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Pulsed inductively coupled plasmas as a method to recoup uniformity:
Three-dimensional modeling study
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High plasma density sources such as inductively plasiii@®9 are commonly used for
microelectronics fabrication. Design constraints often result in systems which have asymmetric gas
pumping which can in turn produce azimuthal nonuniformities in plasma properties. These
asymmetries are reinforced by a positive feedback between nonuniformities in conductivity and
power deposition. In this letter, we discuss computational results from a three-dimensional model
for pulsed operation of ICPs sustained in argon as a means to recoup azimuthal symmetry of plasma
properties which may result from asymmetric pumping. We found that azimuthally asymmetric
plasma properties produced by continuous operation gradually become more uniform during pulsed
operation due to the interruption of the positive feedback and allowing interpulse diffusion to
smooth asymmetries. @004 American Institute of Physid®OI: 10.1063/1.1776617

High plasma density sources, such as inductivelythe 3D analogue of the two-dimensional parallel model de-
coupled plasmaglCP9 are commonly used for microelec- scribed in Ref. 13. The modules executed in parallel are the
tronics fabricatiorf. > Due to design constraints, ICP systemselectromagnetics module, the electron energy transport mod-
often have discrete nozzles or single-sided pumpihBre-  ule and the fluid kinetics module. Plasma properties from
vious experimentéi8 and computational investigatioghjso of  these modules are frequently exchanged in shared memory
ICP reactors showed that asymmetric pumping may result imithout interrupting the time evolving calculation being per-
azimuthally asymmetric species densities and fluxes whicifiormed in other modules.
ultimately translate to, for example, nonuniform etch or Pulsed operation of ICPs was recently reviewed in Ref.
deposition yields. These geometric and flow asymmetries bel3. In these devices, the radio-frequency power deposition is
come more critical as wafer sizes incredse. typically square-wave modulated with pulse repetition fre-

Flow-induced nonuniformities in densities can feedbackquencies(number of on—off cycles per secondf kHz to
and intensify through the plasma conductivity. FeedbacklO kHz, and duty cyclegfraction of an on—off period with
through the nonuniform conductivity makes the power depopower on of 10% —50%. During the power-off portion of
sition nonuniform, which in turn results in nonuniform elec- the cycle, the electron temperature rapidly falls to thermal
tron impact ionization sources and plasma conductivityvalues, thereby shutting off high threshold processes, such as
Thus, the nonuniform power deposition reinforces the flow-onization and excitation. In electronegative gas mixtures,
induced asymmetries. Pulsed operation of ICPs may be 8uch as those containing £the decrease in electron tem-
means to recoup azimuthal uniformity by breaking this posi{Perature during the afterglow may increase rates of dissocia-
tive feedback and mediating asymmetries by diffusion duringive attachment, thereby increasing negative ion densities.
the afterglow following power pulses. These processes pro- The model was employed to investigate pulsed Ar ICPs
vide a more azimuthally uniform set of initial conditions for With asymmetric pumping. The reactor, schematically shown
the subsequent power pulses. In this letter, we discuss resufts Fig. 1@, has azimuthally symmetric coils and gas injec-
from a three-dimensionaBD) computational investigation tion, but an asymmetric pump port occupying the quadrant
of pulsed ICPs. on the right-hand side of th@, 6) plane. The antenna has

The model employed in this investigation is a moder-uniformly azimuthal conduction currents to eliminate asym-
ately parallel implementation of the 3D Hybrid Plasma Mmetries that may result from either transmission line effects
Equipment Mode(HpEMgD)_lo The plasma transport and nu- OF the shape of the antenna. The gas injection is through a
merical algorithms used in HPEM3D are extensively dis-Showerhead placed below the coils. The base case conditions
cussed in Ref. 12. The parallel hybrid model employs “taskor pulsed operation are argon, 5 mTorr, 160 sccm, a peak
parallelism” to simultaneously execute different modules ofPower of 600 W(average power of 300 W, carrier frequency
the HPEM3D on three processors of a symmetric multiproces0f 10 MH2) modulated at a pulse repetition frequency of

sor computer having shared memory. As such, the model 40 kHz and a duty cycle of 50960 us power on followed
by 50 us power off. There is no bias on the substrate.

_ The consequences of pulsed operation relative to
dPresent address: Novellus Systems, Inc., 11155 SW Leveton Dr., T”a'at”bontinuous-wavecw) operation on the azimuthal uniformity
OR 97062; electronic mail: pramod.subramonium@novellus.com
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mjk@uiuc.edu asymmetry factorB. B is a measure of the relative root-
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FIG. 1. Reactor and plasma propertiés). Reactor schematic in the,z)
plane showing showerhead and pump port locations. The pump port occu- Power [1 W cm-3]
pies only the quadrant on the right-hand side of thgd) plane.(b) lon o TN EEwvax

density and electron temperature during pulsed operatforb m Torr,

10 kHz, 50%, duty cycle, average power 300.W ) ) )
FIG. 2. (Color) Plasma properties during cw operation and averaged over a

pulse period for pulses 2,3,4, 5, and 6 following cw operati@verage
- . . power 300 W, 5 m Torr, 160 sccm, 10 kHz, duty cycle 50%dop) Ar*
mean-square deviation ¢f(r, 6) from its azimuthal average, density above the wafer. The maximum ion densit@'* cmi3) is noted in

&(r), which is then averaged over all rad3>1 implies  each figure(Bottom) Power deposition below the dielectric window. The
¢(r , 0) is less uniform during pulsed operation compared towhite circle is the outline of the electrode. The black wedge in the right
cw operation,3< 1 impIies ¢(r , 0) is more uniform.ﬂ:O is quadran@ denote; the pump port. '_I'he plasma properties gradually become
. . more uniform during pulsed operation.

absolutely azimuthally uniform.

Reactor averaged electron temperatligeand ion den-
sity are shown in Fig. (b) in the pulse-periodic steady state metric, the plasma conductivity is also nonuniform, resulting
during pulsed operation for the base casgpeaks at the in asymmetric power deposition which further increases the
leading edge of the power-on pulse due to finite power beingssymmetries in electron impact sources. This positive feed-
deposited into a smaller inventory of electrons which surviveback reinforces the asymmetries in densities produced by
the previous afterglow. The electron and ion densities inasymmetric pumping.
crease during the power-on pulse, not quite reaching a steady Improved azimuthal uniformity can be achieved by re-
state at the end of the active gldtn the early afterglow],  ducing this positive feedback between nonuniform electron
thermalizes within 10—2@s. This decrease iifi, shuts off density and power deposition by using pulsed operation. To
ionization, as well as reduces the rate of ambipolar diffusiondemonstrate this concept, the ICP reactor was first operated
resulting in a slow decrease in ion density in the remaindein a cw mode to attain a quasi-steady azimuthally asymmet-
of the afterglow. ric state. The cw operation was followed by a series of pulses

cw operation of ICPs with asymmetric pumping can re-at the same average power until a pulse-periodic steady state
sult in a nonuniform AF density and power deposition as was achieved. Pulse averadéd™] and power deposition for
shown in Fig. 2 for 300 W average power. The" Alensity is  pulses 2 through 6 following cw operation are also shown in
shown=1 cm above the wafer. Power deposition is shownFig. 2. The pulse periodic steady state that is obtained after 6
~1 cm below the showerhead. Species injected through thpulses is an accurate representation of a quasi-steady state, as
showerhead or produced by reactions near the pump poconfirmed by computing additional pulses. During the after-
have a shorter residence time compared to those opposite tgeow following pulses, rapid thermalization of electrons
pump port. This results in a larger energy deposition pethrough inelastic collisions significantly reduces the asym-
atom in the remote volumes of the reactor, thereby producingnetric electron impact sources. The thermal diffusion which
larger rates of excitation and ionization. The small densitythen occurs during the afterglow mitigates the nonuniformi-
variations(higher further from the pump poralso results in  ties in species densities. At the end of the afterglow, species
a gradient in excitation and ionization, larger in the higher-densities are more uniform providing a more uniform set of
density regions. The resulting nonuniform electron impacinitial conditions for the subsequent pulse. The power depo-
sources produce larger electron densities at these remos@ion during the next pulse is therefore more symmetric,

sites. As the electron and ion densities are azimuthally asynmwhich in turn improves the azimuthal uniformity of electron
Downloaded 30 Jul 2004 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 85, No. 5, 2 August 2004 P. Subramonium and M. J. Kushner 723

25 T T T T T the recovery time with pulsing is longer as the initial flow-
induced asymmetries are larger.

Argon was chosen for this study since the positive feed-
back is particularly strong for the pressure and power re-
gimes of interest and so pulsing is most beneficial. In these
regimes,[Ar*] generally increases with increasing pressure
at constant power, and the increase in metastable states with
increasing power generally increases the efficiency of ioniza-
tion. As such, most of the processes which lead to azimuthal
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== =300 sccm where, for example, multistep ionization is not as important
0.0 e or where skin depths are longer would likely reduce the posi-
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Number of Pulses tive feedback. Pulsing with lower peak power would also

recoup uniformity more rapidly.
FIG. 3. Asymmetry factor for Ar density above the wafer and electron Feedback is not always positive. There are gases for
impact ionization sources below the dielectric for several pulses foIIowingWhiCh the efficiency of net electron production decreases
cw operation(Average power 300 W, 5 m Torr, 10 kHz, duty cycle 50% L . . .
Asymmetry factors show nonmonotonic behavior during pulsed operation.WIth mcreas'ln'g power or pressure, and so pulsmg .mlght not

be as beneficial. For example, the rate of dissociative attach-

ment to H increases with vibrational exctatidnLocal in-
impact sources. These effects play out over several pulses tseases in power deposition which increfidg(v)] decrease
make plasma properties more azimuthally uniform. net electron production efficiency by increasing attachment,

During cw operation,[Ar*] peaks off center(1.7  which produces negative feedback. Gases in which products

X 10 cm™®) at =4 cm on the stagnant side of the reactorof dissociation are more attaching than the parent gas might
due to the nonuniform distribution of residence times and gaglso display negative feedbatk.
density. The radial peaks in power are dominated by the In conclusion, cw operation of ICP reactors with asym-
location of the coils. Azimuthally, however, there are minimametric pumping can result in asymmetric plasma properties
in power in the quadrant of the pump port and maxima Op_\NhICh are reinforced by a positive feedback Ioo_p between
posite. The peak ifiArt] shifts to the center of the reactor conductivity and power deposition. Pulsed operation of ICPs

after several pulses accompanied by improved azimuthdl@n reduce this feedback and aid in mitigating azimuthal
symmetry in power deposition. asymmetries. Employing a 3D model, we found that diffu-

The improvement in azimuthal uniformity is not neces- sion during the afterglow smoothens species densities, which
sarily monotonic. To maintain a constant average power for 416N results in a more azimuthally uniform power deposition

50% duty cycle, the peak power during the activeglow uring subsequent pulses. In Ar ICPs, azimuthal symmetry

(600 W) is larger than cw operatiof300 W). The larger of plasma properties was improved b360% during pulsed

power during the activeglow momentarily increases the azipperatlon compared to cw operatlon. Many Q|ﬁer¢nt power
fé)rmats may be employed to optimize uniformity, from

muthal asymmetries in species densities by increasing th relv pulsed operation to longer periods of cw operation
positive feedback. In the initial stages of pulsed operationp y P P! gerp P
gollowed by a series of pulses.

this increased positive feedback offsets the mitigating effect

of diffusion during the afterglow. For example, at the end of  This work was supported by the Semiconductor Re-
the second pulse, the Adensity is offset by~9 cm from  search Corp., the National Science FoundatiGnant No.
the center towards stagnant zone. However, during the suleTS03-15353, and the Computational Science and Engi-
sequent pulses as diffusion begins to dominate over the posireering program at the University of lllinois.
tive feedback, the peak shifts to the center, eventually mak-
ing the Af density azimuthally symmetric. The trends for 1. Hopwood, Plasma Sources Sci. Techripl109 (1992).
power deposition are similar to those for the ion density. iJ- H. Keller, Plasma Sources Sci. Techn§).166(1996).

The plasma density is higher with pulsing than during ;’Af(%%haage”’ A. Maresca, K. Orlov, and B. Heil, Appl. Surf. ST82,
cw operation having the_ same average power. T_hls trend re«; . ikabe and 7. L. Petrovic, Appl. Surf. SL92, 88 (2002
sults from the more efficient ionization at the leading edge of5z, . petrovic and T. Makabe, Mater. Sci. Forug82, 47 (1998
the power-on pulse which is coincident with the peaking of °™. H. Khater, L. J. Overzet, and B. E. Cherrington, J. Vac. Sci. Technol. B
T..X* This improvement in ionization efficiency is likely det- 7T16A4?<?n(11223t S. Avdil, 3. Appl. Physs2, 6444(2002
rimental to recou_p_mg uniformity with pulsing since it per- ST: A: Kim, S. J. .Ullél,)\//. \’/aHedFi),pa.nd é S.’Aydil, Rev. éci. Instrum3,
petuates the positive feedback. 3494(2002.

Asymmetry factors fofAr*] and electron impact ioniza-  °T. Panagopoulos, D. Kim, V. Midha, and D. Economou, J. Appl. Pi{s.
tion sources during pulsed operation for flow rates of 160, 2687(2002.
and 300 sccm are shown in Fig. 3 for six pulses foIIowingll'I\D"' 5"'I*E(Cuos:gggu“"fpl_p"l:zzgﬁijji(ﬁ?m Meyyappan, MIo108
the cw operation. The initial increase g(less uniform is (1998, T ’ ' ’
attributed to an increase in positive feedback due to thé?R. L. Kinder, A. R. Ellingboe, and M. J. Kushner, Plasma Sources Sci.
larger peak power deposition during the activeglow. Withl3Techn0I-12. 561(2003. .
additional pulses, diffusion during the afterglow begins to (onsouabramo”'um and M. J. Kushner, J. Vac. Sci. Technol2® 313
dommaje over the |n'cre.ased positive feedback qltlmately4H Hebner and C. B. Fledderman, J. Appl. Phii2, 2814(1997).
producing a pulse-periodic steady state which has improvee; N. Bardsley and J. M. Wadehra, Phys. Rev28, 1398(1979.
azimuthal uniformity. On increasing flow rates to 300 sccm,®,. Subramonium and M. J. Kushner, J. Appl. Phys.be publishey

Downloaded 30 Jul 2004 to 128.174.115.149. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



