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During plasma etching and deposition of semiconductor materials, it is desirable to have separate
control over the magnitude and energy of the ion flux onto the substrate. This control is difficult to
achieve in reactive ion etching discharges since the radio frequ@fcyoltage applied to the
substrate both generates the ions and accelerates the ions into the substrate. High plasma density
devices such as electron cyclotron resonance and inductively coupled plasma reactors achieve this
control by having separate power sources for ionization and ion acceleration. In this article, we
present results from a computational study of an electron beam controlled rf discharge in which the
production and acceleration of ions are similarly separately controlled. lonization is dominantly
produced by injection of an electron beam into the reactor. lon acceleration is determined by a
separate rf bias applied to the substrate. The limits of e-beam voltage, current, and rf bias voltage
for which this separate control can be achieved will be discussed19€5 American Vacuum
Society.

[. INTRODUCTION externally applied low voltagél—3 kV) electron beam is
injected into a low pressure rf dischar(0 s mTorj [see
During plasma materials processing, such as the etchingig. 1(a)]. The intent of the EBCRF discharge is to domi-
of semiconductors for microelectronics fabrication, it is de-pantly control the dissociation and ionization of the gas, and
sirable to have maximum control over the composition anchence the magnitude of reactive fluxes to the substrate by the
energy of the reactive fluxes incident on the substtdte. electron beam. The energy of the ion flux onto the substrate
parallel plate radio frequencyf) discharges, as used for s controlled by a separate rf bias. These goals are met by
reactive ion etchingRIE), this control is difficult to achieve. Carefu”y Se|ecting the Vo|tage of the e-beam and the gas
In these devices, the rf voltage applied to the substrate prqyressure together which determine the stopping distance of
vides both the power for ionizing and dissociating the feedthe e-beam. Once these quantities are optimized to match the
stock gases, and for accelerating ions into the substrate. I&topping distance of the e-beam to the reactor dimensions,
dependent control of the magnitude, composition and energihe current of the e-beam then determines the amount of
of the ion flux onto the wafer is generally not possible. Toexcitation and ionization by the e-beam.
address this difficulty, plasma sources have been developed additional control over the composition of the reactive
with separate power supplies whose respective purposes #ifix to the substrate may also be achieved by positioning the
to generate and accelerate ions into the substrate. For €¥=peam. For examp|e, in the experimenta| geometry shown
ample, in electron cyclotron resonan@CR) discharges, the in Fig. 1(a),'° the e-beam was configured as a current sheet
applied microwave electric field dominantly dissociates anchy masking the e-beam with the sputter shield. The height of
ionizes the feedstock gases, while ions are accelerated inte current sheet above the substrate can be adjusted. By
the wafer by a separately applied rf bias on the substréte. doing so, one can control the location above the wafer where
The high plasma density>10"" cm™) in these devices pro- jons or radicals are dominantly produced. For example, ions
duces a thin sheath; and, as a result, there is little electrogr radicals which are generated close to the wafer will likely
heating by the rf bias to contribute to bulk ionization. A strike the surface without undergoing identity changing col-
similar strategy is followed by inductively coupled plasmaiisions such as charge exchange. If, however, one desires to
(ICP) etching reactor3.® In these devices, power deposition change the primary ion from that produced by the beam to
from the inductively COUp|8d electric field dominantly disso- another ion by Charge exchange collisions, one can raise the
ciates and ionizes the gas while a separate rf bias is applieglirrent sheet to a height which is many mean free paths from
to the substrate to accelerate ions. the substrate for this reaction. For example, in the Ar/Cl
In a previous publication, the concept of an electron beangystem, the mean free path for charge exchange ofwith
controlled rf dischargéEBCRP for plasma etching of semi-  Cl, at 30 mTorr is=1 cm. A current sheet located many cm
conductors was introducefl.in the EBCRF discharge, an apove the substrate will produce an ion flux to the wafer

which is depleted of Af due to this charge exchange pro-
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SPUTTER SHIELD will be only briefly discussed. Emphasis will be placed on
COLD GATHODE enhancements and improvements to the previously described
ELECTRON GUN SLOT ELECTRON BEAM
/ "SHEET" model.
The simulation we have used is called the hybrid plasma
e —

e — WAFER equipment modelHPEM). The HPEM is a two-dimensional
T, (cylindrical or Cartesiansimulation consisting of three mod-
ules; the electromagnetics modul&MM), the electron
vide) Monte Carlo simulatiofEMCS) and the fluid-kinetics simu-
ar —Ii lation (FKS). The EMM solves for the electric and magnetic
BIAS fields which are produced by antennas as in ICP reactors.
(a) These fields—and electrostatic fields from the FKS—are
used in the EMCS where the electron energy distribution is
13.0 . . o . . .
10 ¢m (dopth) obtained as a function of position. These distributions are
used to calculate electron transport coefficients and electron
impact source functions which are then passed to the FKS. In
the FKS, the densities of all charged and neutral species are
solved using continuity and momentum equations, and Pois-
son’s equation is solved for the electric potential. The result-
ing densities, conductivities and time dependent electric
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V(d;) PORT fields are trf_;msferred to the EMQS f_;md EMM. This process is
" ; l 1 U ’0.0 iterated until a converged solution is obtained. In this study,
BLOCKING ®  hosiTion (om) 0 antenna generated inductively coupled electric fields are not
CAPAC'TOHL used, so only the EMCS and FKS modules are employed.
(b) oS @ ! In order to address the electron beam kinetics, we added a

module to the HPEM called the electron beam slowing mod-
Fic. 1. Schematics of the EBCRF devio@) Experimental apparatus in UIe_(EBSM)' The EBSM is a Monte CarI(JI\/IC.) SlmUIatlpn .
which a cold cathode e-beam source produces an electron beam sheet atvflich uses the same algorithms, cross sections and iterative
preselected height above the substrate. The substrate is independently pomtethodology as the EMCS. The particular implementation
ered by a rf bias(b) Geometry used in our model of the EBCRF. In the we have used is a beam-bulk approach. To beain the EBSM
two-dimensional simulation, the depth was specified as 10 cm. . . . . PP ’ ,g !
we specify the location, direction, current density and energy
of the electron beam which is injected into the chamber. MC
~_techniques are used to track the flight of the injected elec-
there must be a dc return current path to ground. This wilksns and their secondary electron progeny—until they slow
typically not be the wafer covered biased substrate since thgoow a specified energy—thereby joining the bulk plasma

wafer is a dielectric, or a poor conductor, and in any event igy syrike a surface. The details of the implementation of the
capacitively coupled which blocks dc currents. Rather, theMC method for e-beam slowing are discussed in Ref. 13.

current dc current return must be through some othefq ojectrons in the EBSM are advanced in the spatially and
grounded conducting surface in the reactor. The necessity fQfme dependent electric field obtained from the FKS in the

thi_s de current_path to ground re_q_uires special atter_wt_ion WheQame fashion as in the EMCS. The electron energy distribu-
using EBCRF in highly polymerizing etch or deposition SYS"tions for the injected e-beam and its progeny are calculated

tems which coat all surfaces with insulating dielectrics. as function of position. From those energy distributions,

EBlgRtlr:“fji:c:rﬂgre,esre;ﬂttz\i;:ao dminaAfc;?gLiatg“rl‘laLeStu?ey of electron impact source functions for all pertinent processes
9 o P (i.e., dissociation, excitation, ionizatipmre computed and

sented. The intent of this study is to investigate thg paramet%ansferre d to the FKS. We also compute the rate of appear-
space(e-beam voltage, current, and placeméat which the ance of e-beam electrons as they slow below the energy

composition, magnitude and energy of the ion flux to theb undary between the beam and bulk electron distributions.
wafer can be separately controlled. The model we have useff;. : X :
is rate of charge generatigelectrons/cris) is used in the

in this study is described in Sec. ll, and results from our ontinuity equations in the FKS and constitutes the source of
parameterization for EBCRF discharges sustained in Ar ar% y€eq

discussed in Sec. Ill. Our study of EBCRF discharges sus- < current. This_source of current is in tumn reflgcted in t_he
tained in Ar/Ch is discussed in Sec. IV, followed by our electrical pqtentlal of the plasma through solution of Pois-
concluding remarks in Sec. V. son’s equation. The actual space charge of the beam elec-
trons is not included in solution of Poisson’s equation. The
density of electrons in the beam is typicaf10’ cm 2 and
therefore contributes little to the bulk space charge density.
Il. DESCRIPTION OF THE MODEL As an enhancement to the previously described HPEM,
The model employed in this study is based on that dewe have added momentum equations for all chargsder
scribed in Refs. 11 and 12, and so the basics of the modéhan electronsand neutral species to the FKS. The equations
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we now solve for the density of thie¢h species);, are now*

13.0 E[100=8.8(10)] OmA  E[100=1.3(11)] 10 mA
t9ni
-V (mvi)+S+S (1a) =
o
anyvi)  VnikT; qinE T 65 i
[} - _ I 1 V-(ﬂivivi)-‘r (| %
at m m, ¢
m; H (@) — |H ) -
_ 1 _ 0 1 |
+; (mi+mj ninjVij(Vj Vi)! (1b)
) ] o o 13.0 E[100 =2.5(11)] 20mA E[100=3.3(11)] 30 mA
wherev; is the velocity of specie$, m; is its molecular
weight, g; is the chargek is the electric field ands; is the £
momentum transfer collision frequency between species f
and j (neutral-neutral, ion—neutral or ion—jprS; is the 5 i
source function for speciesresulting from heavy particle ¢
and electron impactbeam and bulk collisions. S, is the . . . .
source of electron current resulting from the slowing of o|Y ) | 1 @) ' -
e-beam electrons into the bulk electron distribution. Equation 0 3 0 a 16
(1) is couched in finite difference form using donor cell al- POSITION (cm)

gOlrlltth ona séagg{ergq mesh. Speclillis deSSIt.IeS al’ﬁ Spl}/led]:%t. 2. Electron(or Ar") densities(cm %) for an EBCRF sustained in 50
cell centers and velocities are at ce oun a“es'_ T € INTMOW,Torr of Ar for different e-beam current&) 0 mA, (b) 10 mA, (c) 20 mA,
and outflow of gas through the reactor are specified as fluxnd (d) 30 mA. The e-beam voltage is 1500 V and the rf bias is 100 V
boundary conditions for Eq1). The surfaces of the chamber (amplitudg. The e-beam dominates ionization above a current b mA.

; ; ; e e contours are labeled with the percentage of the maximum density
which are e.lther input nozzles or pump pqrts are. specified, as%lown at the top of each figure. 818) represents 8:810° cm™3.
well as the input flow of feedstock gasggpically in sccn).
Only the feedstock gases are injected at the nozzles; whereas,

mole-fraction weighted fluxes of all neutral species are "®lateral dimension. This produces an ionization source from
moved at the pump ports. The pumping speed is adjusted tt '

S o e e-beam which also extends halfway across the chamber,
maintain the specified gas pressure. - o .
A . . . ... . as shown in Fig. @). The bulk ionization source, Fig(13,
The electron density is still obtained using drift-diffusion .
. . : . ._is large near the corners of the substrate and chamber due to
expressions as in Ref. 11. This enables us to retain our im-=
plicit solution of Poisson’s equation, and therefore take time
steps which greatly exceed the dielectric relaxation time.

E-BEAM [max = 4.5(15) /cm® -s]

13.0

[ll. EBCRF DISCHARGES SUSTAINED IN ARGON

The geometry we have employed in this study is shown in
Fig. 1(b). The HPEM is a two-dimensional simulation, and in
this work we have used Cartesian coordinates. We do not

HEIGHT (cm)
o
(4]

resolve the dimension into the page, and so have specified a /\,L_J\,
depth of 10 cm. The rf biased substrate is 13 cm wide. The 95

grounded reactor walls are separated by 15 cm laterally pro- 0.0

viding a 1 cm gap oreach side of the substrate. The roof of

the reactor is 10 cm above the substrate. The e-beam is in- 13.0
jected from the left side at a height 2.75 cm above the sub-

strate. The width of the masked sheet of current@®35 cm. €
In this section, we will discuss EBCRF discharges sustained <
in Ar. The species we include in the kinetics are electrons, % 6.5
ground state Ar, At [nominally Ar(4s)] and Ar". The elec- i

tron impact and heavy patrticle reactions are the same as dis-
cussed in Ref. 11. Unless stated otherwise, the gas pressure is
50 mTorr. 5
Electron densities for different injected e-beam currents (b) POSITION (cm)

are shown in Fig. 2 for an e-beam voltage of 1500 V. The rf
bias is 100 V(amplitudg. In the absence of the e-beam, the Fic. 3. lonization sources for Ar from (@) the e-beam andb) the bulk
plasma is uniform across the substrate and has a peak eleiectronsiV(e-beam=1500 V, I(e-beam=60 mAl. The spatial extent of

. oo 3 The b is iniected f irect ionization by the_e—beam is determined by its ;topplng distance. The
tron density of 8.&1 cm = The beam is injected from  coniours are labeled with the percentage of the maximum source shown at
the left and has a slowing down length of roughly half thethe top of each figure.

0.0
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Fic. 5. Peak ion density and dc bias as a function of the amplitude of the rf
bias applied to the substraféAr, 50 mTorr, V(e-beam=1500 V, I(e-
Qean)z40 mA]. Over a wide range of rf biases, the ion density is essentially
constant while the dc bias scales linearly with the rf bias. At large rf bias, the
EEickening sheath produces more electron heating and so more bulk ioniza-
tion.

Fic. 4. Peak ion density and dc bias as a function of e-beam cuffeam&0
mTorr, V(e-beam=1500 V, V(biag=100 V]. Above a threshold e-beam
current, the peak ion density increases linearly with beam current. The d
bias is nearly constant over a range of e-beam currents, becoming mo
negative at large e-beam currents.

either electric field enhancemefuutside cornensor the ef-  —32 V until the e-beam current exceedsl0 mA/cnt (35
fects of convergent sheatlignside corners Note that the mA total). Above this value the dc bias becomes somewhat
peak ionization source from the e-beam is sometimes lesmore negative. These results indicate that the ion energy to
than that of the bulk distribution. This result is a bit mislead-the substrate will not significantly change as the ion flux is
ing since the additional ionization provided by the beam alsoaried by changing the e-beam current. This trend agrees
increases the bulk plasma density, thereby, increasing itwith previously reported experimental observatidhs.
source function. The generation of secondary electrons in the Over the range of e-beam currents investigated, the power
sheaths by the e-beam also contributes to a bulk ionizatioafficiency of ion production based on total power deposition
source. (e-beam plus rf bigsimproves only from 3.6&10%cm® W

As the e-beam current increases, the peak plasma densitjithout e-beam current to 3:8L0°%cm® W with 60 mA of
also increases and becomes asymmetric across the reactorgalseam current. Even though the efficiency for ionization is
shown in Fig. 2. The peak electron density increases tdigher for e-beam electrons than for bulk electrons, the ad-
3.3x10" cm™2 for an e-beam current of 8.6 mA/énfor 30 ditional power dissipation by the rf bias due to ion accelera-
mA total). The spatial distribution of the electron density is tion tends to lower the total ionization efficiency at high
dominated by the e-beam for current8—4 mA/cnf (10-14  e-beam currents.
mA total). This corresponds to a beam power of 15-20 W, The peak ion density and dc bias as a function of ampli-
while the bias power is 15 W. Although the rf bias voltage istude of the rf bias are shown in Fig. 5 for an e-beam energy
constant(100 V), the rf bias power increases as the e-beanof 1500 V and an e-beam current of 11.5 mAfcd0 mA
current(and ion densityincreases. For example, the rf bias total, 60 W. For an rf bias of<125 V, the ion density is
power increases from 12 W with no e-beam current to 37 Wessentially constant while the dc bias incread@escomes
at 60 mA of e-beam current. This increase in rf bias powemore negativein proportion to the rf bias. The fact that the
results from the larger ion flux generated by the e-beanion density does not increase with increasing rf bias is partly
which is then accelerated by the fixed rf bias into the sub-a result of operating at a high e-beam generated plasma den-
strate. sity which produces a thin sheath. Since stochastic heating of

The peak ion density and dc bias on the substrate arelectrons is proportional to the sheath velocity—which scales
shown in Fig. 4 as a function of e-beam current. The rf biasas sheath thicknesg rf frequency—there is little electron
is constant at 100 WVamplitude and the e-beam voltage is heating produced by the rf bias. It is only at the higher rf bias
1500 V. At low e-beam currents<4 mA/cn?, 14 mAtota),  which produces a thicker sheath—and hence higher sheath
the ion density is nearly constant. At these low e-beam curvelocity—that sufficient stochastic electron heating occurs to
rents the discharge operates as a conventional RIE dischargecrease the ion density. The results of Figs. 4 and 5 demon-
As the e-beam current increases, the ion density becometrate that for a fixed rf bias, the ion density and flux to the
nearly linearly proportional to the e-beam current and hencsubstrate can be controlled by the e-beam current while not
e-beam power. These results indicate that above a threshotdfecting the dc bias. Analogously for a fixed e-beam current,
e-beam curren~=4 mA/cnt in this examplethe ion density, the ion flux is constant while the and dg¢ bias increase.
and hence ion flux, to the substrate can be controlled by th&hat is, ion flux and ion energy can be independently con-
e-beam power. The dc bias remains essentially constant &blled.
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Fic. 6. EBCRF characteristics for different e-beam voltajgles 50 mTorr, 50 mTorr, V._=1000 V
I(e-beam=40 mA, V(biag=100 V]. (a) lon flux to the substrate as a func- 0 . . Ebl . . .
tion of position andb) peak ion density(The ion fluxes have been renor- 1 3 5 7 9 11 13 15
malized so that their spatial distributions can be more readily compared. (©) POSITION (cm)

Since the e-beam stopping distance increases with increasing voltage, the

uniformity of the ion flux to the substrate generated by the e-beam improves

with higher voltages. This improvement may come at the expense of iof'¢: /- EBCRF characteristics for double sided e-beam pumphig50

density since an e-beam which penetrates far through the gas is not produ@.Tor": V(e-beam=1000 V, I (e-beam=60 mA total for both bea}rms,/(bia}s
ing significant ionization. =100 V]. (a) lonization source by the e-beantl) electron(or Ar™) density,

and (c) ion flux to the substrate. The overlapping of the slowing down

regions of the opposing e-beams produces a uniform ionization source and

ion density. The result is a uniform ion flux to the substrate compared to the
In material processing the uniformity of the ion flux single sided case. The contours are labeled with the percentage of the maxi-

across the substrate is an important consideration. The ighum density or source shown at the top of each figure.
densities shown in Fig. 2 produce a nonuniform ion flux to
the substrate since the stopping distance of the beam is
shorter than the width of the substrate. The etch rate for ioe-beam, the ion flux is nearly uniform across the substrate.
driven processes may then also be nonuniform. For exampl&Vith a low voltage e-beam, the stopping distance is short, so
the Si etch rate produced in the EBCRF discharge reported ithe ion flux is highest near the e-beam injection point. As the
Ref. 10 monotonically decreased across the substrate froebeam voltage increases, the stopping distance lengthens
the e-beam injection point. The etch rate directly correlatecind the ion flux to the substrate becomes more uniform. At
with power deposition by the e-beam and its slowing profile.an e-beam energy of 2000 V, the ion flux has regained a
Obtaining uniform etching in an EBCRF is therefore largely uniform distribution. Unfortunately this improvement in uni-
determined by having uniform power deposition by theformity is accomplished at the expense of ionization effi-
e-beam. The stopping distance of the e-beam is proportionaiency since an e-beam which has a long stopping distance
to VIP (e-beam voltage/gas pressurén the high energy does not experience many depleting ionizing collisions. That
limit, inelastic electron impact cross sections scale assbi  is, it is difficult to achieve both unifornand efficient e-beam
higher energy e-beams penetrate further through the gas. Fpumping with a single beam. For example, the peak ion den-
a constant e-beam voltage lower gas pressures produce lowsty as a function of e-beam voltage is shown in Fi¢h)6
collision rates which also produce a longer stopping length Although the large e-beam voltages generate more uniform
This scaling is shown in Fig.(8) where ion fluxes to the ion fluxes, the peak ion density is also lower.
substrate are plotted as a function of e-beam voltageeam This trade off between uniformity and pump rate is a well
current=11.4 mA/cnt, 40 mA tota). In the absence of the known problem in e-beam pumping of high press(rel
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Ef4.0(11)cm™3 | EB-SOURCE [3.3(15)cm 2 s 1)
0 :

(NORMALIZED)
w
[

ION FLUX TO SUBSTRATE

1 3 5 7 9 11 13 15
POSITION (cm)

Fic. 9. lon flux to the substrate as a function of position for different heights
of the e-beam above the substrfée, 50 mTorr, V(e-beam=1500 V, I (e-
beam=40 mA, V(biag=100 V]. (The ion fluxes have been normalized to
enable a more direct comparispithe ion flux is less uniform, and more
closely resembles the ionization source, when the e-beam is located close to
the substrate.

tion. When the e-beam is close to the substrate, the ion flux
to the substrate mirrors the e-beam stopping profile and is
not uniform. As the e-beam is raised higher above the sub-
strate, the ion density and ion flux appears more diffusional
and more uniform.

(c) POSITION (cm)

Fic. 8. Electron(or Ar") density and ionization source by the e-beam for
different heights of the e-beam above the subsf{rate50 mTorr,V(e-beam

=1500 V, I(e-beam=40 mA, V(biag=100 V]. (a) 5.5 cm,(b) 2.7 cm, and
(c) 1.7 cm. The peak ion density increases as the e-beam approaches t%‘ EBCRF DISCHARGES SUSTAINED IN Ar/Cl 2

sub_strate, possibly due to productk_)n of secondary electrons in_high field Parameterizations were performed of EBCRF discharges
regions. The contours are labeled with the percentage of the maximum den- . . . ) .
sity or source shown at the top of each figure. sustained in Ar/Gl=70/30 gas mixtures while etching a
polysilicon substrate. Gas is injected from the shower head
nozzle at the rate of 100 scciaee Fig. 1b)]. The reaction
atm) gas laser$® The quandary has been partially remediedchemistry is the same as in Ref. 12 with the exception that
by using double sided e-beam pumping where the sum dbiCl, is specified as being the etch product. The important
two nonuniform pump profile resulting from the opposing additional reactions we included are electron impact
e-beams produces a fairly uniform excitation source. Thiglissociatioh® and ionization of SiGland SiCl.
strategy is demonstrated in Fig. 7 where the e-beam ioniza- Typical results from the model for the charged particle
tion rates, ion density and ion flux to the substrate are showdensities in the Ar/GIEBCRF dischargé35 mTorr,V ;=100
when we excite the gas with two opposing e-beams of 100®, V,=1500 V, | ,,=40 mA) are shown in Fig. 10. In this
V. The e-beam ionization source above the substrate is eseaction chemistry, At has the highest ionization potential.
sentially uniform, which in turn generates a uniform ion den-It is dominantly produced by electron impact ionization by
sity. The uniformity of the ion flux to the wafer is signifi- e-beam electrons, and is rapidly depleted by charge exchange
cantly improved over single sided pumping. to Cl, producing CJ and CI". CI" is also produced by direct
Another variable in determining the uniformity of the ion electron impact on Cl atoms. The Tlon can then charge
flux is the height of the injected beam above the substrateexchange with Glto produce Cf. The end result is the
The e-beam ionization source and plasma density are shovapatial extents of Af and CI are largely defined by the
in Fig. 8 for three heights of the e-beafd500 V, 11.5 slowing down length of the e-beam. Clwhich is the end
mA/cn? (40 mA tota)] above the substrate. The ion flux to product of the charge exchange chain, has a more uniformly
the substrate for these cases is shown in Fig. 9. The magnsépatially distributed density. The Cldensity peaks within
tude of the e-beam ionization source is essentially constanhe slowing down zone of the e-beam. Since this is the re-
as a function of height although the peak ion density in-gion of the highest production of positive ions the plasma
creases as the beam approaches the substrate. This trend rpayential is, on a time averaged basis, most positive there.
be due to e-beam ionization occurring in the sheaths whicirhe cool negative ions therefore pool to their maximum den-
produces energetic secondary electrons by sheath accelesity in the e-beam slowing region. SiChnd SiC} ions are
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POSITION (em) Fic. 11. lon fluxes to the substrate for the Arf@as mixture(a) Fluxes for

. . . . . all ions as a function of positiorib) Ratio of the C} ion flux to the Ar* ion
Fic. 10. Charged particle densities in an EBCRF sustained in ary,, as 4 function of the height of the e-beam above the substrate. The ion
Ar/Cl,=70/30 gas mixture at 35 mTofv/(e-beam=1500 V,I(e-beam=40 g, jg depleted of Af when the e-beam and ionization source is far from
mA, V(biag=100 V]. (a) Ar*, (b) SiCI* and SiC}, (c) CI*, (d) Cl3, (e) the substrate
Cl~, and(f) electrons. lons having high ionization potentials, such &s Ar '
which charge exchange to other species have densities which mirror the
e-beam ionization source. The contours are labeled with the percentage of
the maximum density shown at the top of each figure.

varying the height of the e-beam above the substrate. By
) ) doing so charge exchange reactions filter the ion flux gener-
most plentiful near the substrate where the S&fth product ;0 by the e-beam by depleting the flux of high ionization

is generated. _potential species prior to reaching the substrate. In the intro-

The s_caling 'a_WS discussed for Ar EBCRF discharges THuction, we discussed the case wheré Aams generated by
the previous section generally hold for the more complex 98%e e-beam can be filtered from the ion flux which reaches

mixture. The exception is that independent control of the flu he substrate. This is accomplished by positioning the

and energy of ions incident onto the substrate is typically % beam at a sufficient height above the substrate that charge

achieved until higher power deposition by the e-beam than is . . ) . .
required in Ar discharges. This scaling can be expected to b%xchange reactions with Lileplete the Af ions. This abil-

a general result for highly attaching gas mixtures, such agy to fllter the ion flux is demonstrated in Fig. 11.' Here we
Ar/Cl,. Obtaining independent control of ion flux and ion show ion fluxes to the substrate for an EBCRF discharge in

energy requires that the rf bias power contribute little to elec-fo‘r/C|2:70/3o(35 mTory for conditions where Ar ionization

tron heating and ionization. This is typically achieved byiS dominated by the e-beam. lon fluxes for all species are
having a thin sheath which in turn requires a high electrorsn0Wn in Fig. 148) for an e-beam height above the substrate
density. The electron density is usually lower in attaching ga@f 2.7 cm. The ratio of the AT flux to CI; flux to the sub-
mixtures for a given power deposition. Therefore for other-strate is shown in Fig. 1b) as a function of e-beam height.
wise similar conditions, independent control of the ion flux When the e-beam is close to the substrate at low pressures,
and energy requires higher power deposition by the e-beaftfie Ar’ flux is comparable to the €lflux. As the e-beam is
to broach the thin sheath limit in attaching gas mixtures. ~raised above the substrate—thereby also raising theigr-
Another possible feature of the EBCRF discharge is thézation source—the flux of Ar is depleted relative to Gl.
ability to control the composition of the ion flux to the sub- The longer path length from the site of e-beam ionization to
strate as well as its magnitude. This control results fronthe substrate results in more charge exchange collisions
choosing the site at which ions are dominantly generated bwhich convert A to CIJ .
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V. CONCLUDING REMARKS Research Corporation, and the University of Wisconsin ERC

A parametric computational study of an electron beanf©r Plasma Aided Manufacturing.

controlled rf discharge has been presented. We have demon-
Strateq that in Ca.rer"y designed EBCRF discharges, theipjasma Etching: An Introductignedited by D. M. Manos and D. L.
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. . 2 f . .
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; ; ; ; i 11, 1301(1993.
sity to produce a thin sheath which requires a critically IargemK. B, Sc(hatzaand D. N. Ruzic, Plasma Sources Sci. TechBiolL00

electron density. Moderate control of the composition of the (1993,
ion flux can be achieved by positioning the e-beam at an'p. L. G. Ventzek, M. Grapperhaus, and M. J. Kushner, J. Vac. Sci. Tech-

appropriate height above the substrate and allowing charggzgo';]Ble, k1§1994)d M. 3. Kushner, 3. Appl. PI7, 3668(1995
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