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Alternating fluxes of positive and negative ions from an ion—ion plasma
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Relatively electron-free positive- and negative-ion plasii@s—ion plasmashave been achieved

in the afterglow of pulsed-power Ctischarges. The application of a low-frequeri2® kHz) bias
voltage phase locked to the source power modulation and synchronous with the ion—ion plasma,
resulted in alternating fluxes of positive (Gland negative (Cl) ions on a substrate. These results
qualitatively agree with a one-dimensional fluid model. This technique to produce alternate
irradiations could be used to reduce differential charging-induced damage in high-aspect-ratio
etching processes. @001 American Institute of Physic§DOI: 10.1063/1.1338500

The high-aspect-ratio features and thin etch-stop filmdirmly believed that these ion—ion plasmas can be biased to
characteristic of modern devices have led to requirements fagxtract either positive or negative ions, unfortunately, experi-
highly anisotropic, uniform, and selective plasma etchesmental proof is not yet published. Ahn, Nakamura, and
While new high-density plasma etch tools have better etclSugai, tried something related to this by applying a single
capabilities than previous generations, they can also caugmsitive-voltage pulse during the afterglow of a chlorine
significant problems such as lateral etchiigotching,  plasma’ The afterglow was very short lived, however, so the
trenching, bowing, and dielectric breakdown. Computerpulse was applied before an ion—ion plasma could be ob-
simulations have shown differential charging of high-aspecttained. Despite this, they observed an enhanced etch rate and
ratio features due to electron shading and subsequent iittributed it to negative ion assisted etching. In another re-
deflections to be a cause’ lated experiment, Shibayama, Shindo, and Horike observed

Bringing electrons to the bottom of high-aspect-ratioF~ effusing from the downstream of a continuous waveg SF
features could improve plasma-etch performance and, consgtasma using a mass spectrometer with no bias on the input
quently, has been tried. For example, Hashimet@l. ob-  aperturé’. They observed a correlation between this sig-
served reduced-oxide damage resulting from a polysilicomal and the etch rate of silicon obtained in another reactor
etch when the wafer was biased so as to attract electronging a substantially different plasma source technology and
during the afterglow. That study was performed using a 400 kHz wafer bias. They also attributed the result to
pulsed-argon discharges. Of course, electrons cannot contripegative-ion-assisted etching.
ute directly to the etching process, but negative ions carry the  |n this work, we have shown that alternating fluxes of
same charge and might contribute. As a consequence, findifgbsitive and negative ions can be brought to a substrate from
a technique to extract negative ions with an anisotropic vejon—ion plasmas. This was achieved by applying a low-
|0City distribution like that of positive ions could reduce de- frequency bias Vo|tage to the input aperture of a mass spec-
vice damage while maintaining a larger etch rate. In additiontrometer during the afterglow of a Ctlischarge and observ-
halogen chemistry discharges, used extensively to etch polyng the positive- and negative-ion signals.
silicon gate structures, crystalline Si trenches, via holes, and  The vacuum chamber consisted of a 10.2 (cametey
other features of modern devices, are rich in negativex56 cm (length Pyrex pipe with stainless-steel electrodes
ions>~" on each endsee Fig. 1 The electrode in front of the mass

While etching using negative ions appears desirable, th§pectrometer has a 100m aperture and is isolated from
plasma potential in all but the most electronegative plasmaground while the electrode at the back end of the chamber is
is sufficiently positive to prevent it. For example, we hadgrounded. A Faraday shielded, 11.4-cm-long, three-turn he-
simulated sheath field inversigimversion allows negatively |ical antenna excites a plasma midway between the elec-
charged particles to be accelerated out of the glow centekodes. The 13.56 MHz excitation is pulsed at 1 kHz and
and found that extraordinarily large electronegativitiesggoy, duty ratio to provide a power of 300 W during the
(N_/Ne=1000) were required to extract negative ions with 5-tjye glow. It produces “on” and “afterglow” times of 500
any significant flux densit§.It turns out that pulsing the us. A 13.56 MHz capacitive-coupled “ignition antenna” 4.5
plasma excitation in the presence of an attaching gas cafy from the back electrode is operated for a burst of:36c
enable such electronegativities and even form a nearly, help ignite the “ICP on” (inductively coupled plasma
electron-free “positive-ion-negative-ion” plasmtd® It is  {ime. The ignition time-averaged power is less than 10 W.
The antennae are connected through matching networks to
dElectronic mail: kanak@utdallas.edu ENI A500 and ENI A300 power amplifiers, respectively. A

0003-6951/2001/78(1)/22/3/$18.00 22 © 2001 American Institute of Physics
Downloaded 15 Oct 2001 to 129.7.12.23. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



Appl. Phys. Lett., Vol. 78, No. 1, 1 January 2001 Kanakasabapathy et al. 23

-
o

Matching Matching 10] a)l AN B B L B L
. ENI A500 ENI A300 k -
Ceramic Isolator Network Networ i ICP On  Wfterglow (ICP Offl
= Bias Off =~

\ .
_—l\%cm \ Langmuir
N \ \ \ 10.4cm |_| Ao

Bias On

oo

=)

Mass
Spectrometer

E~N

cI® (103 cts/Sec)

(3]

Ground Strap Ignition

) Faraday Shield ntenna
Pinhole Plate MWI Horns
56 cm

TREK 601B-41| '\k 3 =y
Amplifier ICP Antenna| Capacitive

o

-
-4

\j

A= 110psec —
|
|

FIG. 1. System schematic.

’

TREK 601B-4 amplifier fills the 50Qus afterglow period
with a sinusoidal voltage burst of 10 cycles at 20 kHz and
225 V, applied to the mass spectrometer aperture electrode.
This voltage is lower than the approximately 400 V required
to ignite dc discharges in this reactor. It is what produced the
alternate fluxes of positive and negative ions to the aperture
electrode. It should be noted that similar results were ob-
tained with much smaller amplitude bias voltaggs/,), but

this set was chosen for this letter for comparison to the simu-
lation results. The plasmas were formed ip @ 1 mTorr 4
and 5 sccm and probed by a variety of diagnostics in addition -
to mass spectroscopy. Two diagnostics of importance to this g
letter include a time-resolved Langmuir probe and a 8.6 GHz »
microwave interferometer placed adjacent to the aperture
electrode. The interferometer can detect down to a density of o
10° cm3. It should be noted that a nickel-coated aluminum i 1 0 ¢l
strap attached to the back electrode runs along the length of 0 500 1000
the tube to provide ground reference for the Langmuir-probe Time (usecs)
measurements. It stops 8.5 cm from the mass spectrometer.

. .. . i + + i
The interferometer horns are positioned between the biasdd®: 2 Mass spectrometer signals f@ Cl, and CI, (b) CI*, (€) bias
voltage on the pinhole platéd) amplitude of complex power supplied to the

electrode and the ground strap to detfeCt any electrons possn_ion plasma due to bias, arie) Electron-density temporal variation by
bly generated by the low-frequency bias. Langmuir probgLP) and microwave interferomet@W1) 6.5 cm from the

Experimental evidence that alternating fluxes of positiverlate.
and negative ions can be brought to the mass spectrometer’s

aperture electrode is shown in Figgagand 2b). There, the lead to a factor of 1000 difference in the;Cand CI” counts

signals of positive ions (Gl, CI*) and negative ions (C) thouah I iti d tive-ion f
measured using the mass spectrometer have been plotted asg though equal positive- and negative-1on 1luxes are ex-

function of time. Alternating signals of ¢land CI are pected. We note that the ion currents to the aperture elec-

observed during the afterglow corresponding to the approprit—rOde are equal and opposite. As the mass spectrometer is

ate phases of the aperture electrode bias pumped to 108 Torr, we do not think this disparity is due to
After plasma turn off and a short delay, the first spurt of “lifetime” of positive ions during flight. It may be caused

Cl~ negative ions is measured by the mass spectrometelf".y differences in the ion lensing by the pinhole aperture or in
Even under no bias conditiorieot shown this first spurt of the channeltron sensitivity to the two ions. Second, the time

negative ions is observed and decays with the same dec&) flight (TOF) of the ions through the long quadrupole mass
constant as the CIflux. This is in excellent agreement with filter shifts the data by an amousttror~50 us for both CI
work by Smith, Dean, and Adams in,@! In addition to the ~and CI'. The C spurts to be shifted slightly more due to
initial spike of CI", we observe nine spurtéA—I) corre- the larger mass.

sponding to the nine positive half cycles of bias. Interlaced ~ While the alternating fluxes are of primary importance,
spurts of CJ , one for each of the ten negative half cyclesseveral other characteristics of the data shown in Fig. 2 are
(1-10 are also observed. The successive peaks of both p@&lso significant. For example, we note that thg Gignal is
larity ions gently decay in time as the ions are lost to extraclarge during the capacitive ignition and gives way to an in-
tion by the applied 20 kHz bias, ion—ion mutual neutraliza-creasing CI signal during the ICP-on stage. We think this is
tion, recombination and diffusion. A spurt of Clons due to  due to dissociative ionization. The ‘Cflux would then reach
the capacitive ignition is also present. Note the two nonidea relative plateau once dissociation reaches near quasiequi-
alities in Fig. Za). First, the different transmission efficien- librium. A small C signal (not shown does exist after the

cies for positive and negative ions of the mass spectrometégnition during the ICP-on stage. We also note the quick shift
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from CI* to Cl; after rf turn-off. This is most likely due to
the following energetically favorable charge-exchange reac-
tion.

ClI*+Cl,—CI+Cl;, AE=-152eV.

Decaying Locus of peaks

D N

N

This could cause the Cldensity to decrease much faster
than the CJ density in the afterglow. Helmseet al. have
shown that this reaction can alter the"@Cl; ratio in con-
tinuous chlorine plasmadg.Kushner estimated a reaction rate
constant of 5.%10 %cn®s ! using data from Ikezoe
et al*®* This rate constant indicates a decay time of ap-
proximately 57us for CI* ions in 1 mTorr of C}. Adding
this to the 50us time of flight produces a delay ef110 us
from turn-off for the CI" signal to vanish. This agrees well
with our observed Cl decay timgsee Fig. 20)]. | 1 I
Because of concern over whether the applied bias might 0.0 0.2 0.4 0.6 0.8 1.0
generate electrons, we have plottgd the voltage on the mas: Normalized Time
spectrometer aperture plate in FigicR The presence of
electrons in combination with the TREK amp|ifier’5 finite FIG. 3. Model prediction for fluxes of Cland CI" from an ion—ion plasma
output current capacity<t 20 mA) results in the applied volt- Under no bias and a 10 MHz, 260,, sinusoidal bias.

age being suppressed _for the first &S after rf turn-off. _ In summary, we have observed by mass spectroscopy,
Once the electrons vanish, the voltage “snaps back” 10 it;jernate fluxes of positive and negative ions to a substrate

open circuit(i.e., no plasmavalue as the ion saturgtion CUr caused by applying a low-frequency bias across an ion—ion
rents are smaller than 20 mA. The electron-density near thgi,cma This qualitatively agrees with our 1D fluid simula-

aperture ele_ctro;je measured Iusmg the _Langmwrr] proEe afbns. Such alternate irradiations hold the potential to deliver
microwave interferometer is plotted in Fig(e2 Both tech- o451 and, hence, electrically neutral bombardment fluxes of
nigues indicate negligible electron density production due tgnositive and negative ions to the bottom of high-aspect-ratio

the bias. Moreover, the product of the pinhole voltage an eatures, thereby reducing or eliminating differential charg-
plasma curreni{difference between the currents measureokng and the attendant etch nonidealities

with and without plasmiis less than 2 V A, ruling out any
significant plasma generation by the bjase Fig. 2d)]. The This research was supported by the National Science
power is deposited into accelerating the ions instead. FinallyfFoundation under Grant No. CTS-9713262. The authors
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