tive feedback« increasegless uniform as the duty cycle is

by 20 40 60 80 100 reduced to 80% as the tradeoff between increased feedback
12 Duty Cycle (%) during the activeglow and the mitigating effects of diffusion
“ | Power - Ve favors the positive feedback. For lower duty cyclesde-

creasegmore uniform as the tradeoff between the longer
afterglow offsetting the increased feedback during the active-
glow is in favor of the diffusion (relative measure of uni-
formity) shows similar trends, increasing for small changes
in duty cycle from cw operation, and decreasing with lower
duty cycle. Similar trends are obtained for power deposition.
Unlike the trends fof Ar*] and power depositiony and 8
for electron impact ionization sources monotonically de-
. . crease with decreasing duty cycle. A more optimum chamber
¢ 20 40 60 80 100 design would likely be able to take advantage of this scaling
Duty Cycle (%) and achieve similar improvements for the ion density.

FIG. 11. The absolutéx) and relative(8) asymmetry factor fofa) [Ar*] +The e.ffec.ts of PRF(S_%O kHZ) gn asymmetnesh for .
above the wafer antb) ionization sources angt) power deposition below [Ar ]’ lonization sources and power deposition are shown in
the dielectric as a function of duty cycle. The average power of 250 W wad=ig. 12 for a duty cycle of 50%. For a constant duty cycle,
held constant10 mTorr, 50 sccm, 10 kHzUniformity generally improves  photh the peak and average power remain constant with
‘é"é'ltt?nge(;rﬁej‘ssig'r? duty cycle due to the longer afterglow and beneficial miti-ohanges in PRF. Positive feedback during the activeglow
' may increase due to the duration of the activeglow at lower
PRFs but not because of an increase in the magnitude of the

. . . ... power deposition. The relative asymmetry fagBodecreases
?ecetlc\ilsg(l;?(\/\ilsl?hceogj:r?gtaznt?]eszJ?ecme;gr'“tu?]e of tzel_? ositiv becomes more uniforjmn all cases due to the increase in
. y cycle IS changed. Owevea{fterglow period with decreasing PRF which allows the
as the PRF is decreased from 20 to 5 kHz, both the aCtlveq?adeoff to favor the mitigating diffusion
low and afterglow are increased from 25 to 106, thereby '
increasing the duration of both the positive feedback an(ilv
mitigation. For these conditions, the tradeoff between the
longer activeglow that reinforces nonuniformities and the  In this section, the results from our computational inves-
longer afterglow that reduces them is in favor of the after-tigation of Cl, pulsed ICPs with asymmetric pumping are
glow, and so uniformity generally increased with decreasingresented. The base case conditions are 10 mTorr, PRF of 10
PRF. In this regard, the uniformity dfAr*] improved by kHz, duty cycle of 50%, peak ICP power of 300 {Average
15% when the PRF was decreased from 20 to 5 kHz. Theower of 150 W, and flow rate of 150 sccm. The reaction
uniformities of power deposition and ionization sources weranechanism for Gl is discussed in Ref. 12. As a point of
also improved by 10% and 8%. departure, power deposition, electron impact sources for
The consequences of duty cycle on asymmetries arelectrons and Cl radicals, electron density, Cl density, and the
quantified for an average power of 250 W in Fig. l(the  positive ion density (Gl and CI') are shown in Fig. 13 for

. PULSED CI, INDUCTIVELY COUPLED PLASMAS
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FIG. 13. Plasma properties for cw operation of @ @lasma in an asym-
metric reactor(10 mTorr, average power 150 W, 150 socrte) Power
deposition,(b) electron impact ionization sources, atal electron impact
source of Cl radicals below the dielecttlweight-A). (d) electron densitye)

[CI], and(f) positive ion density [(Cl; ]+[CI*]) above the wafetheight-

B). The white circle is the outline of the substrate. The maximum for each
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cw operation in the asymmetric reactor. The ICP pOWerF|G. 14. Reactor averaged plasma properties ine8la function of time for

deposition peaks at0.4 W/cn? below the inner coil oppo- different duty cycles for a constant peak power of 300 W, PRF of 10 kHz,

site the pump port due to a local maximum in plasma COn_and gas flow of 15_0 scenta) [e], (b) [_CI‘], and(c) electron temperature.

ductivity. The power deposition produces asymmetric sourc%he electron dlensc',ty reafc hes a quasisteady state for duty cy@@% and
ecays several orders of magnitude during the afterglow.

functions, which produce maxima in the electron and ion

densities away from the pump port. The peak positive ion

density is~1.4x 10 cm™ 3.

The characteristics of pulsed Qblasmas were recently trons. At this time, th¢ Cl™ ] begins to decrease due to ion—
reviewed in Ref. 12. A subset of relevant trends are discussgdn neutralization and diffusion. The latter is enabled by the
here. The reactor averaged electron density, @insity and ~ System transitioning to an ion—ion plasrifa.
electron temperature as a function of time for different duty ~ [Cl™] continues to decrease well into the power pulse.
cycles are shown in Fig. 14. The dynamics of the electroms T, peaks at the leading edge of the power pulse, while the
density are in large part determined by electron impact ionelectron density is still low, the rate of attachment decreases
ization, whose rate coefficient increases with increa3ipg  while the rate of nonattaching electron impact dissociation
and dissociative attachment increases, resulting in a decreasqd @ ]. At ~20 us into

_ the activeglow;T . decreases te-3.0 eV, corresponding to its
e+Cl,—~Cl+Cl7, ®) value during cweoperation. The lowdr, decreases rates of
whose rate coefficient increases with decreadigg When  nonattaching electron impact dissociation and increases the

power is terminated at the end of the activegldwthermal-  rate of dissociative attachment, and[€™ | increases.

izes within~15 us, a time determined largely by the inelas- The reactor averaged,, [CI”] and T, are shown in

tic collision frequency with Gl. The resulting increase in Fig. 15 for PRFs of 5, 10, and 20 kHz for a constant peak
dissociative attachment produced a rapid decreasg,imnd  power of 300 W and duty cycle of 50%. As the PRF is
a corresponding increase[i€l” ]. The maximuniCI~] oc- lowered to 5 kHz, a quasisteady state fprand T, is ob-
curs when its source is diminished by the depletion of electained during the longer activeglow. However, as the power
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outline of the substrate. The maximum for each quantity is noted in the
brackets. Lower duty cycles resulted in better azimuthal symmetry provided

FIG. 15. Reactor averaged plasma properties jneSla function of time for  hat the afterglow is long enough for electrons to be depleted by attachment.

different PRFs for a constant peak power of 300 W, duty cycle of 10 kHz
and gas flow of 150 sccnta) [e], (b) [Cl~] density, andc) electron tem-

perature.

smoothen of the radical and ion densities. As a result, the ClI

density becomes more azimuthally uniform at lower duty
remains off for a longer duration at lower PRIRg,decays to  cycles.
lower values by the start of the next power pulse. As a result, Highly thermal electron attaching chemistries such as
there is a correspondingly higher peakTp at the leading Cl, tend to be more sensitive to pulsing as a method of
edge of the power pulse. At lower PRFs, the afterglow is alsamproving uniformity than are electropositive plasmas. For
long enough that theCl™ ] has an opportunity to decay by example, comparing the plasma parameters for cw operation
diffusion during the longer ion—ion phase. The plasma poin Fig. 13 with pulsed operation in Fig. 16, any degree of
tential decays to a sufficiently small value to enable diffusionpulsing which significantly depletes the electrons during the
losses to dominate over the production of @bns by disso-  afterglow will break the positive feedback cycle which oc-
ciative attachment by the depleted electrons. curs through the residual nonuniform plasma conductivity.

The positive ion and Cl densities above the waferThe fact that attachment dominates electron loss during the

(height-B averaged over a pulse period at the end of sixafterglow results in any residual electrons generally being
pulses following cw operation are shown in Fig. 16. Valuesmore uniform. For 30% and 50% duty cycles, the electrons
are shown for duty cycles of 30%—70qeak power 300 W, are significantly depleted in the afterglow and the resulting
150 sccm, 10 mTorr, 10 kHzAs the peak power during the uniformity is similar. For a 70% duty cycle having a corre-
activeglow is constant, the time averaged positive ion densitgpondingly shorter afterglow period, the electrons are less
increases with increasing duty cycle and increasing averaggepleted in the afterglow, thereby leaving an asymmetric im-
power. As the duty cycle is decreased, the longer afterglovprint of the positive feedback from the longer activeglow
period enables mitigating diffusion to more efficiently period. This results in larger pulse averaged asymmetries.
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uniform plasma conductivity and power deposition. Pulsed
plasma operation of ICPs can reduce this feedback and,
hence, can be employed as a potential method for reducing
azimuthal asymmetries. A moderately computationally paral-
lel 3D model was employed to investigate the pulsed opera-
tion of Ar and C} ICPs. We found that diffusion during the
afterglow between pulses smoothens the species density. As
the electron density at the end of the afterglow becomes
more symmetric, the power deposition during subsequent
pulses is more uniform. In Ar ICPs, the azimuthal uniformity
of plasma parameters generally improved relative to cw op-
eration when decreasing duty cycle or PRF due to the longer
afterglow period, although these improvements were not nec-
essarily monotonic. Similar improvements were also ob-
served in CJ pulsed ICPs. As dissociative attachment domi-
nates in the afterglow of Glpulsed plasmas, it provides a

[1.5x 10" cm'3] [2.0x 10" om'3] more uniform sink for electrons during the afterglow com-
.. pared to ambipolar diffusion, and so these highly electrone-
a) [C +ClI'] b) [Cl] gative plasmas have uniformities that are more sensitive to

pulsing.

o NI I -
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