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A two-dimensional hybrid model for an electron cyclotron resonafi®€R) plasma reactor is
improved by taking into account the microwave absorption. With this code, the velocity and angle
distribution function of ions in the source and downstream areas, and the ion current density at the
substrate surface in an extended ECR plasma reactor were investigated. The spatial profiles as well
as the dependence of these distribution functions on pressure and microwave power were discussed.
It is shown that the results are in good agreement with many experimental measuremeg00 ©
American Institute of Physic§S0021-897@0)06703-7

I. INTRODUCTION particle density and the inclusion of the influence of electron-
ion collision have been taking into consideration by ‘Wu
Electron cyclotron resonanc€ECR) plasma sources gnd  Cronrath?® respectively. In  these previous
have extensively been applied to etching and deposition Prsublicationst*~® the microwave absorption is always
cesses in semiconductor manufacture because of their higltsymed to be a fixed function of the magnetic field and does
density and ionization degree with low gas presstrén ot depend on any plasma parameters. But in real
these applications, the control of ion behavior is crucial inexperiments, the microwave absorption is strongly dependent
optimizing the performance of plasma processing such agy the local electron density and temperature, etc. In this
etching anisotropy, film properties, and surface damage. Thgticle, an important improvement was made to the previous
ion energy, velocity distribution functions, temperature, a”dphysical modéf' by treating self-consistently the microwave
ion current density have been measured in détafi For power absorption at the resonant region. With the refined
example, Okuncet al? reported a detailed measurement of model, the evolution of the IVDFs from source area to
two-dimensional ion velocity distribution functiori8/DFs)  the downstream region and the ion current density at the
and ion temperatures using a directional analyzer in an ECRpstrate surface in an extended ECR system were
system. Samukawaet al> have investigated the depe”denceinvestigated.
of ion current density on the position, magnetic field distri-  The article is organized as follows: a brief review of the
bution, and microwave window size. These measurementgesign features of the ECR reactor and the improved physi-
are very important for the better understanding of the ion:g| model are presented in Sec. 11, followed by discussions of

properties both in the source area and downstream. On th§e simulation results in Sec. Ill. The conclusions are sum-
other hand, numerical modeling has been extensively used {Qrized in Sec. IV.

simulate various effects in the plasifal’ For instance,

Husseinet al? studied the effect of collisions on ion dy-

namics in the downstream region using a one-dimensional

kinetic model. Zhong and co-workéfssimulated down- Il. THE DESIGN FEATURES AND PHYSICAL MODEL

stream ion transport by a Monte Carlo method. Porteous an
colleague¥* investigated the dependence of ion energy an
impact angle distribution versus radial position at the sub- The ECR reactor in this simulation is identical to that
strate surface with a two-dimension(@D) hybrid model. In  described by Zhat? Microwaves(2.45 GH2 were supplied

our previous article$*”using the hybrid model presented in to the cylinder vacuum chambét6 cm in diameter, 33 cm
Ref. 14, we reported the variation of the IVDFs in the down-in length through a quartz windowl0 cm in diameter, 18
stream region of a compact ECR reactor. Recently, somem in length. The divergent magnetic field was established
improvements such as the self-consistent treatment of neutrly two external coils. The axial position of the resonant zone

is about 9—13 cm. The substrate sites are on the bottom of

dpresent address: Institute of Plasma Physics, Chinese Academy of Sctlhe Chamb.er' Th.e rei.iCtor walls are.grounded except th? mi-
ences, Hefei, Anhui, 230031, People’s Republic of China; electronic mailcfowave dielectric window. Argon is used as the working
mhliu@mail.ipp.ac.cn gas.

. The design features of the ECR reactor
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B. Physical model C. Microwave field analysis in the resonant cavity

Our physical model is a fluid electron-particle ion hybrid In order to illustrate the effects of the microwave mode
model in 2D cylindrical axisymmetric geometry. Its charac-on the plasma parameters, it is necessary to study the propa-
teristics have been described in detail elsewh&r¥,so we  gation of the electromagnetic waves in the resonant cavity.
only outline its major features as follow. The axial component d&, andH, can be obtained from

The electron behaviors are described by the steady fluitMaxwell's equations in the plasnfa.
equations with mass, momentum, and energy conservation:

ViH,+dH,=gE,, 7
V:je=Rion(Ne.N; ,No); @ ViEZ-I—aEZ:bHZ. (8
jo= u[nY ¢—V(n.T.)/el, (2)  For the transverse electri@E) mode, E,=0, d=kie,—k?

+k3s3/e,, and the symmetric solution of E(7) is

Q=2kTe(je—uneVTe/e), ©) B,= Bg A[JO(M)}HB{JO('B”] e kizgi(kz—ot).
, lo(pr) lo(qr)
V-Q=Peet e Vo= Ploss. (4) 2 2 2 2711
— il @ @«
The set of equations is closed with Poisson’s equation: B, = '[( i o) Tl 8")
—e(n.—n; w?
80A¢ e(ne nl)‘ (5) X k” klz_gzsl)ﬁrBz:|,

Hereng, Ny, Ng, ¢, Te,je, Q, #, Rion, @andeq are electron

. . . . . . 2 2 2 21-1 2
density, ion density, neutral density, electrostatic potential, Bo= —i kz_“’ w K w B
o= 1 I~ z€L| T|zex =2 €x9rBz|,
electron temperature, electron flux, electron energy flux, mo- o c c
bility, ionization rate, and permeability, respectiveR,yss © ©
and P, are the power consumption for various loss mecha- E,=—B,, E,=— —B,.

nisms and the microwave power absorption, respectively. Ki Ki
lons are treated as individual particles and their dynamig=or the transverse magneticTM) mode, H,=0,

behaviors are modeled by combining the particle-in-cell angy= _k§83/81+ kggs, and the solution of Eq®8) is

the Monte Carlo method in two spatial dimensiongzj and

three velocity space dimensionst(ygl,vz). T_he sheqth on E,= ES(C{JO(M)J 'D[JO('Br)})ekizei(krzwt),
the boundary is assumed to be infinitely thin and is treated lo(pr) lo(qr)
analytically. w2 2 (w2 \2]°1

The detailed description of the self-consistent micro- E,= i[(kf—?q + ?Sx)

wave power absorption is not the main topic in this article,

but can be found in Ref. 20. Here we only give the final w?
expression of the microwave power absorption in the reso- X[k kIZ_EZSL)arEZ}v
nance zone:
- 5 w2 2 w2 21-1 w2
wé o w , Ey=—i ku_?si + ?Sx k\l?SX&rEz ,
Pec=1M) 2-55¢9 1+k Z, K ) |E,|
kivr T T wherek3=w?/c?, €1, &5, £5(2, ,&4,8,) are the elements of

) the electric tensore andA,B,C, andD are complex con-

E-| stants. The values ok, B, p,q and the choice of Bessel

functions are detrmined by the valueafd, and the bound-
ary conditions.

w? ot w
+Im| e

vt K vr

w2 w—w
+Im{ \/ESOW_ZTZ"(k—*C) ]|E+|2. (6)

. . ... lll. RESULTS AND DISCUSSION
The terms on the right hand side represents the contribution

of the Landau damping, the anomalous Doppler damping, The main purpose of this article is to show the ion trans-
and the cyclotron damping sequentially.  Hereport properties both in the source area and downstream re-
g9, Ur, @, ®,, . are the permeability, thermal velocity of gion. For an extended ECR plasma reactor, the IVDFs in the
the electrons, microwave frequency, plasma frequency, ansource area which were excluded in a compact ECR
electron cyclotron resonance frequency, respectivBlyis  system®’are especially of concern. In order to analyze the
the axial component of the microwave electric field, and  simulation results, the variations of the ion density and
E. are the electric field components of the left and rightplasma potential with position are shown in Figs. 1 and 2,
hand polarized wave respectively;, k, , and k”+ are the respectively. The two profiles are similar, they extend
corresponding wave vectors. ., in Eq. (6) is directly = maxima atz~5 cm,r=0 cm, then decrease towards the
related to plasma parameters such as plasma density, electmaicrowave window (upstrean), the bottom(downstrean
temperature, magnetic field profile, etc. and the cylindrical wall.
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FIG. 3. The axial velocity distribution of ion at different positions in the
FIG. 1. The dependence of ion density vs axial position at different radialsource area. The operating conditions are shown in Fig. 1.
positions. power450 W, pressure0.6 mTorr(TM mode.

A. lon velocity distribution in the source area and

the average velocity and the full width of half maximum
downstream

(FWHM) of these distribution increase with radial position.
We collect and analyze the ion velocity distributions at These results can be interpreted using the data in Figs. 1 and
several grids(1x1 cm) for different values ofz. For the 2 the radial electrostatic field and the ion density gradient
f0||owing graphsy the gas pressure is 0.6 mTorr, the microaré the decreasing functions of the axial pOSitiOﬂ, while the
wave is TM mode and its power is 450 W. axial electrostatic field and the ion density gradient have the
Figure 3 shows the axial velocity distribution of ions in Opposite tendency. A similar, but more detailed analysis can
the source area. At the resonant regior<(d<10 cm), the  be found in Ref. 16.
IVDF is a bimodal distribution. Towards the microwave win-  Figure 6 illustrates the downstream axial velocity distri-
dow, the IVDF becomes a narrower single-peak distributiorpution of ionsf(w,). It is obvious that the IVDF is bimodal.
with a lower average value. Downstream, the IVDF is aThiS result is qualitatively consistent with many eXperimen'
broader distribution. These tendencies can be attributed t@l observations:*® As the axial position increases$(v,)
the variation of the plasma electrostatic field shown in Fig. 2shifts to the high velocity region due to the acceleration by
In addition, the width of these distribution functions in- the axial electrostatic field, meanwhile the average velocity
creases slightly with the radial position. of these distribution decreases with increasing radial
The radial and azimuthal ion velocity distribution for Position.
several axial positions in the source area is given in Figs. 4 It can be seen obviously from Figs. 3 and 6 that the
and 5, respectively. These distribution functions become narlVDF of source area is distinctly different from the down-
rower as the axial positions increase. On the other hand, bogfream IVDF. The bimodal IVDFs downstream are not only
contributed to the distributed ionization, charge exchange,
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FIG. 2. The variation of plasma potential with axial position at different FIG. 4. The radial velocity distribution of ion at different positions in the
radial positions. The operating conditions are the same as in Fig. 1. source area. The operating conditions are given in Fig. 1.
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FIG. 5. The azimuthal velocity distribution of ion at different positions in £ 7. The ion radial angle distribution at different positions in the source
the source area. The operating conditions are the same as in Fig. 1. area. The operating conditions are shown in Fig. 1.

. C. lon velocity distribution versus downstream
and the plasma potential drop from source area to downz

stream regior,but also affected by the IVDFs in the source presstre

area(especially at low pressure The IVDFs are affected by many factors such as mag-

netic configuration, microwave mode, operating condition,

etc. Figure 8 illustrates the variation of the axial IVDF in the

TE mode with pressure. At high pressure, the IVDFs have a

symmetric single peak. As the pressure decreases, the tail of
The ion angular distribution functiolADF) is a key the IVDFs rises continuously. At still lower pressure, the

parameter for understanding the performance of plasma prdvDF becomes bimodal. This trend is qualitatively consis-

cessing such as etching anisotropy, film properties, and sutent with Okuno’s experimental measuremént.

face damage. The ion radial pitch an§brctg@, /v,)] dis-

tributions for several positions in the source area are showp. |on current density at the substrate surface

in Fig. 7. These distributions become narrower as the axial . . . . .

coordinates increase. This tendency is similar to the corre- 'he ion current density and its uniformity at the sub-

sponding radial IVDF. Meanwhile the small angle part of Strate are important in determmlng the performance of

these distributions becomes dominant with the increasin@Iasma processing. Ion.current density towards the supstrate

axial coordinates. Another important indication in Fig. 7 is >U'face can be estimated through the approximate

that the average radial angle shifts to higher values and th%XpreSS'O?]‘]%e“NCS’ gv5h?renw 'S on densﬂy near the wa-

width of these distribution increases as the radial coordinatéer andcs=(kTe, /M;)™" is the Bohm velocity. The varia-

increases. There is also a similar tendency for the ion azition of ion current density in the TM mode with pressure is

muthal pitch angle distributions. given in Fig. 9. It can be seen that the ion current densities

increase with pressure in the low-pressure region but de-

B. lon angular distribution in the source
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FIG. 6. The ion axial velocity distribution at different positions down- FIG. 8. The ion axial velocity distribution of TE mode for different values
stream. The operating conditions are shown in Fig. 1. of the downstream pressure.22<<22 cm, 0<r<1 cm.

Downloaded 30 Jul 2008 to 159.226.230.69. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



1074 J. Appl. Phys., Vol. 87, No. 3, 1 February 2000

Liu et al.

bution functions versus the radial position, axial position,
pressure, and microwave power are discussed. The main con-
clusions can be drawn as follows:

075

07 |
G 06 g

. =0.6 mt .
=T 06 F Kf{;ﬁﬁf;e-v, miort v @)
a S _____ pressure=8§ mtorr Tl
; 055 ~ TM mode ‘
g :
g o5k
K :
H 045 |
E 1 '/' .-\\
g 04 Y N (2
Eosf 7 N
I \\
03 -~ ~
025 -lelllL\IIJIII Lo L A INENUC RS RO A (3)
-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Radial position at the substrate surface [m]

FIG. 9. The ion current density of TM mode vs radial position for different (4)
values of pressure at the substrate surface:3233 cm, power450 W.

crease greatly in the high-pressure region. On the other hand,
the nonuniformity of the ion current density increases gradu{5)
ally with pressure. These features indicate that the choice of
pressure is very important for obtaining high processing rate
with good uniformity. The radial distribution of ion current (6)
density in the TE mode is plotted in Fig. 10 for different
values of the microwave power at the substrate surface. The
ion current density increase with microwave power, but its
uniformity becomes poorer. These simulation results are
qualitatively in good agreement with many experimental

Near the microwave window, the axial IVDF has single-
peak symmetric shape with lower average value and nar-
rower width. At the resonant region, the axial IVDF is
bimodal. As the axial coordinate increases, the IVDFs
become broader. All the widths of these distributions
increase with radial coordinate.

The radial and azimuthal IVDFs in the source area be-
come narrower when the axial coordinate increases. Both
the average velocity and the FWHM of these distribu-
tions increase with increasing radial coordinate.

The bimodal IVDF in the downstream becomes broader
as the axial coordinate increases and the average velocity
decreases with increasing radial coordinate.

Both the radial and azimuthal pitch angles in the source
area shift to higher values and the FWHMs of these dis-
tributions increase with the radial coordinate. The small
angle part of these distributions becomes dominant as
the axial coordinate increases.

As pressure decreases, the shape of the axial IVDF
changes gradually from symmetric single peak to bimo-
dal.

The ion current density at the substrate surface increases
with pressure in the low-pressure region and decreases
greatly in the high-pressure region, but its nonuniformity
increases continuously with pressure. The ion current
density increases with microwave power, at the same
time, its uniformity becomes poorer.

observatiaong?1*

IV. CONCLUSION

With a refined 2D hybrid code, we have systematically
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