Study on the ions’ behavior in an electron cyclotron resonance plasma
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The energy, velocity, angle distribution of ions in magnetoactive electron cyclotron resonance
plasma have been studied with a two-dimension hybrid mode. The dependence of these distribution
functions versus position and pressure are discussed. Our simulation results are in good agreement
with many experimental measurements. 1®97 American Institute of Physics.
[S0021-897697)05411-X

I. INTRODUCTION and magnetic field profile are shown in Figga)land ib).

The application of electron cyclotron resonan&CR) An 850 W microwavé2.45 GHZ was Squ"e,d to the
vacuum chambéB2 cm in diameter, 22 cm in length

plasma has received a great deal of attention in the micro—h h ind i di
electronic fabrication for many yeat€.Recently, one of the through a quartz window24 cm in diameter For a compact
ECR reactatthe ratio of the source length to the chamber's is

most important issues is the behavior of ions which is di-~ h . h fthe d
rectly related to the performance of plasma processing suc?T4)’ the resonant zone sites are on the top of the downstream

as dry etching, sputtering and film deposition, etc. For thigVhose axial position is about 9—10 cm. The reactor walls are
reason, ion energy, velocity distribution functions and tem-9rounded except for the microwave dielectric window. Ar-
perature have been investigated in detail experimertally. 90N gas is filled at 5 mTorr. The divergent magnetic field
For example, Sadght al reported a detailed measurement V&S established by two external coils.

of ion velocity distributions in both the source and reactor )

region in an ECR system. King and co-workenave inves-  B- Physical model

tigated the ion energy distribution in two magnetic field con-  The characteristics of the physical model used in this
figurations. These measurements are necessary for undgyaper have been described in detail elsewtiet2 so the
standing the evolution and uniformity of ion energy andfollowing description is quite brief.

velocity distribution function$IEDF and IVDB from source L

to downstream and how these functions are influenced b;z' Electron description

their dependence on the plasma parameters such as pressure, Electron is modeled as a fluid with mass conservation

power, position, magnetic field, etc. However, the correspon- . _ nYé—V(in.T.) e 1
dent theoretical and numerical research are very scarce in Je=ulneV = V(neTe)/el, @
these aspects. Uhm and his collabordfopeinted out theo- V:je=Rion(Ne,Ni,Ng); 2

retically that the full width of half-maximum(FWHM) of .
’ ) . energy conservation
IEDF is a decreasing function of the chamber pressure. 4
Porteou$® and colleagué'*® simulated the variation of ion Q=2kTe(je—uneVTele), €)
energy and impact angle distribution with radial positions, A R )
but only at the botton{substratg surface. In this paper, we V:Q=Pecrteje Vo Pioss; @
follow the latter physical model to study the ions’ energy, and Poisson equation
velocity and angle distribution in the whole downstream. The Ad=

. . . =e(ne—n;j), 5
goal of this work is to understand the ions’ transport proper- coh$=e(ne—n) _ ©
ties from upstream to the substrate surface in the chambewherene, ni, No, &, Te, je, Q, 4, Rion(Ne,Ni,Ng), and
We provide a brief review of the design features of the ECReo are electron density, ion density, neutral density, electro-
reactor and the physical model in Sec. Il, followed by astatic potential, electron temperature, electron flux, electron
discussion of our simulation results in Sec. Ill. The conclu-e€nergy flux, mobility, ionization rate and permeability, re-

sions are in Sec. IV. spectively. P\yss= P+ Pgx+ Pyeg+ PgL, whereP;, Pgy,
Pwve. PgL are the power consumption for ionization, excita-
Il. THE DESIGN FEATURES AND PHYSICAL MODEL tion, metastable excitation and elastic-neutral collision, re-

spectively. Their detail expressions can be found in Ref. 13.
Pecr is the power input into electrons from microwave field,
A description of the ECR reactor has been givenits self-consistent treatment would involve a full wave nu-
previously:**® The schematic diagram of the ECR systemmerical solution with proper boundary condition. This is not
our main issue in the present paper, so we just take it from
dElectronic mail: jxma@Ix04.mphy.ustc.edu.cn experience as a formula such as in Ref 1Bg
bElectronic mail: xwhu@Ix04.mphy.ustc.edu.cn = A[1.2— (r/R)*]/(1+{[B(r,z) —Bo]/(AB)}?), whereR is

A. The design features of the ECR reactor
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FIG. 2. The variation of plasma potential with radial position at different
axial positions;power=850 W, pressure=5 mTorr.
E
%
2 aspects mentioned depend on neither the sheath thickness
% nor the shape of the sheath potential profile, but only on the
= magnitude ofA¢. In a Maxwellian electron velocity distri-
bution, the magnitude of the electron flux to the wall is
: ! ! ! I — H _1
e 005 01 015 02 025 Jew= Mesves EXHL(—€A )/ (xTed)], ©6)
(b) Axial position [m]

where T, Nes and v,s are electron temperature, electron
FIG. 1. Schematic diagram of the ECR system and magnetic field profile.density, and average thermo-velocity at the p|asma'5heath
boundary, respectively. The electron energy flux is repre-

sented analogously by
the chamber radiusA is constant determined with normal-

ization of total power input an8,=950 G is the resonance Qew=kTed eul 2+ (A D)/ (kT ]. 7)
magnetic field, andB is 25 G.
The second kind of boundary is of a dielectric wall,

2. lon description where the surface potential will float with respect to ground.

lons are considered as individual particles and their dy-The wall potential¢,, is determined by the ion flux;,
namic behaviors are described by combining a Partical-in{=j.,) at each grid point of boundary as follows:
cell and Monte Carlo code in two spatial dimensionsz)
and three velocity space dimensions{,,v,) when they w= bt kToleln[4j,/(Nesin) 1. (8)
move into the applied magnetic field and self-consistent elec-
trostatic field. lons are generated by the ionization or charg
exchange event. lons created from the ionization event wil Il. RESULTS AND DISCUSSION
have the background gas temperature and corresponding Many important plasma parameters can be obtained
Maxwellian velocity distribution. lons generated from the fom this simulation, such as plasma density, electron tem-
ion-neutral collisiongonly the charge exchange collision is peratyre, plasma potential, ion current density into the wall,
consideregiwill possess the temperature and random thermagic. |n this paper, the ion properties are our object of interest.
velocity of the neutral atom from which they were created.  The variations of plasma potential with radial position at
Fast neutrals created from charge exchange are not followeglterent axial positions are given in Fig. 2. The plasma po-

further. lon-ion and ion-electron collisions are ignored. tential decreases with the increasing radial position at each
N axial position. In addition, the radial electrostatic field de-
3. Boundary conditions creases with increasing axial position. The dependence of ion

The sheath is assumed to be infinitesimally thin. Thedensity versus radial position at different axial positions is
potential discontinuity between plasma sheath and react@hown in Fig. 3. The ion density decreases as the radial po-
wall is defined asA¢=¢— ¢,,. The magnitude of the sition increases for a given positian and the axial density
sheath potential jump discontinuity determines the magnigradient has an ascending negative value along the axial po-
tudes of electron flux, electron energy flux and ion energysition. These results are useful to interpret the following
impacted onto the wall. For collisionless sheath, the thregéons’ performance.
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FIG. 3. The dependence of ion density vs radial position at different axial

positions. The conditions are as shown in Fig. 1. FIG. 5. The ion impact radial angle distributions for various pressure at

substrate surface. The positions are as given in Fig. 4.

B. lon velocity distribution versus position z in the

A. lon energy distribution versus pressure at
downstream

substrate surface

Figure 4 shows the dependence of ion energy distribu- In order to study the ion energy in more detail, the ion
tion versus pressure at substrate surface. As usual, the \epyelocity distributions at different downstream positions were
can be characterized by three parameters: the average éﬂyestlgateq. We select five different gridex<1 cm along
ergy, the probable energy and the FWHM energy. It can bé. e axial mld.plantle (@Er<1. cm JFO collect and analysg sta-
seen that all three parameters increase with decreasing pr és-t!ca”Y th_e lons |nformat|on. Flg_u_re 6 §h0ws the axial ve-
sure. These trends are consistent with Uhm's theoreticaPClty distribution at different positions in the downstream.
report? and experimental measuremér. As positionz i_ncreasesf(vz) s_hifts to higher velocity dge to
When an ion injects into the substrate, its impact angle iéhe acceleration along an axial plasma electrostatic field, and
generally not perpendicular to the surface. Defining the ior{r_“.a FWHMs of the distributions increase with the axial po-
impact radial pitch angle as arctg(v,), the ion impact ra- smozs. h Ve f 4 is that their lef
dial angle distributions for various pressures are plotted in. not er att'ractlve eature 6{v,) is that their left(nega- .
Fig. 5. It is obvious from the graph that a lower pressuretlve velocity) sides have almost no change along the axial

results in a smaller FWHM of the distribution, although the p05|t|or.1. Th|§ cpulql be understood as the ions are greated
ion radial angles shift to higher values from either ionization or charge exchange events in our
' model, the velocities of new born ions are very slow and
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FIG. 4. The dependence of ion energy distribution versus pressure at sulHG. 6. Thez-velocity distribution at different axial position €0r <1 cm)
in the downstream. The conditions are as shown in Fig. 2.

strate surfacez=22 cm, 1Zr<14 cm.

7736

J. Appl. Phys., Vol. 81, No. 12, 15 June 1997

Liu, Hu, and Wu

Downloaded-04-Nov-2009-t0-159.226.231.78.=Redistribution-subject-to-~AlP-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



existence of the electrostatic field and density gradient, the

7 ion rotation velocity around® can be given by®?
| 9<Z<10cm ;- T

v,=EXB/B2— VpXB/enB?= v+ vy,

whereVp=«TVn; represents the effect of ion pressure gra-
dient, andv,, vy are theEXB drift, the diamagnetic drift
induced by the ion density gradient respectively. According
to the mentioned formula and using the data in Figs. 2 and 3,

lon radial velocity distribution[Arb.]

\ the theoretical average rotation velocitiesare 20.8, 19.8,
21<Z<22cm / \ 19.1 and 16.1 m/s at axial positions of 9.5, 12.5, 15.5, 18.5
_ / N cm, respectively. In our simulation, the ion azimuthal veloci-

ties calculated from the IVDFs are 25.25, 12.66, 4.867,3.87
m/s corresponding to the four regions in Fig. 6. So the simu-
lation results are consistent qualitatively with theoretical cal-
FIG. 7. Ther-velocity distribution at different axial position r <1 cm) CUIatI(.)nS' The d|§crepanC|es between them are caused by the
in the downstream. The conditions are as given in Fig. 2. following factors:

-1500 -1000 -500 0 500 1000 1500
lon radial velocity {m/s]

(1) The v, doesn't represent completely in line the ion azi-
muthal velocity because the ions don’t confine well by

random. At each time step of collecting the ions information, the magnetic field as electrons, especially in the case of

these new born ions still keep the new born distribution and .
: - . weak field.

don’t undergo the electrostatic field acceleration, so the Ief& . . . .

. S ) . . .(2) The effect of the ion-neutral collisions are ignored in the
sides of distribution remain unchanged. This result is quali- . L

. . . . theoretical description.
tatively in good agreement with those reported by King
et al® using LIF technique at smait values under similar Another important and interesting result is that the IVDF
operating conditions. is nearly isotropic in the top of the downstrediglose to
The dependence of radial and azimuthal velocity distri-resonant zone compared with Figs. 6, 7, and 8, but as the

butions on the axial positions are given in Figs. 7 and 8z increases, the IVDF becomes anisotropic. Note that the
respectively. Both the average velocity and the FWHM oftype of our ECR reactor is a compact one, its resonant region
each distribution decrease with increasing axial positions. Asites on the top of the downstrea@bout 9—10 cm in the
shown in Figs. 2 and 3, the radial electrostatic fieldand  axial positior). The ionization rate and the ion density have
the density gradien¥,n; are a decreasing function with the their maximum at this region, so the high frequency of ion-
position z, and the magnetic field has the same variationneutral collisions tends to randomize the ion energy, so the
trend as Fig. (b); meanwhile the axial electrostatic fiele,  ion velocity is isotropic. As the axial position increases, the
and the density gradiefit,n; have the opposite tendency. So z direction distributed plasma potential will accelerate the
the ion drift velocity resulted from th&xB and Vn;XB  ions, and at the same time, both the rate of charge-exchange
decrease as the axial position increases. Here we analyzellisions and ionizations decrease rapidly, so the IVDF be-
quantitatively the azimuthal velocity of ions in detail. In the comes more and more anisotropic.

9<Z<10cm

9<z<10cm

Y 15<Z<16cm

lon azimuthal velocity distribution [Arb.}
lon radial angle distribution [Arb.]

21<z<22cm / - 21<z<22cm, \
J v v r ™
. /L R - T B \ P ..\.4.\,-. | IR | | L vl\ra‘IL_
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fon azimuthal velocity [m/s] Arctg(Vr/Vz)

FIG. 8. The#-velocity distribution at different axial positions {0r <1 cm) FIG. 9. The dependence of radial angle distribution on the axial position
in the downstream. The conditions are as shown in Fig. 2. (0<r<1 cm). The conditions are as given in Fig. 2.
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(3) The average velocity and the FWHM ofdirected
9<Z<10cm and 6-directed velocity distributions decrease with increas-
. et ing downstream positions.

(4) At the resonant regions, the IVDF is nearly isotropic.
As the downstream position increases, the IVDF becomes
anisotropic.

(5) In the resonant zone, both the radial and azimuthal
angle are diffusive. As the axial position increases, the pro-

" 15<Z<16cm

ion azimuthal angle distribution [Arb.]

\ portion of small angle becomes dominant. This means the
/ \ ion motion will converge to the axial direction in transporta-
gi<z<22cm / \ tion from upstream to the downstream.
/ ~
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