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Numerical investigation on plasma and poly-Si etching uniformity control
over a large area in a resonant inductively coupled plasma source

S. S. Kim® and S. Hamaguchi
Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto University, Uji,
Kyoto, Japan 611-0011

N. S. Yoon
School of Electrical and Electronics Engineering, Chungbuk National University, Cheongju, Korea 361-480

C. S. Chang, Y. D. Lee, and S. H. Ku
Department of Physics, Korea Advanced Institute of Science and Technology, Taejon, Korea 305-701

(Received 22 August 2000; accepted 21 December 2000

In high-density plasma etching processes for ultra-large-scale integfaesll) circuits, the
uniformity of the plasma over a large area is of major concern. Recently a resonant inductively
coupled plasma sourd&. S. Kimet al, Appl. Phys. Lett.77, 492 (2000] has been proposed for
large-area plasma processing, which achieves large-area plasma uniformity by properly tuning its
antenna with an external variable capacitor. In the present paper, the plasma transport and poly-Si
etching characteristics of this plasma source have been numerically investigated using a
self-consistent model for electron heating, plasma transport, and microscopic etching profiles. The
numerical simulation results indicate that uniform poly-Si etching over 300 mm in diameter can be
easily achieved in this plasma source. 2001 American Institute of Physics.

[DOI: 10.1063/1.1350671

I. INTRODUCTION discharge physid¢s!'and theoretical model$~*" However,
development of self-consistent fluid models for ICP dis-
High density plasma sources, such as those employingharges has been slow due to the lack of two-dimensional
inductively coupled plasma$CPs), electron cyclotron reso- general heating formulas and the numerical instability caused
nance(ECR) plasmas, and helicon wave plasmas, are curpy the dielectric relaxation time. The main difficulty in de-
rently used for 200 mm wafer etching processes. Howeveleloping a two-dimensional electron heating model arises
scaling-up of these plasma sources for the next-generatioffiom the fact that the radial normal mode of an electron
300 mm wafer processes is not straightforward due to thginetic equation is not compatible with the eigenmode of the
increase of antenna inductances and complexity of compayave equatiort® The recently developed two-dimensional
nents, such as magnetic coils and wave guides. Recentlyionlocal heating theoH} has overcome this problem in the
various discharge sources for large-area processing hav@se where the radius of the reactor chamber is sufficiently
been proposed, including inductively coupled plasma sourcegrger than the skin depth. This condition is met for large-
with multiple inductive antennadsor with antennas that grea ICPs.
launch traveling wave$,ECR plasma sources with plane |n this paper, we shall present numerical simulation re-
slotted antennas and permanent maghetsjodified  suits of plasma transport and polycrystalline-silicon etching
magnetron-typed radio-frequendyf) plasma source$,or  characteristics of the large-area RICP source described by
ultra-high-frequencyUHF) plasma sources with spokewise Kijm et al® mentioned above. For the numerical simulations,
antennas. we have developed a self-consistent fluid model for electron
Recently Kimet al. has proposed a new antenna con-peating, plasma transport, and etch profiles, based on which
figuration to produce uniform large-area ICPssing the  new simulation codes have been developed. For the electron
parallel LC-resonance of the anteniiResonant ICP or heating, we have employed the model based on the nonlocal
RICP). The antenna of this system consists of segmentegheory by Yoonet al'® We have also developed a new nu-

coils, which are connected in parallel and tuned with an exmerical scheme to solve fluid equations that is limited by the
ternal variable capacitor as shown in Figa)l The LC-  gielectric relaxation time?

resonance induced by the external capacitor increases outer- |, oyr simulations, the fluid simulation module is com-
coil currents, generating higher-density plasmas in thg,neq with the electron heating module in a self-consistent
peripheral region to obtain uniform plasmas over large g‘rea-manner, and the results obtained from these modules are
The variable capacitance therefore_ serves as an adjustahleaq as input data of the etching simulation module, as
parameter to control the plasma uniformity. shown schematically in Fig. 2. Using these simulations, we
To date, much work has been done on fundamental ICRp )| show that the radial uniformity of Ar and Oplasmas
can be controlled by varying the external capacitance to yield
dAlso at: Korea Basic Science Institute, Taejon, Korea 305-333. uniform poly-Si etching over 300 mm in diameter.

1070-664X/2001/8(4)/1384/11/$18.00 1384 © 2001 American Institute of Physics
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FIG. 3. Schematic diagram @8 standard-type an¢b) alternate-type im-
pedance matching circuit. Hef® andC, mean tuning and loading capaci-
tors, respectively.

in Sec. IV, and finally a concluding remark is given in
Sec. V.

®)

II. NEW ANTENNA CONFIGURATION FOR LARGE-

FIG. 1. Sch tic di | - ICP ith It
chematic diagram ¢#) a large-area source with an antenna AREA ICP PROCESSING

composed of segmented coils and an external variable capacitdbpits!

ivalent circuit. ici i i i
equivatent cireul A schematic illustration of the antenna configuration for

the RICP is shown in Fig.(&). The antenna is powered from
a rf-power supply through impedance matching 9B )

The rest of the paper is organized as follows. In Sec. llyyhich consists of two capacitors, i.e., tuning and loading
we shall briefly introduce the antenna configuration of thecapacitors, as shown in Fig. 3. The antenna used in this study
large-area RICP source. The models for electron heatingonsists of six-turn segmented coils which are connected in
plasma transport, and etching simulation are described igarajlel. The segmentation and parallel connection of the coil
Sec. lll. The numerical results and discussions are present%g,stem allow the system to have a low inductance, unlike the

conventional multiturn spiral coil antenna. It is known that a
large antenna inductance can cause unstable impedance
matching and large antenna voltage, the latter causing the

Process Conditions antenna to be capacitively coupled with the plasma resulting
rf-power, pressure,y & reactor geomel in low efficiency and nonuniform plasma production. The
Electron Heating Module calculated absolute impedance values for our geometric con-
[ Equivalent Circuit l figuration areZgp,~605() for a spiral antenna and
ol cureaay A impedance € =8 () for the segmented antenna. However, the segmented
| Inductive Electric Fields | coil system can make the inner coils have a small inductance
Setion density compared with outer coils and therefore can induce large
power depositiony, & temperature inner coil currents, which may produce a radially nonuni-
Plasma Transport Module form plasma. To avoid this problem, one of the segmented
I Electrostatic Fields I coils is connected with an external variable capacitor in se-
v — ries[see the outermost coil in Fig(d)]. As will be shown,
| Plasma Transport | this variable capacitor serves as an external controller for the
antenna current distribution and for plasma uniformity.
ion ¥ & neutral fluxes The equivalent circuit diagram for the system is shown
Etch ProﬂleSimnlationModulel in Fig. 1(b). In Fig. 1(b), Z; (j=1-6) denotes the lumped
| Bias Voltage I ?mpedgnce of theth coil in the presence of a plasma aled
is the impedance of the variable capacitor. The current in the
[ Ton Transport in Sheath | circuit elementA, is given byIAzE-E’:lIJ- , with 1; being the
¥ 1D jth coil current, and g=1¢ is the current in the circuit ele-
Surface Chemistry & ment B. The currents will be determined by the LC-
Neutral Ri'eg“c:sm“ resonance induced in circui (i.e., the series connection of
| Etch Profile Evoh?tzm A andB), if the reactance of the circul is equal to zero. At

the resonance conditioh, is nearly equal tdg, i.e., a large

etch profile w & uniformity current is allowed to flow in the outer most coil. This large
antenna current in the outer most coil generates more plas-
mas on the peripheral region of the chamber, where the
FIG. 2. Schematic diagram of the simulation modules. plasma otherwise would have the lowest density.
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Ill. MODEL DESCRIPTIONS Qmij= cosh Bnz;) cosh Bnzj)tant Byl s)

The model and simulation modules developed in this +sinh( B(z+2;)) /12— cosi Bn(z— 7))
study are schematically described in Fig. 2. Power deposition

into the plasma is calculated by the heating module, which xtanh BnAzi/2)/2, .
consists of modules for the equivalent circuit and the induc- Prmij=2 SINN B2+ L)) SINN Bn(2;+ L))

tive electric field which determine antenna coil currents, sys-

tem impedance, and induced fields. The resulting power X cSCH2BmLs) b,

deposition profile is used to calculate the electron tempera-

ture in the plasma transport module. The plasma transport Hmij=[1—Cosh Bn(z —2j))sectiBmAz/2)]/2,

module then returns the space-averaged electron temperature - _

and density to the heating module. These processes are re- by =[1+(28I*/L)cOth Bnl-o)S] ™,

peated until a self-consistent steady state is obtained. The g — (g2 2 /g

steady state values of ion and neutral fluxes obtained in these

manners are then used as input parameters for the calculatidh the above equationg= w/c is the vacuum wave number,
of etch rates and profiles in the etch profile simulation mod- is the angular driving rf-frequency,, andL are the cham-

ule. The models used in each simulation module are deber radius and heightAr;, Az, r;,, r;,, andz are the
scribed below. width, thickness, inner radius, outer radius, and the axially

central position of théth coil, respectively. Alsd ¢ denotes
the shielding cap lengthl, denotes the Bessel function of
In order to determine inductive electric fields generatedthe second ordeB,= v(am/r o) 2— k2 with @y, being the
by the antenna given in Fig.() and the power deposition mth zero of the Bessel function of the first orddr,
into the plasma, we have used a recently developed and ana-v 4/ w’+ Vezn is the effective mean free path of electrons,
lytic model of planar-type ICP based on collisionless nonlo-vy,= y2T./m, is the electron thermal speedy.,
cal electron heatin§’***'Using the analytic results in Refs. ==;N;[5f(€)(2e/m) %0 j(€)de is the electron-neutral
18, 20, and 21 and the complex Poynting theofémve ob-  collision frequency,N; is the jth neutral species density,

A. Electron heating model

tain the terminal voltage of thigh coil as follows: o j is the elastic collision cross section between the electron
. andjth neutral species, whose values can be found in Ref. 12
Vi=—— | 3* E, d®*+Ryli+ 8521, for eIegtron-Ar scattering and Ref. 23 fqr glec?rory@t C'I
15 Jao scattering,f(¢€) is the electron energy distribution function,

which is assumed as a Maxwelliané;,=1/(2D o)

6
:21 (2+ 56201, 1) +37_11/Dy,, andéyn=1/(2D o) +25-1(—1)"/Dpyy, and
=
, , , hﬁﬁ-é (for n=0),
wherel; is theith coil current,* denotes the complex con- S
jugate,Q; is the volume of theth coil, J, is the azimuthal Dmn= S (4)
coil current densityE, is the azimuthal inductive electric hZ+k2— k_Zp<k_) (otherwise,
field, Ry is the resistance of thi¢h coil, 6;=1 (if i=j) or 0 . .
(otherwiseg, and with hp=Bml, kp=nml/L, s=(w+ive)/(Vw?+ Vezn), A
i = (Vin@pe/Cw) [ 1+ (ven/ w)?] ¥ being system nonlocal-
B Tl K 349 ity, w,e being the electron plasma frequency, being
Zi=- cr’, mE:l Bm 32 “(@1m)[ Cnil Cmj( Qumij— Prmij) the plr;\sma dispersion function. e
Since the segmented coils are connected in parallel, the
+BmiHmij} T (Bmi/2{Ami+ (BmAz)Bmi— Cmit] terminal voltages of the coils are equal to each othér (
o =V;=V). The sum of the coil currents is equal to the input
+ 5|] RCI (2) !

current I from the impedance matching networkl (
represents the impedance, including mutual inductance, be= E?:]_lj)- Therefore we obtain for eadh(1<i<6),

tween theith andjth coils, the coil resistance, and plasma 6 6
impedancdthe lumped impedance of thith coil in the pres- > [Zi+66Z,]yi=Z and >, y, =1, (5)
ence of the plasma is then given F=30_,1;'Z;1)). = . =
Here, with y,=1;/1 and Z=V/I being the ratio of thejth coil
C .=A . COS Az/2)+ B sin AZ/2), current to the input total current and the total impedance of
mi = Ami COSH BmA2/2) + By SinR B 2112) the system loaded to the matching network. Equatin
2Bm 2 determines the coil current ratiog and the impedance of
Ami:m rdi(aimr/rep)dr, the systemZ, as functions of the processing parameters and
1 1 I

1 external variable capacitance. Finally, the input curiecdn

B =201 Ja( gt o/T o) be determined from the relatiom=\2P;/Rexp(®),*
m L2 T 20 eh where the phase fact® depends on the impedance match-

+ri1d1(amri1/ren) )/ (Ari+Azy), ing type and is given by =tan }(yR,/R—1) for the stan-
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dard matching typ@ or ® =tan {(X—W)/(R+XWR)] for
the alternate matching type(these two impedance matching
types are illustrated in Fig.)3Here,R and X are the resis-
tance and reactance of the systei@=R—-iX), W
=J(R®+X*—RgR)R/R,, Py is the rf-input power, andr,
=500} is the load resistancesee Fig. 3.

The inductive electric field may be obtained from the
Maxwell-Boltzmann equations using the Fourier—Bessel
transformation methotf the azimuthal inductive electric
field E, and induced plasma current denslty can be ex-
panded in the Fourier—Bessel series without loss of general-

Numerical investigation on plasma and poly-Si . . . 1387

ity as

emo
n=1

Ea(r,z)=mE:l J1(Ppf)

i o
S+ 2 jmncoge2)
n=1

Jp(r,Z)=mE:1 J1(Pml)

The Fourier—Bessel component of the inductive field, is

given by'®

2i kl?
€mn= L

ot

an -
a_tew.pe:% (kP =K3)neN; , (14
N
a—tJJrV-FN,J-:El kﬂneN|+§ Kjiininy
_2 (kif+kEneN; , (19
1
FFm[ainiE_v(”iTi)]’ (16)
1
Fe=is [ neE-V(neTe)] 17
o= y(NT 18
NS T M NI, (18
&Te Te Te Fe 2 2Pe
7+V-(n—ere)—§ (n_e —_3_neV'Qe+3_ne'
(19
I

Herem;, n;, I';, and «; are the mass, density, flux, and

where bop, is the Bessel component of the radial inducedcharge number of théth ions, respectively. Similarlyn,,
magnetic field at the plasma surface and has the following, . T, q., andP, are the mass, density, flux, tempera-

form:?!

by = i Aml; ConySinh Br(Z+ Le))bpy

=4 ocrd Bmdi(arm)sinh(Bpls)

Under

the assumption 8;<r., [where &= (c%vy/

ture, heat flux, and heat source of electrons, respectively, and
M;, N;, andI'y ; are the mass, density, and flux of tjta
neutral species, respectively. To obtain the particle produc-
tion and loss rates by electron impact processes and/or heavy
particle reactions, we take into account ionization, dissocia-
tion, attachment, and recombination processes, using reac-

720w} is anomalous skin deptfi, the Fourier—Bessel

, tion rate coefficients in the Arrhenius forms given in Ref. 12
component of the current density,, can be expressed as

for Ar discharges and Ref. 23 for LHischarges. Excited
species and effects of etched products are not considered

fmn= \/2770'qnemn1 (10

Whereaqn is the Fourier component of one-dimensional co
ductivity of infinite homogeneous plasnfdsind given by

: 2
i Wpe

A2 (0+ivep)

(for n=0),

here for the sake of simplicity. The electron impact ioniza-

p-tion, dissociation, and attachment reaction rate coefficients

are denoted by’ , kij, andk , respectively, foijth neutral
species to producigh ions. The parameté«fi, is the recom-
bination rate coefficient offth ions with thelth ions to pro-
duce thejth neutral species. Alsp;, and v, are the collision

frequencies of théth ions and electrons, which are approxi-

gy = 11 . .
q i (1 mately equal to the ion—neutral and electron—neutral colli-

" i wge w+ive, . _ . —N¢
"2 (27 Q0 Zp( 0 ) (otherwisg. sion frequenciesy;, and v,,, for the weakly ionized gas
TN Antih noth (e.g., vin/w~0.0>v;;, /0~0.001 andve,/o~1>ve/w
The power density absorbed by electrons is then given by ~0.-01 in this simulation, where;;; andv,; are the collision
frequencies ofth ions and electrons with'th ions andith
ions, respectively The collision frequency between ions and
neutral species is given as the sum of the elastic and charge
exchange collision frequencies. We have used the Langevin
We now discuss the plasma transport model under fluiccattering cross secti&ﬁ,aL=(Zwe/vi)\/ap/mR, and the

approximation. The basic equations consist of the drifttesonant charge exchange collision cross seéfiotr,
diffusion equations for ions and electrons, the diffusion==8me* ¢, for the elastic and charge exchange collision
equation for the neutral species, the electron temperatufeequencies, wherev; is the ion mean velocity,mg
equation, and the Poisson equation, =m;M;/(m;+ M) is the reduced mass, arg, and¢;, are

the polarizability and ionization energy of the neutral spe-
(13) cies, respectively. The collision frequency of tith neutral

species is denoted by ;, which takes a value given by

Pans=z RE IS Ey]. 12

B. Plasma transport model

an; .
(9_I:I+VF|:$ k:lzneNJ_g kJr”nim y
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either the particle—wall or particle—particle collision fre- form grids. To avoid the restriction on the maximum time
guency, whichever is larger. We have also assumed ion argtep size due to the dielectric relaxation time, we have used
neutral temperatured;;(=0.1eV) andTy(=0.026eV), to the following equation in place of the Poisson equation:

be constants. The electron heat flgxand heat sourc®,

. JE
are given by —f T4mI=cVxB, (29
5 neTe . .
Qe="— = VTe, (21)  wherekE is the electric field,
2 MgVep

o J=e 2 ali—T )
Pe= Pabs_izj: [k:JZ(E:JZ+ %Te)"_ki(} eic} ( [ o ¢
a, a 3 E eai
+kij(eij —2Te) INeNj, (22) = V(nT)+

AT 5 m; v, MeVen

V(neTe)  (30)

wheree;”, €, ande] are threshold energies for the ioniza- L -
tion, dissociation, and attachment processestofneutral is the plasma current density induced by the electric field and

species to producith ions. Radiative power losses for the PY Particle ,d'ffus'on*_and_r:[“’S,_e/”eﬁzi(“’g,i/”in)] tis
electrons have been ignored in this treatment. the dlzeleé:tnc relaxation tlmg. SmdéEzthN E/, c[VXB]|
We solve the fluid equations up to the plasma-sheath” (7¢”/L°)E, and Lh(~10° Hz)> 7c7/L (7106 Hz), we
boundary(sheath edgeunder the assumption that the par- may s_,|mp||fy Eq. (29 by neglecting _the nght_-hand side.
ticle fluxes are conserved within the sheath. This assumptioﬁquat'ons(zg) and (30) are then combined to give
is valid for the high density plasma sources operating atlow JE E eq; e
pressures, because sheath thickness for them is very small E"‘ P
(typically order of 0.1 mmand collisions between particles
within the sheath can be neglected. The boundary condition we assume that the right-hand side in E81) is constant
at the sheath edge used in this model are as follows: th@uring time stepAt, the solution of Eq(31) may be given
normal components of particle and heat fluxes on the bound?y

V(neTe). (31)

i Mivip MeVen

ary are given hy At
wnE - E(t+At)=4m7d exp( — 7) —1|+E(1). (32
for positive ion
Li={ Mivi : (23)  Equation(32) clearly indicates that the numerical instability
0 for negative ion can occur if the time step is taken to be larger than the
. " dielectric relaxation time; if we applied the FDM for the
Fe=neexpedy/Te)ve (24 giscretization in time without the above consideration, Eq.
FN,j:%ﬂijvm,j_%gﬂvaw,l_Fj , (25 (32 could be replaced by
E(t+At)=—47AtI+E(1), 33
Ge=€| Pl Te. (26) (t+A)=—4x (t) (33)

where »; is the surface recombination probability for tté which will not yield the same result &t> 7. Thus, Eq(32)

. . . . . must be used wheat> 7.

neutral speciesg;, is the probability for thejth particle pro- . .

duction by surface recombination of théh neutral species, . The Peclet r?“mt.’er 'S the ratio of the.strength of convec-
o= /8T Jrm,, andvt,\?j: /—STN/’ITMJ' are thermal veloci-  ton to that of diffusion and may be defined ByAz/T or

ties of the electron angith neutral species, and,, is the ?rrm( T,trW:erisi:En_vY/rT t\;]\"t:]if-rthbegg-ll_i tf(:]r ';:ES raindTre er
sheath potential drop given by or electrons. 1t 1S kno a € Feciet number IS greate

than unity?’?®the straightforward discretization of E¢4.6)
Te nev M4 and (17) by the FDM can cause numerically instability. In
du=—7g1n SnTom) (27)  our simulations, the Peclet number can be often larger than
ey et unity near the sheath region, where we have used a power-
Here the velocity of electrons and neutral species at théaw scheme, instead of the simple FDM, to approximate the
boundary,v"/4, comes from Maxwellian distribution as- exponential schenf®. The radial and axial components of
sumption for their energy distribution. In deriving EQ7)  the particle flux at midpoints between the neighboring grid
we have used the ion velocity at the sheath edge given by nodes in the exponential scheme are given by

the following generalized Bohm criteridf, Fir+(1,2),k:dirﬂl,z),k(birﬂl,z),kni’ —air+(l/2)’kni+1,k),
Ci _ 1 28) (34)

T imp? Te Fiz,k+(1/2):diz,k+(1/2)(biz,k+(/2)ni’k_aiZ,k+(l/2)ni’k+l),
with ¢;=n;/Z;n;, which is valid under the assumption that (39

all the positive ions gain the same amount of energy fromwhere d,=T/MvAx, b,=P,expPy/expPy)—1, ay
presheath. = P, /expPy)—1, andP,= ¢, Ax/T. Herex=r or z, andi

To discretize the equations of motion, we have used thendk are radial and axial grid numbers, respectively. This
implicit finite difference methodFDM) on staggered uni- exponential scheme guarantees the exact solution for any
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Chamber wall sumed to be capacitors connected in series through the

— plasma, neglecting capacitance between the antenna and
plasma €sp/Cap~14/ls>1, wherecg, andc,, are sheath and

antenna-plasma capacitances per unit area, respectively, and

sh
Iy (-Vp) — I4~1 cm andly4~0.1 mm are dielectric window and sheath
% thicknesses, respectivelyUsing the rf-sheath model in Ref.
Vp Plasiizsheath 29, we obtain the following relations:
— ¢ on 0 d
<h Ce a(vp_vs)_"cb&(vrf_vs)—i_ls: 0, (40)
Is(Vs —Vp) -1 Cs
d d
. _ Co'—=Vp+C"— (V= Vo) +14+1,=0, (42)
Blocking = $ dt dt
—c,

Capacitor where CS" and C3" are the sheath capacitances on the sub-

v
@ strate and chamber wally;, is the blocking capacitanc¥,,,
Vs, andV,; are the plasma potential, substrate voltage, and rf
input voltage, respectivelyg andl,, are the conduction cur-
= rents into the substrate and chamber wall. The sheath capaci-

FIG. 4. Schematic diagram of the equivalent circuit for our dc-bias modeltance C*" is related with the voltage dropg= Vs—V,
across the sheath#s

value of the Peclet number. However the exponential scheme sh_ S JEg
is not widely used because exponential functions are rela- 4w dVg
tively slow to evaluate numerically. We therefore adopt the

power-law scheme which provides fairly good representatioffVhere Es=—(87Tene) " expe(Ver—V1)/Te) + (Von/
of the exponential scheme and can be easily evaluated nia) -~ 2]"?is the electric field at the electrode surfaés
merically. In the power law schenfd for any value of the the surface area, and,=— (T./2e) denotes the potential
Peclet numbeP, the functionsa andb in Egs.(34) and(35) drop in the presheath. The conduction curddit,) into the

(42

can be given as sheath(as a function of the sheath voltayg,,) is given by
= —0.1P|)°]+ -
a(P)=Max0,(1-0.1P|)°]+ Max —P,0], (36 v, Q:es{z T —T expleVa/To)|. 43
b(P)=Max(0,(1-0.1P|)°]+Max P,0], 37 '
for bothr andz components. whereI’; and I’y are fluxes of théth ion species and elec-

Deviation from charge neutrality==,a;n,—n,, is ac-  trons normal to the sheath edge, which may be determined

counted for by redistributing the space charge to each speci#®m the fluid model. Here we neglect the negative ions be-
in proportion to the amount of its charge in the plasma afte€ause their density at the sheath edge is nearly zero due to

each time step as follows: their Iow tem_pergturéthe Boltzmann.factor, exp(eV,/T)
=10 *® in this simulatiod. The nonlinearly coupled Egs.
nsn — aini/|ail p (39) (40) and(41) can be solved by the Runge—Kutta method.
U Silagni+ngT In order to obtain the incident ion flux distribution across
N the sheath, we have employed a particle simulation similar to
Neg— N+ =—————p. (39)  thatgivenin Refs. 30 and 31. In the simulation, a statistically
Zilai|ni+ne meaningful number of iong50000 are introduced at the

The initial values for the electrostatic field, ion fluxes, sheath boundary with the Bohm velocity and their equations
and ¢,, are set to be zero and that for the electron flux at the>f motion are solved in an electric field given by the Child—
wall is given by Eq.(24). As the simulation progresses, the Langmuir Law,
electrostatic fields ang,, are evolved to nullify the net cur-
rent density and to force the ion to reach the Bohm velocity Ey(t,y)=—
at the sheath boundary. 3lsn

1/3
4V (1) (1) | 4

Ish

with |, andy being the sheath thickness and the axial posi-
tion from the sheath edge.

The etch profile simulation module computes the bias ~ Using the ion energy distribution on the substrate, we
voltage, ion flux distribution(IFD) on the substrate, etch calculate the etch rate at each location on a trench surface. In
rate, and profile evolution, as shown in Fig. 2. Separate modthe case of ion-enhanced poly-Si etching case, the etch rate
els for these calculations are described below. (ER) may be given by

To determine the bias voltage self-consistently, we use a 1 @,
circuit model described schematlcally in Fig. 4. Here the ER:_QZ J' Y5(®) I'idd, (45)
sheaths on the chamber wall and biased substrate are as- Psi i J-d

C. Model for poly-Si etch profile evolution
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wherepg(=5.0x 10°2cm™3) is the atomic density of poly-Si 150f )

substratep is the surface coverage by Cl on the Si surface, 100}

—®,; and ®, are the minimum and maximum incident 501 <
angles which limit the trajectory of the ion by shadowing g ° g
effects of the mask edg¥,g(®P) is the etch yield for théth =’ 132/ §
ions with incident angleb, and[I’; is the flux of theith ions -150 3
incident on the Si surface. In what follows, the dependence

200 I A i I A I i
0 20 40 60 80 100120140
1/6C, ()

of the etch yield on the incident angle is assumed as

L(P)=Yk(0)cod”?® %2 which is appropriate for this
simulation because the limits on the integral in Etp), ®; %
and®,, are less than about 50° for our mask geometry.

The surface coveragecan be determined from the flux = %ﬁ
balance of neutral reactants on the Si surface and given by ‘2 3 §
o S %
g= 0N (46) bt o N
SnOFN"‘YCIEiFi 0 20 40 60 80 100120140 0 20 40 60 80 100120140

1/uC, @) 1/aC,(2)

Here S, is the sticking probability on the bare surface andriG. 5. Dependence df) reactance of the circuit C in Fig(t), (b) mag-
0.99 for neutral C#2 and Y, is the number of Cl atoms per nitudes of the coil currentsc) phase difference betwe¢g andl g, and(d)
incident ion and glven by %2 Since we have observed in our terminal voltage of the antenna on the reactance of the external variable
simulation that the typical ratio of the CI flux to £flux on C?ep:;l:t,%rlc for Ar discharges with 500 W rf power and 10 mTorr gas
the substrate is about 4.2 and the sticking probability of CIp

atoms is about two times higher than that of @lolecules,

we neglect reactions involving £and assumé’y to be the

Cl flux only. Unlike ions, however, neutral reactants reachgiven in Ref. 36. Thus we use the following etch yield func-
the substrate surface with an isotropic angular distributiontions in simulations presented below:

and experience adsorption and re-emission processes. 2 .
other words, the incident neutral flux consists of the dlrectly S' (0) 0.90&jgy—4.318 (for etching by CH/Cl),

incident neutrals from the plasma and re-emitted neutrals “7)
from other locations of the surface structyseich as trench 2 0)=0.43EY2_2 174 (for etching b /Cl

walls) and thereford™y is then a function ofg, too. To de- 0= o ( 9 by CH/CD. (48)
terminel’y, we have used the iteration method given in Ref.

32. We now briefly discuss the simulation method for etch

The etch yieldY(®=0) for normal incident ions is profile evolution. SupposgE(x,t) =0 represents the interface
known to linearly depend on the square root of the incidenfluring etching processes, the interface evolution equation
ion energyE;qn, >*"i.e., A(EY2—EY?), whereA andE,, are  May be given by
constants that depend on the spe°t'5ia9d the ratio of neutral
to ion fluxs®3" Chang and Sawili measured the ion-
enhanced etch yield for Clions with background Cl or Gl
and observed that the etch yield increases sharply at lowith k=ER/(f-Q;). Here A=VF/|VF| is the unit vector
neutral-to-ion flux ratiogi.e., the neutral-limited regiméout ~ normal to the interface, an@; is the ion energy flux at a
gradually saturates at high flux ratigise., the ion-limited surface position X,y). If the profile is such that one can
regime. Levinsonet al>" reported similar results for etching write F(x,y,t)=y—n(x,t) [i.e., the height of the profile
by Ar*/Cl,. In our simulations presented in the next section,7(x,t) is a function ofx], then Eq.(49) becomes
the minimum ratio of neutral to ion fluxes on the substrate is I
beyond 100 and therefore the etching processes are in the WH(Q' «(7, x) _kQI y(7.%). (50)
ion-limited regime. In this regime, experimental data in Refs.

35 and 36 are available for etching by"@CI or Cl,) and  The characteristic equations of the above patrtial differential
Cl3/Cl,, respectively. However, to the best of our knowl- equation are then given by

edge, there is no available experimental data for etching by «

CI2+/CI_|n th_e ion-limited regime. The effect qf Cl a_ndzcnn _ —=KkQ, x(7,X), (51)
etch yield in the presence of Clhas been investigated in dt

Ref. 35; the etch yield by CICl, is two times smaller than n

that by CI/Cl in the ion-limited regime, because the disso- a=inYy(77,X). (52
ciative adsorption of molecular chlorine is limited in the high

neutral flux regime where the silicon surface is highly chlo-We have numerically solved Eq&1) and (52), using
rinated. Based on this study, we therefore assume that the poly-Si etch rate formula E5) and particle simulation
etch yield by CJ/Cl is two times higher than that by £ICl,  results for the energy distributions of ion flux.

E-I—in-VF:O, (49

38,39
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FIG. 6. Profiles of the power deposition and amplitude of inductive eleCtriCF|G. 7. Electron temperature and Aion densiw prof”es for Ar dischargesl
fields for Ar discharges with 500 W rf power and 10 mTorr gas pressureThe discharge conditions are the same as those given in Fig. 6.
where 1bC, is (a) 50 (2, (b) 68 2, and(c) 73 Q.

same in magnitude but in the opposite direction. As a result,
a resonance peak appears in the current of the sixth coil at
Simulations were performed for Ar and lischarges 1/wC,=73(). Since the increase of the sixth coil current
with 10 mTorr gas pressure. The input rf powers are 500 Wmeans the increase of plasma generation in the peripheral
for Ar discharges and 1.5 kW for €Hischarges. The geo- region, we expect that the radial plasma density profile may
metric parameters are as follows: the chamber radiyé$s  be optimized by adjusting,. Near the resonance condi-
30 cm, the chamber length is 15 cm, the shielding cap tions, the total input antenna curreht|,+1g decreases,
lengthLg is 15 cm, the thickness of dielectric window is 2 resulting in very small antenna voltayde as shown in Fig.
cm, the substrate radius is 25 cm, the coil thickness ané(d).
width are 0.2 cm and 2 cm, and the radial positions of 6  Figures 6 and 7 present the fluid simulation results of Ar
antenna coils are 4, 8, 12, 16, 20, and 24 cm. Resistivity oflischarges for three case&) off-resonant case (a/C,
5.33x10 3 Q cm (i.e., the resistivity of Cuis used to cal- =50Q), (b) optimum case (1C,=68Q), and(c) reso-
culate the coil resistandg; . nant case (WC,=73(). Figure 6 shows the power depo-
Figure 5 shows various characteristics of the antenna asition and inductive electric field profiles. In the off-resonant
functions of the external variable capacitanCg. Figure case (10 C,=50(1), small reactances of the inner coils in-
5(a) shows the dependence of the reactance of circuit eleduce large currents, causing large electric fields and power
ment C of Fig. 1b), i.e.,Xc=Xa+ Xg, on the impedance of deposition in the inner region, as shown in Figa)6 How-
the external variable capacitance Bf=i/wC,. Here X,  ever, asC, approaches the LC-resonance value, the outer
= Im(Ei'ilZi_l)*l and Xg=Im(Zs+2,) are the reactances of most coil current z increases up to the sum of the other caoil
circuit elements A and B of Fig. Ub) and Z currents and the electric fields and power deposition in the
=E]-6:1I i 1Zijll- is the impedance of thigh coil. Figure §b)  outer region also increases, as shown in Figk) &nd 5c).
shows the coil currents as functions&f. Figures %c) and Figure 7 shows the electron temperature and Am
5(d) show the dependence of the phasel pflg and the density profiles as functions of @C,. The power deposi-
antenna terminal voltagé onZ, . As can be seen from Figs. tion for the off-resonant case in Fig(eb yields the centrally
5(a), 5(b), and Fc), the LC-resonance occurs in the circuit C peaked profiles of the electron temperature and density
near Xc=0, whereIA:Elelj and lg=1g are nearly the in Fig. 7(a). As C, approaches the LC-resonance value, the

IV. RESULTS AND DISCUSSION
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FIG. 8. Ch and ClI neutral density profiles for Cdlischarges with 1.5 kW rf
power and 10 mTorr gas pressure, where@/ is (a) 63 (), (b) 68 2, and
(c) 73 Q.

FIG. 9. Ck and CI' ion density profiles for Gldischarges. The discharge
conditions are the same as those given in Fig. 8.

e variousC, . For the optimum case (@C,=68(1), the ion
electron temperature and power deposition in the outer reﬂux is uniform within 2.3% over 300 mm in diameter.

gion increases and the plasma profile extends radially, as™ _. .
shown in Figs. ) and 7c). When 1C, = 68 the radial F|g'ure 11 shows time dependence of the sheath voltage
fo(! various C, when the applied voltage and frequency on

spread of the plasma on the substrate becomes optimized aid " lectrode are set to be 80 V and 13.56 MHz. and the

. e oo R
uniform within 2% over 300 mm in diameter. blocking capacitance is 5000 pF. It shows a distorted sinu-

In the case of Gl d.|sc.:harges(wh|ch IS not .presented soidal form due to the nonlinear characteristics of the sheath.
herg, electric characteristics of the antenna coils are nearly

the same as those shown in Fig. 5. This is because reactances
of the coil segments are mainly determined by their geomet-
ric configurations. In Figs. 8 and 9, the Gilasma density
profiles are plotted fora) off resonant 1bC,=63Q, (b)
optimum 1 C,=68(), and(c) resonant 1C,=73Q. Fig-

ure 8 shows the density profiles of neutral Cl atoms and ClI
molecules. Here we observe a depletion region ¢fdDk to

the dissociation to Cl atoms. The depletion region moves
toward the outer region asdC, approaches to the reso-
nance value. Figure 9 shows the density profiles of &id

Cl; ions. Since the Cl ion is mainly produced by direct
ionization of ClI, its density profiles with various external
capacitances resemble those of"Agiven in Fig. 7. How-

ever, due to the lack of neutral Gholecules in the depletion
region, the CJ density profile is insensitive to change of the r(cm)

Va“ak.)le capacitance, . . . . FIG. 10. Radial profiles of the total ion fluxes onto the substrate for Cl
Figure 10 presents radial proflles of the total ion flux, discharges for various external capacitances. Here the rf power is 1.5 kW

i.e., sum of Cf and Cg ion fluxes, onto the substrate for and the gas pressure is 10 mTorr.
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E?G. 13. Radial profiles of the poly-Si etch rates for various external ca-

1.5 kW rf power and 10 mTorr gas pressure. The applied voltage and frepacnances. Here the rf power is 1.5 kW and the gas pressure is 10

quency on the electrode are 80 V and 13.56 MHz and the blocking capaci-
tance is 5000 pF. The time is normalized by the rf peffod

The time averaged dc bias voltagés., which come from
the the mobility difference between electrons and ions, are
—38, —41, and—42V for 1/wC,=63, 68, and 73}, re-
spectively.

Figure 12 presents the Cland Cl ion fluxes onto the
substrate as functions of the ion kinetic energy for various
external capacitances under the time-varying sheath voltages
given in Fig. 11. The energy distribution is normalized to
enclose a unit area and the kinetic enelkgis normalized by
the average kinetic energ{K)= KT ;(K)dK/[T;(K)dK,
whose values are 48.7, 53.6, and 45.6 eV fof,Gind 52.3,
41.1, and 41.7 eV for Gl, when 1 C,=63, 68, and 73),
respectively. The energy spread widths in Fig. 12 are in good

{nTorr.
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FIG. 12. Dependence @& CI* and(b) Cl; ion fluxes onto the substrate on FIG. 14. Temporal evolution of poly-Si etch profiles in the optimum case of
the kinetic energK for various external capacitances. The energy distribu- Fig. 13 (1w C,=68() for 2 min at three different positions on the 300 mm
tions are normalized to enclose a unit area and the energy is normalized hwafer: (a) r=0 cm (centel, (b) r=7.5cm (middle), and (c) r=15cm

the average kinetic enerdK). (edge.
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