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In high plasma density([e] >10""-10" cm ) reactors for materials processing, the sheath
thickness is often<100 sum while the reactor dimensions are 10 s cm. Resolving the sheath in
computer models of these devices using reasonable grid resolution is therefore problematic. If the
sheath is not resolved, the plasma potential and stochastic electron heating produced by the substrate
bias may not be well represented. In this article, we describe a semianalytic model for radio
frequency(rf) biased sheaths which has been integrated into a two-dimensional model for plasma
etching reactors. The basis of the sheath model is to track the charging and discharging of the sheath
in time, and use a one-dimensional analytical model to obtain the instantaneous sheath voltage drop
based on the sheath charge and the plasma conditions at the sheath edge. Results from the integrated
model for an inductively coupled plasma etching reactor with powers of 200—800 W and rf bias
powers from 50 to 400 W in Ar and Ar/Glill be discussed. We found that the sheath voltage wave

form remains nearly sinusoidal, and that the plasma density, and consequently the ion flux to the
surface, scale primarily with inductively coupled power. 197 American Institute of Physics.
[S0021-89707)04602-1

I. INTRODUCTION with plasma equipment models to be applied to the condi-
tions of interest.
High plasma density plasmge]>10'-102 cm™3) Several sheath models have been developed in recent

etching reactors have become important tools in the fabricayears, among them Lieberm&h Metze, Ernie, and Oskam
tion of <0.5 um features in microelectronics devices. Low (MEO),*? and Riley*® The Lieberman model assumes that
pressure-high plasma density sources produce more anisthe electrons are sufficiently cold and are excluded from the
tropic etching than traditional parallel plate reactive ion etchsheath, and that the ions see only the time averaged potential,
ers due to the low collisionality of the ions across the thinwhich is essentially the high frequency limit. The MEO
sheaths obtained in these reactors. Inductively couplethodel allows electrons to have a temperature, but assumes
plasma (ICP) reactors are one high plasma density toolthat the ions respond to the instantaneous sheath voltage,
which provide uniform plasma properties across a large subahich is the low frequency limit. The unified sheath model
strate. By using ICP tools, one has the ability to independeveloped by Riley is an attempt to bridge the frequency
dently vary the applied substrate voltage and the inductivelyange between the Lieberman and MEO models. It assumes
coupled power with the intent to have independent control ofhat the ions move in a time damped or averaged potential
ion energies and ion fluxés® Previous works have shown governed by a relaxation time, , which is approximately
that plasma density and ion energies are interdependent, bilite ion transit time across the sheath.
that the desired operating conditions can usually be achieved Sheath models typically require the bulk plasma proper-
by the proper combination of inductively coupled power andties as input and so must make assumptions about the bulk
substrate bias voltage plasma conditions. These assumptions include the time de-
In the modeling of plasma etching equipment whichpendence of the total current through the sheath, and bound-
have radio frequencyrf) biases on the substrate, the rf ary conditions for the electric field at the sheath edge, which
sheath must be accurately represented to properly simulate typically assumed to be zero. Since boundary conditions
the ambipolar fields, electron stochastic heating, and the dior the sheath have been shown to have an important effect
bias. In high plasma density reactors, the rf sheath width magn the sheath voltage and curréfit>'° sheath models
be <100 sum whereas reactor dimensions are 10 s’cfl.  should ultimately be integrated with the solution of the bulk
Numerically resolving the thin sheath in computer models ofplasma conditions in a self-consistent fashion.
these devices therefore requires large computing resources To address these issues, we have developed a sheath
and, in many cases, is impractical. Much progress has beanodel which is solved self-consistently within the frame-
made in developing semianalytical solutions for rf sheaths awork of a two-dimensional plasma equipment mctiéh
encountered in plasma etching reactoré.Since, however, high plasma density reactors, the sheath is thin compared to
these semianalytical models typically requareriori knowl-  the dimensions of interest and so the sheath locally appears
edge of the bulk plasma conditions, they must be integratetb be one-dimensional. The sheath mo@@M) we devel-
oped takes advantage of this scaling. The SM consists of a
ap o N : one-dimensional local model which is implemented at each
epartment of Nuclear Engineering. Electronic mail: grapper@uiuc.edu .
bDepartment of Electrical and Computer Engineering: Electronic mail: Mesh point at the boundary of the plasma and the walls of
mjk@uiuc.edu the reactor. The SM tracks the charging and discharging of
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the sheath during the rf cycle by integrating, in time, the E u, Surface
electron and ion currents into and out of the sheath. lons are oo 9

assumed to collisionlessly traverse the sheath in a time T =1 7
damped potential as in the Riley mod2lt is also assumed —f|
that the electrons within the sheath can be described by a _AV
Boltzmann distribution. The charged particle profiles in the | :
sheath are then known and Poisson’s equation can be inte- X g X

grated to determine the sheath voltage drop at a given loca- I

g
a4]

s

|
tion at the boundary of the plasma and specified point in K2 Ax K1 tyﬂl? e
time. The sheath voltage drop is then applied as a jump con- ) ] f *
dition in the solution of Poisson’s equation in the entire re- %}Cllegaet?V )

actor.
In Sec. Il, the SM is described in the context of incor- FiG, 1. Schematic of the sheath model geometry. Values at the sheath edge
porating it into a two-dimensional hybrid plasma model for are denoted by the subscript “0” and values at the surface of the wall by the
an ICP etching tool. In Section IlI, validation of the dc por- Subscript's.”
tion of the sheath model is discussed. Plasma properties ob-
tained with and without the SM will be compared and de- o _ ] )
scribed in Sec. IV. Plasmas will be examined having The SMis implemented in the HPEM in the following
inductively coupled powers from 200 to 800 W and rf bias manner. The plasma properties in the last computational
powers from 50 to 400 W for Ar and Ar/Glgas mixtures. plasma cell adjacent to a wall in the reactor are schematically
We found that the sheath voltage wave form remains nearl$hown in Fig. 1 P_article densities and potentials are solved
sinusoidal, and that the plasma density, and consequently ti@r the vertice pointsand on surfacgsdenoted byk+/,
ion flux to the surface, scale primarily with inductively Wherek is the mesh point on the surface of the wall. Quan-
coupled power. Concluding remarks are in Sec. V. tities at the sheath edge are denoted by a subscript “0” and
guantities at the surface of the wall are denoted by a sub-
script “s.” We assume that the sheath is one-dimensional
Il. DESCRIPTION OF THE MODEL and has a thickness, smaller than the grid resolution de-

fined by the cell widthAx. Using a finite difference approxi-

The plasma model we have used in this study has beeg,aiion, the electric field above the shed, is given by:
previously discussed, therefore, it will be only briefly de-

scribed heré. The simulation, called the hybrid plasma Vo=V L
equipment mode{HPEM) is a two-dimensional model con- o Ax—\ "’ @
sisting of an electromagnetic modu(EMM), an electron
Monte Carlo simulatiofEMCS), and a fluid-chemical kinet-
ics simulation(FKS). The inductively coupled electromag-
netic fields are produced by the EMM. Those fields are use
in the EMCS to generate the electron energy distribution as a*’
function of position and phase. These distributions are then Q

used to produce electron transport coefficients and electron Es=Eot 8_0’ @
impact source functions. These values are transferred to the , . ) )
FKS in which the continuity and momentum equations for a”WhereQ is the charge densitycoulombs/crf) contained in
heavy charged and neutral species are solved, and Poissoﬁhse sheat_h. !
equation is solved for the electrostatic fields. A drift diffu- The time rate of change of the sheath charge der@ity,

sion formulation is used for the electrons to enable an im<&" be obtained from the charged particle currents into and

plicit solution of Poisson’s equation. The densities, conducOUt of the sheath:

tivity, and fields obtained from the FKS are then transferred dQ o
to the EMM and EMCS. This iterative cycle is repeated until E:(Jeo_Jes)“LZ (ig=Ji) (©)
a converged solution is obtained.

The version of the HPEM used here also incorporates aWherej. is the electron current arjglis the ion current from
equivalent circuit model for the coil and matchbox to provideion species. In the results we present here, we assumed that
coil currents and voltages. These values are used as bounddhgre are no negative ion species in the sheath region, since
conditions in solution of Maxwell’s equatiori; the EMM) for our conditions, negative ions are well isolated from the
and Poisson’s equatiofin the FK9, respectively. The de- sheath nearer the center of the plasma where the plasma po-
tails of the coil circuit and manner of coupling to the plasmatential is most positivé? The model will, however, handle
and electromagnetics model are discussed in Ref. 18. THeegative particles should they penetrate the sheath as long as
coil is interfaced to the rf generator by a matchbox. Thetheir contribution to the space charge within the sheath is
circuit model varies matchbox capacitor valdparallel and ~ negligible. We also assume that~j; which is a conse-
serie$ to minimize the reflected power from the plasma. Thequence of the steady state ion continuity equation. This ex-
generator voltage is simultaneously adjusted to deliver th@ression is exact when the ions see only the time averaged
desired inductively coupled power to the plasma. potential, or when the ion transit time is much shorter than

whereV, is the potential at the sheath edge and ; is the
potential at the last node in the plasma. Since typically

<Ax then Ax—A~Ax. The electric field at the surface,
is then given by Gauss’ law,
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the time scales of interest, in this case the rf period. WithinThe final expression for the first integral of the Poisson equa-
the sheath, the electrons are assumed to have a Boltzmatian is then given by

distribution, \ .
1 1 AV 2qAV
V(x)—V ~(E2-E)H=—1> n MU? —
Ne(X) =Ne, exn(w» (4 277 T g |4 oMol Av| Miu;
e
wherek is Boltz.mann’s constant, .is the electron tempera- —1|+n, kT ex qAV 1/}, o
ture, andV(x) is the local potential. The electron current 0 kTe

reaching the surface is
Recall thatE is related toE, andQ by Eq. (2). Therefore,

L qAvV Egs. (2) and (10) provide implicit relations between the
Je;"le exr{ kTe ) ® sheath charge, the plasma properties, and the voltage drop,
) which are solved by numerical iteration.

where AV=V,—V, is the voltage drop across the sheath. e gheath voltage drop is obtained at each wall location
The electron temperature in the sheath is assumed to be they at each time step during an rf cycle in the HPEM. The
same as at the sheath edge, and is provided by the HPEMpeath properties are communicated back to the FKS by us-
Eo, Ney Je, @ndjiy, are also provided by the HPEM at each jng Av as a jump condition in solving Poisson’s equation.
location along the wall. This is accomplished by assuming that the sheath thickness

The sheath charge densi®, can now be tracked as a is much smaller than the grid spacing. In this case, by exam-
function of time provided that the sheath voltage drop can bening Fig. 1, the finite difference form of Poisson’s equation

related to the plasma properties a@d This is the point gt the last node above the sheath is
where the one-dimensional model of the sheath is incorpo-
Vo—V,_ Vi_1— Vi _
( 0 kl)_( k—1 kZ)}:_P:‘ 1. (11)
0

rated into the equipment model. Any model which properly 1

represents the physics of the sheath and can relate the defined Ax AX AX

plasma properties an@ to the voltage drop can now be

applied. The model used here is based on the unified sheaRecalling thatVy=V,—AV, yields a modified finite differ-
model of Riley*® The inclusion of multiple ion species is an ence form for Poisson’s equation,

extension. o
The ions are assumed to move in a damped poteitial, 1 |[Vs—Vi-1 _(Vkrsz)
The ion continuity and energy equations are then used tdx AX AX
determine the ion density in the sheath:
— = — b + A_V (12)
2qv(x)| 12 g0 (A0

. (6)

ni(x)= ni0< VT
o If the wall is a conductor, theN is specified as a boundary
condition. If the wall is a dielectric then, using E@), the

whereu; is the larger of either the Bohm speed or the ion>~ ; X : X
0 Enlte difference form of Poisson’s equation at the wall is

speed leaving the last plasma cell in the HPEM. The dampe

potential,V, is computed from 1 Vi—Ve|  [Ve—Vi,
dv V-V Ax |°\Tax )T Ax
ot 7 b Q AV
=—————- : (13
g0 goAX (AX)?

where 7, is the ion relaxation time, approximated by the

sheath thickness divided by the density averaged ion velocit}/n this way, Poisson’s equation is solved in the same manner

gntermg the she_at_h. This f_ormulatlon may sllghtly_und_er ©Sas when the analytic sheath is not used except that the addi-
timate the transit time but is a reasonable approximation.

: . o tional terms on the right hand sid®HS) of Egs.(12) and
Usmg th? charggd species distributiofgs. (4) and (13) are required in the last plasma cell and on dielectric
(6)], Poisson’s equation,

walls, respectively.
In plasma models in which the sheath is not resolved, its
(E ni_ne) (8) effective thickness is at best the width of 1 numerical cell.
' The sheath will oscillate through this thickness during an rf

is integrated across the sheath to yield the sheath voltage/cle, which exaggerates its average speed by as much as the
drop. In order to analytically integrate this equation, a relaFatio Ax/\. This exaggeration may cause artificially large
tionship between the damped potential and the instantaneogéochastic heating of electrons since that heating rate is pro-
potential must be known. Following the unified sheath modeportional to the sheath velocity. In the HPEM, the electron
of Riley, we assumed that the damped potential has the san@fergy distribution is obtained in the EMCS which uses the

spatial distribution as the instantaneous voltage so that: ~ time and spatially dependent electromagnetic fiéfiisn the
o EMM) and electrostatic fieldéfrom the FKS to advance

V(x,t)~f(t)V(x,t). 9) electron trajectories. To properly account for electron heating

dE_ o}
dx e
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at the rf sheath, the results of the SM must be incorporated o5
into the EMCS. This is accomplished in the following man-
ner.

. . . [ | u |
In the EMCS, the sheath is also treated as being thin so 20 - w o

that the transit time of the electrons across the sheath will be
shorter than the time scale on which the sheath potential 15

. . . . . - O o 4
changes. The sheath thickness at a given time is approxi- o
mated by the instantaneous sheath chaggelivided by the
ion charge density at the sheath edge. This approximation 10 | 4

will tend to under estimate the sheath thickness slightly, but
is employed for practical purposes, since a numerical inte-
gration of the sheath charge distribution across the sheath at
each surface point and at each time step would be too costly.

B EXPERIMENT

51 O MODEL (with SM) -

PEAK PLASMA POTENTIAL (V)

O MODEL (without SM)

An electron which reaches the sheath is checked to see if it 0 . . . ;

has sufficiently large perpendicular component of velocity 0 50 100 150 200 250
towards the wall to overcome the sheath potential and reach a) POWER DEPOSITION (W)

the wall. If so, the electron is collected. Electrons which can

not overcome the sheath potential are reflected. In these 14 . T . T

cases, the electron velocity perpendicular to the wall is in-

(4]
cremented by the sheath velocity. The sheath velocity is § 12 -W EXPERIMENT .
computed by a finite difference of the sheath thickness with :o 10 L0 MODEL (with SM) -
respect to time, so that when the sheath is expanding, elec- = K , 1
trons leave with greater energy and when the sheath is col- > 4 —o MODEL (without SM) |
lapsing, electrons leave with less energy. In this manner, @D
stochastic electron heating by the rf sheath is properly taken & 6| 4
into account. g g

O 4L 4

5 u ’

% 2 |- - o | 4
11l. VALIDATION 0 ) I 1 I

0 50 100 150 200 250
Before applying the SM to rf biased reactors, the dc b) ~ POWER DEPOSITION (W)
characteristics of the SM were validated by comparing com-
puted results for plasma potential, ion density, and electron 5 T T T T
temperature with electric probe measurements performed by 0 ) J
Miller et al?® The measurements were made in the induc- A L [ N
tively coupled-gaseous electronics conference reference cell 2 O o O
(IC-GECRQ for plasmas sustained in argon. The experi- &
mental technique and the IC-GECRC are described in detail " 3t T
in Ref. 20. Comparisons to experiments were performed at a E
pressure of 10 mTorr and power deposition up to 250 W. ; 2L 4
The center line electron density, peak plasma potential, 8 B EXPERIMENT

and electron temperature are shown in Fig. 2 as a function of = .
power deposition with and without using the sheath model in D ;1 - O MODEL (wih SW) ]
the HPEM. The electron density, with and without the SM, oo O MODEL (without SM)
and the reactor configuration, are shown in Fig. 3. In general, 00 5'0 10'0 15"0 2(')0 350
the cases using the SM agree better with the experiments. c) POWER DEPOSITION (W)

The plasma potential is both more positive and flatter as a

function of axial position when using the SM. This results in ) ) ) )
lectron density which peaks on the centerline as o FIG. 2. Comparison of predicted plasma potential, electron density, and

an e : y P . emperature with experimentsee Ref. 18 The gas is 10 mTorr Ar in the

served experimentally. In many cases, the predicted plasma-GECRC. In general, the model using the SM agrees better with experi-

density without using the SM peaks off axis where the elecments.

tron source function is the highegSee Fig. 3. This trend

was also observed in the cases with an applied rf bias, anlt\j/ SHEATH PROPERTIES IN ICP ETCHING

will be discussed in the next section. The electron tempera}iEACTORS

ture without the SM is somewhat higher than with the SM

due to the lower plasma potential. This results in larger elec- The demonstration geometry for this study is shown in

tron losses which requires a higher electron temperdauré  Fig. 4 and is described in more detail in Ref. 6. The ICP

electron sourceto balance. reactor uses a flat spiral 4-turn coil set on top of a quartz
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£ - - - - EXPERIMENT 170 ] : !

o - N MODEL - SPIRAL COIL (TYPICAL)
° gl \ (NORMALIZED) | _
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> IWITH SM\ i = NOZZLE WINDOW

5 \ 5 (QUARTZ) NOZZLE _|||
z 4t \ e Lf WAFER CLAMP WAFER SUPFORT

w \ / (ALUMINA) /

[a) \ 5

= I \ - I];‘g‘g '/flm SUBSTRATE %

O \ 0 7 L | L _
F 2| N i 18 9 0 9 18
('3 N RADIUS (cm) F@.“.

N

NY B 4

- S

w 00 2: 4|1 6| Eli _110 12 FIG. 4. Schematic of the ICP reactor used in this study.

a) RADIUS (cm)

The gas is Ar at 10 mTorr with an inlet flow rate of 100

= 12 cm-3 ) : : .
WITH SM (100 = 1.1 x 107 cm"*) sccm. The coils deliver 400 W of inductively coupled power

120 ' to the plasma. The wafer is biased at 13.56 MHz with 200 W
METAL of power deposition(32 V bias voltage amplitude
I-(/CO”‘S HOUSING To demonstrate the effect of the SM on plasma param-
ml n.n o eters when using rf biases, cases were also run without the

QUARTZ SM having the same bias power, and without the SM having
N the same applied voltage to compare to the standard case.
The electron densities for these three cases are shown in Fig.
5. The ionization is maximum in a torous at approximately
half the radius located a few cm below the dielectric

HEIGHT (cm)
o))
o

V\METAL window?! It is in this region that the power deposition is at
| SUBSTRATE a maximum due to the finite skin depth of the inductively
0.0 |
0.00 .25 12.5
b) RADIUS (cm)

a) Without SM, 40 W, 32 V Bias
1

100=4.6x10" cm®

WITHOUT SM (100 = 0.55 x 1012 cm-3)
12.0
|

Height (cm)

o IO N O o Y

0
0

A Radius (cm)
6.0 - 95’
55 5

b) With SM, 200 W, 32 V Bias
16

18

HEIGHT (cm)

Height (cm)

0.0 | |
0.00 6.25 12.5

c) RADIUS (cm)

Q)

FIG. 3. Comparison of predicted electron dengit9 mTorr Ar, 245 W

with experimentgsee Ref. 18 (a) [€] as a function of radius at midplane.
The model results are normalized to the experim@)tPredicted g] with

the SM.(c) Predicted g] without the SM. When using the SM, the electron
density peaks on axis. Contours are labeled with the percent of the maxi-
mum value shown at the top of the figure.

Height (cm)

window. The wafer-to-window distance is 7.5 cm. The waferF!G. 5. Electron density for an inductively coupled Ar plasma at 10 mTorr

: : : : nd 400 W ICP powei(g@) without the SM and 32 V rf bias voltagéh) with
d.lameter is 20 gm, and is Surrounded b)./ an ?Iumma focu e SM and 200 W rf bias power, arid) without the SM and 200 W rf bias
ring. The wafer is treated as a uniform disk with a conduc-power. The contours are labeled with the percentage of the maximum value

tivity of 0.05 (Q cm) L. The coils are driven at 13.56 MHz. shown at the top of each figure.

J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 M. Grapperhaus and M. Kushner 573



(] T T T 71T T |WithoutSM, S S - 5 %
s 10 - T|40 W, 32V Bias ~ peak Shoath Voltane / ----------------- S
% = — | “é 30 ca eath Voltage Ton Power Flux N
—_ P o)
"—'E L 7 =2z 2 Ion Flux ® 2
- [T 4 =
> 20 2L} , 5 E
o Average Sheath Vol 14 %
40 With SM, Z2s | veray orese E
30 —200 W, 32 V Bias g8 13 7
— = - o0
= 20 |- s #g 10 {2 &
@ 2 2
o0 10 |~ N w5 r 1 <
= L i~ | Y
>O 0 4 wafer 0 L . . L 0 é
-10 — / . 0 2 4 6 8 10
IB) | Without SM, Radius (cm)
40 200 W, 124 V Bias
30 - N n FIG. 7. Time averaged ion flux to the wafer, peak, and time averaged
20 — magnitude of the sheath voltage, and ion power flux as a function of radius
S 10 b | across the wafer. The sheath potential is quite uniform across the wafer. As
> 0 a result, the ion power scales with the ion flux.
& L
<
;6 -10 — -
uartz . .
20 = *%mdovg The cycle averaged plasma potential as a function of
30 N height atr =0 is shown in Fig. 6 for the same conditions as
40 | ] n in Fig. 5. Examining the cases with and without the SM and
-50 I which have the same applied bias voltage, we see that the
0 2 4 6 8 10 12 14 16 total voltage drop between the bulk plasma and the powered

electrode is nearly the same, 23-25 V. This correspondence
FIG. 6. Time averaged electric potential at the0 axis as a function of g5 5 consequence of the fact that the ion and electron currents
height. (a) without the SM and 32 V rf bias voltagéh) with the SM and .
200 W rf bias power, andc) without the SM and 200 W rf capacitive to the surface must be equal since the wafer has a low con-
power. ductivity and it is capacitively coupled to the power source.

The dc bias, however, is smalldess negativefor the case

with the SM. This is a direct consequence of the plasma
coupled electric field into the plasma. The electrons pro-density being larger with the SM. It has been experimentally
duced in this region diffuse under ambipolar forces to theobserved that for the same bias rf voltage amplitude, the dc
walls. The electron density for the case without the SM butbias decreasethecomes less negativevith increasing coil
with the same bias voltage on the substf#tig. 5a)] has a power and plasma density. These trends are discussed in
profile which is sharply peaked near the source region with anore detail in Ref. 21. Comparing the cases with and with-
maximum value of 4.&810™ cm™3. The plasma potential is out the sheath model at the same deposited power are more
also peaked off axis. When using the $Mg. 5(b)], a larger difficult, since a larger applied voltad&24 V) is required to
fraction of the plasma potential is dropped across the sheatbbtain the same bias power without the SM. This results
as compared to the bulk. As a result, the plasma potential isom the fact that the ion flux is higher when the SM is used,
flatter in the bulk. The rate of loss of electrons to the walland therefore a smaller applied bias voltage is required to
and through the sheath from a mean-free-path away is resbtain the same power deposition. The larger rf bias voltage
duced since the sheath potential is higher. The electron deproduces a largefmore negativedc bias.
sity with the SM has a maximum value of X10' cm™3, The cycle averaged ion flux to the wafer, the cycle av-
both higher and more uniform than in the absence of theraged and peak sheath voltage, and the ion power density as
sheath model, both a consequence of the redistributed plasragfunction of radius across the wafer are shown in Fig. 7 for
potential. The general experimental observation for thes¢he conditions of Fig. 5 with the SM. For this reactor con-
conditions is that there is not a large off axis maximum infiguration, the sheath voltage is fairly uniform across the
electron density. These same trends were observed in theafer with a time averaged value of 19 V and a peak value
simulations of IC-GECRC discussed in Sec. lll. The SMof about 34 V. The ion flux is also fairly uniform, although it
therefore appears to provide boundary conditions in the FK$ slightly larger near the center of the wafer, 810 cm 2
which generate more physical solutions. The case withous * compared to 5.810'° cm 2 s™! at the outer edge. The
the SM but with the same rf bias power as the case with thé@n power density to the surface follows the ion flux ranging
SM [Fig. 5(c)] has the same peak electron density as the caseetween 0.31 and 0.34 W/émons gain energy crossing the
without the SM and with the same bias power. The biasheath potential, whose potential is relatively uniform as a
voltage for this case is somewhat larg&R4 V) to obtain the  function of radius. The radial dependence of the ion power
same bias power as the case with the SM because the ion fldixix to the wafer will therefore simply scale with radial de-
to the wafer is smaller. As a result, the electron density igpendence of the ion flux. This is the desired mode of opera-
somewhat more uniform. For these conditions, we have ention.
pirically found that plasma uniformity improves with in- The sheath voltage and sheath thickness above the wafer
creasing bias voltage. at the half-radius location are shown in Fig. 8 as a function
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FIG. 8. Sheath voltage and thickness above the wafer at the half radius < 8t 15 =
location(r=5 cm) as a function of rf phase. The applied voltage waveform 5’0 1 2z
is included for comparison. = 6t &
% 410 £
=] =1
T o4y Non-Uniformity 5
< =
of rf phase for the conditions of Fig. 7. The sheath voltage is g 2! , 2
. . . . IS e o 200W Bias Power
defined with respect to the plasma potential, and is therefore 5 » 0100V Bias Voltage
0 P S dai - r S 0
< 100 200 300 400 500 600 700 800 900

negative. As the applied voltage becomes more positive, the
plasma potential increases and therefore the sheath potential b) ICP Power (W)

at unbiased surfaces increases to maintain the electropositive

nature of the plasma. This forces electrons toward the powFIG. 9. Mean value of the time averaged ion flux to the wafer and the

. . . ) . 1 .
: . - ; _nonuniformity of the ion flux, defined a&lax—Min)/3(Max+Min). (a) 400
ered electrode, reducing in the sheath, which in trn re W ICP power as a function of rf bias poweh) 200 W rf capacitive power

duces the magnitude C_)f the sheath potential on the poweregpen symbolsand 100 V rf applied voltagésolid symbols as a function
electrode. As the applied voltage decreases, the plasma pea-ICP power. In general, ion flux uniformity improves with increasing bias

tential decreases. Since it must also float above the groundegltage.
electrode, the electrons are forced away from the powered
electrode, increasin@, and increasing the magnitude of the
sheath potential above the wafer. Since only moderate voltproved uniformity than an absolute increase in flux. The ef-
ages are applied, in this case an amplitude of 32 V rf, thdects of varying ICP power on ion flux and nonuniformity
sheath voltage remains nearly sinusoidal, and is nearly iare shown in Fig. @). The results are somewhat different
phase with the driving voltage. The sheath voltage lags théepending upon whether the bias voltage or power are held
applied voltage by approximately 45° due to the large caconstant. The uniformity improves with increasing ICP
pacitance of the sheath. The sheath thickness ranges frompawer when the voltage is fixed. This is due in part to the
minimum of 20 um to a maximum of 57um and for the fact that as the plasma density increases the bias power in-
most part follows the magnitude of the sheath voltage. Itsreases, and remains comparable to the ICP power. A more
deviation from being sinusoidal results from modulation ofinteresting result is obtained when the capacitively coupled
the charged particle densities at the edge of the sheath duriqpwer deposition is held constant while the inductive power
the rf phase.

One of the important motivations for using an induc-
tively coupled plasma source with substrate biasing is to be

able to separately control the magnitude, uniformity, and en- 16 N s
ergy of the ion flux to the wafer. The peak flux to the wafer 100=4.6x10" cm J
and the uniformity across the wafer for a variety of operating (][] ﬂ ﬂ

conditions in Argon are shown in Fig. 9. The nonuniformity

in the ion flux, is defined agMax—Min)/3(Max+Min)

X 100%. With 400 W of ICP power, the magnitude of the ion

flux to the surface does not vary greatly as the rf bias power

is increased by increasing the bias voltd§eg. 9a)]. The

ion flux remains near 810 cm 2 s™1. The nonuniformity

decreases from 20% to 3% when increasing the substrate

power and rf bias voltage. We find that larger rf biases pro-

duce more uniform ion fluxes when bias power becomes Radius (cm)

comparable with ICP power and the discharge current re-

sembles that of a capacitive discharge. For moderate rf bidgG. 10. Electron density for an Ar/gHischarge at 10 mTorr with 400 W

power, the nonuniformity is relatively insensitive to the rf ICP power and 100 V rf applied voltage on the substrate. The plasma is less
. ' 22 . . . . uniform than the argon only case due to the increased collisionality of the

bias powe -_The Sma_” InCrease In average ion flux Obtaln?dAr/CI2 gas mixture. The contours are labeled with the percentage of the

when applying the bias is more a consequence of the immaximum value shown at the top of each figure.

Height (cm)
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FIG. 11. Sheath voltage and thickness above the wafer at the half-radius —E’ 4t
location(r=5 cm) as a function of rf phase for the Ar/Ctlischarge. The g
applied voltage wave form is included for comparison. The sheath thickness E}D o L
is less sinusoidal compared to the argon only case. g 100 V Bias
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deposition is increased. In this case, the applied rf bias volt-

. . . -F|G. 12. Mean value of the time averaged ion flux to the wafer for the
age requwed to obtain t_he nge k_)las power decreases, WhIE\ﬁ;CI2 discharge foa) 400 W ICP power as a function of bias voltage, and
can cause a decrease in unlformlty.

(b) 100 V rf bias voltage as a function of ICP power.
The sheath model can also be applied to plasmas having

multiple ion species. As an illustration, the model was run
for an Ar/Cl, plasma with an inlet flow rate of 50 sccm for V. CONCLUDING REMARKS
each gas. The inductively coupled power deposition was 200
W, and a 100 V rf was applied to the substrate. The electro%

density for this case is shown in Fig. 10 and has a peal lasma density and potential. In implementing a semianalytic

. 1 _3 .
plaslinz dfefznsn_y th 43151 clm - The Ar/C_E Iplasmz IS q sheath model into a two-dimensional model for rf biased ICP
peaked off axis where the electron source Is located and | actors, we found that predictions for the ion fluxes, power

less uniform than the pure Ar case due to the increased co eposition, and the overall electrical characteristics of the

“S'O_T_ﬁ“ty ﬁf thﬁ gr?_skmlxture agd tr|1e large Odjefnsny_. ¢ lasma were affected. For example, incorporating the SM
e sheath thickness and voltage as a function o rgenerally results in more uniform plasmas of higher electron

phase f(ir the ﬁ”%l case are SPOWE mAFlg. Ill' The rgsults density. In the cases, we investigated for plasma properties
are qualitatively the same as for the Ar only cabe. 8. without an rf bias, agreement with experiment was more sat-

For otherwise similar operating conditions, eIectronegatiqufactory than without the SM. We found that the sheath
prllasnLas chan ha;]yekth|nﬂer s};eails. I;!owevzr In th'shex?mplFotential above the wafer was generally quite uniform as a
the sheath is thicker than the Ar plasma due to the Owe;rbnction of radius, and so the radial dependence of the ion

Properly representing the rf sheath in models of high
lasma density tools is important to correctly predict the

plasma density and the larger sheath potential. The shea wer flux depended primarily on the ion flux. We also

thickness is also less sinusoidal appearing somewhat mo Yund that the uniformity of the ion flux to the wafer gener-

" 6
reS|st|\t/)e _com;;a;ed tlo the a;lgon only_ casr?, ar::oniequt(ajnce@y improved with increasing rf bias, a consequence of flat-
perturbation of the electron flux entering the sheath produce ning the time averaged plasma potential.

by the presence of the negative ions.
The average ion flux to the wafer for the ArjQlase is
shown in Fig. 12. Results are shown for an rf bias of 100 VACKNOWLEDGMENTS

as a.function of .ICP power anq for 400 W ICP power as a  This work was supported by the Semiconductor Re-
function of the bias voltage. With 400 W of ICP power, the search Corporation, National Science Foundatie8S 94-
magnitude of the ion flux to the surface rises slightly as thep4133, CTS 94-12565LAM Research Corporation, and the

voltage is increased reaching a value neal6'®cm *s™  University of Wisconsin Engineering Research Center for
at larger voltages. This trend results primarily from an im-plasma Aided Manufacturing.

provement in plasma uniformity. When the applied bias volt-
ager:s held constaqt, the magnitude of th%mr) flux |rr]10relase§l Hopwood, Plasma Sources Sci. Techdoll09 (1992,
as t .e ICP power mcre_ases, as .eXpegte » since the plasmg, g Barnes, J. C. Foster, and J. H. Keller, Appl. Phys. [&2t.2622
density depends primarily on the inductively coupled power. (1993.
From these results, we see that the ion flux to the wafer is é\]. H. (Kell%r, J. C. Foster, and M. S. Barnes, J. Vac. Sci. TechndiLA
; ; ; ; 2487(1993.
function o,f both the rf bias and the mductlvely coupled 4R. Patric, R. Schoenborn, and H. Toda, J. Vac. Sci. Techndl1,A296
power, with a stronger dependence on the inductively (1993
coupled power. 5J. B. Carter, J. P. Holland, E. Peltzer, B. Richardson, E. Bogle, H. T.

576 J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 M. Grapperhaus and M. Kushner



Nguyen, Y. Melaku, D. Gates, and M. Ben-Dor, J. Vac. Sci. Technol. A*Y. Wang, Appl. Phys. Lett66, 2329(1995.

611, 1301(1993. 7T, E. Nitschke and D. B. Graves, Trans. Plasma $8j.717 (1995.

_W. Z. Collison and M. J. Kushner, Appl. Phys. L&, 903 (1996. 8M. J. Kushner, W. Z. Collison, M. J. Grapperhaus, J. P. Holland, and M.
5V A Godyak and N. Stemberg. Trans. Piasma 561591990 1oy, SIS, I APP, PIYEQ 15371996,

9N. Sternberg and V. A. Godyak: Trans. M, 3100(1994. A. J. Lichtenberg, V. Vahedi, and M. A. Lieberman, J. Appl. Ph¥s.

10K, Bornig, Appl. Phys. Lett60, 1553(1992. 202339(19.94)'

11\, A. Lieberman, Trans. Plasma Sdi7, 338 (1989. P. A. Miller, G. A. Hebner, K. E. Greenberg, P. D. Pochan, and B. P.
12A. Metze, D. W. Emie, and H. J. Oskam, J. Appl. Ph§8, 3081(1986. Aragon, J. Res. Natl. Inst. Stand. Techntd0, 427 (1995.

13\, E. Riley, Sandia Report SAND95-0775.UC-4(1I995. 2p, L. G. Ventzek, M. J. Grapperhaus, and M. J. Kushner, J. Vac. Sci.
14y, A. Godyak and N. Sternberg, Phys. Rev4& 2299(1990. Technol. B12, 3118(1994.

15R. Farouki and M. Dalvie, J. Appl. Phy88, 6106(1990. 22R. Hill, J. Vac. Sci. Technol. B4, 547 (1996.

J. Appl. Phys., Vol. 81, No. 2, 15 January 1997 M. Grapperhaus and M. Kushner 577



