Two-dimensional pulsed-plasma simulation of a chlorine discharge
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A two-dimensional (,z) continuum model was developed to study the spatiotemporal dynamics of

a pulsed powersquare-wave modulatgehlorine discharge sustained in an inductively coupled
plasma(ICP) reactor with a planar coil. The self-consistent model included Maxwell's equations for
the power deposition profiles coupled to the electron energy equation and the species mass balances.
Simulation results showed separation of the plasma into an electronegative core and an
electropositive edge during the active gldpower on and the formation of an ion—ion plasma
~15us into the afterglow(power off. During the early active glow, the negative ion flux was
convection dominated near the quartz window of the ICP reactor due to the formation of large
electrostatic fields, leading to a self-sharpening front propagating into the plasma. The negative ion
density profiles were found to have a strong spatial dependence underlying the importance of spatial
resolution in negative ion density measurements. The time dependent ion and radical flux uniformity
was also studied. Simulation results were compared with experimental data and reasonable
agreement was observed. 802 American Vacuum SocietyDOI: 10.1116/1.1450581

I. INTRODUCTION article, a two-dimensiona(2D) self-consistent continuum
(fluid) model was developed to simulate the spatiotemporal
Low pressure £100 mTorr) glow discharge plasmas are eyolution of an inductively coupled pulsed chlorine dis-
used extensively in microelectronics for etching and deposicharge in a GEC reference c&llThe power deposition was
tion of thin films™ Pulsed power operatidie.g., square-wave calculated self-consistently as opposed to a uniform power
modulated power input to the plasmmay offer potential  deposition used in the 1D wofklIn previous studies, a
improvements of reactor performance. For example, etch amodular approach was used to simulate cw plasma operation,

deposition rate and uniformity may be imprO\feﬁparticu- in which only the “steady state” was of intere¥tin con-
late density may be reducéar anomalous etch profiles may trast, in the present work, the coupled equations for plasma
be suppresset. power deposition, electron temperature, and charged and

Pulsed power electronegative discharges are of particulateutral species densities were solved simultaneously to cap-
practical importance since the vast majority of gases used faure the time-dependent discharge evolution.
plasma processing are electronegative. In such plasmas,
negative ions replace electrons as the dominant negative-
charge carrier sometime in the afterglow, provided the after!- MODEL FORMULATION
glow phase is long enough. A positive ion/negative (imm— Figure 1 shows a schematic of an inductively coupled
ion) plasma is then formed and negative ions can escape tt@EC reference cell, which can generate a high density
dischargé.® Since the temperature and mass of negativeplasma inside a chamber bounded by a quartz window and
ions are comparable to those of positive ions, the flux ofmetal walls. The plasma is driven by a 5-turn planar coil
positive and negative ions will be equally anisotropic, potenpowered at 13.56 MHz. The rf current in the coil produces a
tially reducing differential charging on the walls of micro- time-varying magnetic field, which in turn induces an azi-
scopic features on the wafer surface. For instance,étfal®  muthal electric field heating the plasma electrons. The model
applied a low frequency bia$00 kH2 in the afterglow of a consisted of the electromagnetic equation for the self-
pulsed chlorine discharge to achieve significant reduction irconsistent azimuthal electric field powering the plasma, an
charging damagénotching compared to a continuous wave equation for the electron temperatyessuming Maxwellian
(cw) plasma. This was attributed to alternate irradiatioh  electron$, and mass continuity equations for the charged
positive ions and negative ions leading to reduced surfacéCl™, Cl," and CI') and neutral(Cl) species. The model
charging. equations are described in the following sections. Details of

In order to improve understanding of pulsed plasmas irthe formulation may be found in published worRs®® The
electronegative gases, and elucidate how these plasmas malgctron density was calculated by charge neutrality. This
affect processing, it is worthwhile to model the spatiotempoimplies that the thin sheath near the reactor walls was not
ral plasma evolution in realistic reactor geometries. Existingncluded in the simulation. Since the sheath is only hundreds
pulsed plasma models and simulations are limited to welbf microns thick in the high density plasma, boundary con-
mixed (0D)*'! and one-dimensiondllD) works®!? In this  ditions were effectively applied at the geometric location of

the walls. The reaction set for chlorindable ) was the

dElectronic mail: economou@uh.edu same as befor® except that the charge exchange'Cl
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(3) The charged particle flux was described by the drift-

0 14: diffusion approximatior(spatial inertia was neglected in the
E Metal momentum equationsince the pressure was10 mTorr.
o.12:— Air - . (4) The electron energy distribution functigBEDF was
: / W/m assumed Maxwellian and an equation for the electron tem-
04k / S aaEe perature was solved.
R Coil / 1 1 1E+08 (5) Particle mobilities and diffusivities were assumed con-
EosFmimmm / stant for a given pressure.
N _ﬁ (6) Electron heating was assumed to be collisional
0.08 B W Quariz window (ohmig). Noncollisional heatinf can become important at
- 7 low pressures whent /5> w, v,,, where the symbols stand
0.04F ; gll;gtsrtcr::lt:(metal) for electron thermal velocity, skin depth, applied field fre-
[ Plasma region / R ’
= quency, and electron collision frequency for momentum
002 transfer, respectively.
ol LLLLLA, L r (7) lons and neutrals were assumed to be at 300 K. Hence

0.05

o

R (m) 0.1 0.15 a heavy species energy equation was not solved.

A. Electromagnetics
Fic. 1. Schematic of the GEC-ICP reactor. The quasi-steady state power ) . ) )
deposition profile is also shown. Under the assumption of azimuthally symmetric electric

field, with a time harmonic dependence of the foem/*t,
Maxwell's equations can be reduced to a single scalar equa-

+Cly~CI+Cl} reactiot” was also incorporated in the 10NN E,. In cylindrical coordinates,

chemistry set. The assumptions of the model were as fol-

lows. 19| dEs\ °E, E,y sz E i 1
(1) The fluid approximation was used sinagL=0.1, ror\"ar )T T E e o="loneds, (1)

where\ is the mean-free patf+-0.5 cm) andL is a charac-

teristic dimension of the reactér-5 cm). where w is the frequency of the coil currenjq is the

(2) The species densities, electron temperature, and insacuum permeabilityi,. is the complex permittivity of the
duced electric field were assumed to be azimuthally symmeiplasma(which depends on the electron denkity, is the
ric, and magnetic fiefd effects were not considered. impressed current density in the coils, ands the speed of

TaBLE |. Important reactions in a low pressure chlorine discharge.

No. Process Reaction H; (eV)

Electron impact reactions

R1 molecular ionization e+Cl,—Cly +2e 11.47
R2 atomic ionization e+Cl—CI*+2e 12.99
R3 dissociative attachment e+Cl,—CI™+Cl

R4 electron—ion neutralization e+Cl; —2Cl

R5 electron detachment e+Cl"—Cl+2e 3.61
R6 dissociative excitation e+Cl,—2Cl+e 3.12
Molecular excitations e+Cl,—CI5 +2e

R7 B3I 2.49
R8 211, 2ty 9.25
Atomic excitations e+Cl—CI* +2e

R9 4s 8.90
R10 4p 10.40
R11 d 10.90
R12 5 11.80
R13 s 12.00
R14 5 12.40
Other reactions

R15 ion—ion recombination ClJ +ClI™—Cl,+Cl

R16 wall recombination 2¢Gtwall—Cl,+wall

R17 charge exchange CI*+Cl,—Cl3 +Cl
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light. At low frequencies, the current in the coil is nearly
constant and the above equation may be solved for constal

J, to determineE, in the reactor. However, at higher fre-
guencies, a circuit model is required to account for capacitive
coupling between the coil and the plasnféne current
changes from loop to loop° In the present work, the pro- gz~
cedure of Jeageretal?® as adopted by Midha and
Economod! was used to calculate the power deposition. The @
power deposited in the plasma was computed by 3

w %) IS IS
3 o

T.(eV)

P=3Re(0p)|Eyl?, (2)

N

where Ref,) is the real part ofo,, the complex plasma
conductivity. Equatior(2) assumes that the power deposited
in the plasma is due to ohmic heatitityThe conductivity
was obtained from the following relations:

Density (10"’
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Fic. 2. lon densities and electron temperature evolution at the center of the
reactor(base case conditions

op=—jweg(Kc—1), (4)

Boundary conditions employed wede=0 on the symmetry
wSe= nee’/mey, (5)  axis, whereJ; is the ion flux, andn;=0 on the rest of the
boundary. The electrostatic field was derived assuming no

where w, is the electron plasma frequency amg| is the  net current in the plasma. Equating the positive and negative
electron collision frequency for momentum transfer. charge fluxes, one obtains

In reality, during the active glow fraction of the cycle,

power is initially coupled to the plasma through capacitive D.Vn. +D. Vn. -D.Vn.—D.Vn
. . Py Py P, P, n n e e

coupling. After the electron density exceeds a threshold g_= ) (7)
value, power is then coupled in the inductive mode. The MpNp, T Mp,Np, T Hnln T HeNe
present simulation does not account for capacitive coupling. . _ _ _
In order to emulate reality with the present model, the powerThe electron density, was obtained from quasi-neutrality
was actually ramped linearly from zero to the full power asne=n, +n, —n, wheren, , n, , andn, are CI', Cl, ,
level during the first Sus of the “power on” fraction of the and CI" densities, respectively.
cycle. This approach should only affect results during the
first severalus of the pulse. This was indeed verified by
. . . . . . C. Electron temperature
simulations using different ramp times. The main effect was
on the electron temperature spiket the steady state value  The electron energy equation reads
of T., see Fig. 2 Species densities are slower to respond
and are not affected appreciably. 9

at

3
5NeTe =—V.getP— 2 RjAH;, )
B. lon transport and reaction .
With the drift-diffusion flux approximation for the

charged species, the continuity equation for the ions
(Cly ,CI*,CI7) is of the form,

Oe=—KeVTet gJeTev 9

whereq, is the electron energy fluX, is the electron ther-

mal conductivity, and, is the electron flux. The second term
B 6) on the right hand sidérhs) represents the power deposited
L into the electrons due to ohmic heatifigq. (2)]. The third

term on the rhs represents the electron energy lost due to
wheren;, z;, D;, and u; are the density, charge number, elastic and inelastic collisions. The electron density decays
diffusivity, and mobility, respectively, of speciesE. is the  quite rapidly in the afterglow. Therefore a finite valuergf
electrostatiqspace chargdield having two component€,  was fixed in order to prevent the energy balance equation
and E,). The summation on the right-hand side representsrom becoming singuldt!* The boundary conditions were
reactions that produce or destroy the respective speciege=0 at the centerline and,=3J.T. on walls. Since the

an;
ot =V (ZipiniEse— Divni)+; R
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time scale for electron temperature evolution is the smallest TasLE Il. Base case parameter values.
in the system {-0.1 us), the temperature reaches a periodic
steady state most rapidly.

Pressure 20 mTorr

Peak power 320 W
) Pulse frequency 10 kHz
D. Neutral transport and reaction Duty ratio 05
The Cl atom density was computed using Erf) below, IC' "‘;a” recort“bi”aﬁon probability g'olo .
assuming that transport is diffusion dominated, on temperature
Gas temperature 300 K
dNg N
—r =~V (=DaVne)+ X Rig— —., (10
d i Tres 1 2 1/2

daa| , (12

&j =

%> (i+1)Tp_ (%) i,

whereR; ¢, represents reactions that produce or consume Cl fﬂ[

atoms. The boundary conditions were symmetry on axis and

—DaVneg=[v/2(2—y)Incpc—Jci+ on walls, whereyis  whereg;, u;, and(u;) are the tolerance parameter, depen-
the recombination probability of Cl atoms on the walls dent variable, and its average, respectively, over the domain
(=0.1), vy is their thermal velocity, andg+ is the flux of  of interest(). V is the plasma volumeT, is the pulse width

CI" ions on the walls. The Gldensity was obtained fromc;  of the power modulation cycle, ardis the cycle number
asnc,=Nng—nNc whereng is the total neutral density. The (i=1,2,3,...). The convergence criterion was tested at the
latter was found assuming a uniform pressure and gas tenend of each cycle; integration was terminated when the
perature of 300 K. The last term in E¢LO) accounts for evaluated tolerance was less than a user-specified value
convective flow losses of Cl atoms through the residencé0.5% for all species and electron temperature. As expected,
time 7. (=3.8 m9. The response time scale for neutral spe-the Cl and CI densities were the slowest to converge.

cies is the largest in the systef®1 m9. Therefore integra-

tion in time had to be performed over ten to hundreds oflV. RESULTS AND DISCUSSION

cycles to attain a periodic steady state. A chlorine discharge was simulated in an inductively

coupled GEC reference cell under the base case parameters
Ill. METHOD OF SOLUTION shown in Table Il. The mobilities of the ionic species and the
The set of nonlinear coupled PDEs fdt, and species Cl atom diffusivity are shown in Table Iff lonic diffusivi-
transport[Egs. (6)—(10)] was spatially discretized using a ties were computed using the Einstein relatDs ukT/e,
streamline upwind Petrov—GalerkitSUPG method? to  where T is temperature. Power to the plasma was square-

yield a system of equations of the form wave modulated with the power at the peak value for the first
50 us of the pulse(power on followed by zero power
A(wu=K(u)u+F(u), (1)  (power off) for the remaining 5Qus (pulse period 10Qus,

duty ratio of 0.5. The “power on” and “power off” phases
whereu represents the solution vectar;is the time deriva-  Of the cycle will be referred to as “active glow” and “after-
tive of u, andA andK are banded nonlinear mass and stiff- 91ow,” respectively. Simulations were also performed for
ness matrices, respectively. is a nonlinear source vector. duty ratios of 0.3 and 0.7 and a peak power of 220 W in
SUPG is better suited than the traditional Galerkin finite el-order to study the variation of electron density and compare
ement method for capturing sharp gradients. The resultingimulation results with experimental défa.All results
set of implicit ordinary differential equations in E@ll) shown below are for the periodic steady state at the base case
was integrated in time using backward difference fornfiflas ParametergTable 1)), unless noted otherwise. In the discus-
until a periodic steady state was obtained. At each time stegion below, the discharge electronegativity was defined as
the equation for the azimuthal electric fieJiiq. (1)] was the ratio of negative ion to electron density. Also discharge
solved using the Galerkin finite element method and a directcore” and “edge” refer to the core and edge regions of the
band solver. The convergence criterion was set by evaluatingPace in-between the parallel plates, while “outer region”
the L2 norm of the solution normalized with respect to the refers to the cylindrical space surrounding the parallel plates,

average, ie., 8.3<R<13cm (Flg 1)
TasLE lIl. lonic mobilities and CI atom diffusivity(N is the neutral gas densjty
Name Symbol Value Reference
Cl3 mobility Necit (emtv-lgh 5.62x10'° 16
CI™ mobility Nug+ (cm v ish 6.48< 10" 16
CI~ mobility Nu_ (cmtv-lsty 6.48x10'° 16
Cl diffusivity NDg (cm s 6.21x 108 16

J. Vac. Sci. Technol. A, Vol. 20, No. 2, Mar /Apr 2002



471 B. Ramamurthi and D. |. Economou: Two-dimensional pulsed-plasma simulation 471

14
13F
12F 9
"E g
10F 3
oF 1
O ]
L7E
5k
4i\6 5 3 2 1
F—~——
3F
: s
2E
i
E . ; 1 ; ! I 1
% 5
‘ R (cm)

Fic. 3. Quasi-steady stafat 20 us) electron temperatur@V) profile (base

case conditions, Table)ll

The quasi-steady state power deposition profile
W/cm®) is shown in Fig. 1. Power is deposited directly underof power deposition. Electrons cool substantially in the outer
the coil in a toroidal pattern, with a typical skin depth of region of the reactor (8 R<13 cm). Despite the fact that
~1 cm. The max power density is 7 W/cn? for a total

power deposition of 320 W.
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The time evolution of electron temperature, electron den-
sity, and ion density at the center of the dischaiige 0 and
z=4.5cm is shown in Fig. 2. The electron temperature is
controlled by a balance between electron production, mainly
by ionization of atomic and molecular chlorifeactions R1
and R2 in Table)l, and loss by attachme(®R3) and diffusion
to the walls. Since the electron density is very low at the
beginning of the active glow, the electron temperature goes
through a spike before relaxing to a quasi-steady value after
~10us. Such temperature spikes have been observed
experimentally:?® The electron temperature is seen to de-
crease rapidly in the early afterglow mainly due to inelastic
losses with neutrals. The electron and ion densities all rise
monotonically during the active glow. The Cldensity is
lower when compared to ¢l in part due to charge ex-
change with molecular chloringeaction R17, Table)l This
reaction is responsible for the almost complete disappearance
of CI" late in the afterglow. The electrons disappesdt5 us
into the afterglow leaving behind an ion—ion pladifa
eventually consisting of Gl and CI ions®

The electron temperature distribution during the quasi
steady statéFig. 3) is highest (-4 eV) near the maximum

power is deposited in a relatively small toroidal zaoffég.
1), electrons are quite warm even far from the quartz window
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FiG. 4. Electron densitycm ) evolution at(a) 2 us, (b) 10 us, (c) 50 us, (d) 53 us, (€) 56 us, and(f) 60 us during a pulsé¢base case conditions, Table. 1l

JVST A - Vacuum, Surfaces, and Films



472 B. Ramamurthi and D. I. Economou: Two-dimensional pulsed-plasma simulation 472

(a) (b)
14 — ———— ——— -
7 241E+02 t4p 14 5 9656400
13F 6 2.06E+02 1w & 10RO 138 a4 827E+00
F 5 8576400 F
2 5 172E+02 12E 1 s85E400 12 3 5.49E4+00
b 4 1.38E:02 5 21oE00 E 2 2.72E+00
3 1.03E+02 TE D om0 ME 1 4338400
10F 2 6.88E+01 10F T ear.oo 10F
oF 1 3.44E+01 E B E
9 9F
- 8F — 8F ~ 8F
£ E E
S 7k S §7 3
N g ”‘N\ N g N gF
s ﬁ ) 3 3
N J 4F aF
3E £ E
E amm— 1 3 E 3 E S
2 3 2k 2F
1E 1E 3
OZI\Ilé" 110 OE""" 05‘.‘.|‘..
0 0 5 0 5
R (cm) R (cm) R (cm)
(d) (e) M
145 14F — 14 —
1BF 5 1.22E+0t 1BE 4 1.64E401 s 4.GQE+01
12F 4 1.04E+01 1 12F 3 9.37E+00 1 12 ‘; 2‘3?{81
HE 3 696E+00 - nE 2 489E+00 Eo; 1‘87E*01
E 2 3.48E+00 E 1 234E+00 2 F iy
10F 1 1.74E+00 10F 1o 1 SI7E00
Sk 9k 3 s
~ 8F = 8F -
§ 7k \ 87k [ 5 F
" EC/%} N ==
5RE 3> 3 sEC <a>
e IS,
4F 1 L
3E 3F [
2 ) E t
2k 2F F
1E 1E E
E 1 1 P — E SNRTIUN S PR 1 Fooo L
% 5 76 % g 16 0§ 5
R (cm) R (cm) R (cm)

Fic. 5. Electronegativityratio of negative ion to electron densitiesvolution at(a) 0 us, (b) 10 us, (c) 50 us, (d) 53 us, (e) 56 us, and(f) 60 us during a
pulse(base case conditions, Table. Il

(e.g., near the substrate electrpdieie to the high thermal This stratification is also seen in the negative ion density
conductivity of the electron gas. Lower pressures would leagbrofiles of Fig. &d). The drop in electronegativity later in the
to higher electron temperatures and a more uniform temperactive glow[Figs. §b) and 5c¢)] is attributed to the continu-
ture distribution. ing build up of electron densit{Fig. 2).

The space-time evolution of electron density is shown in  Figures 4d)—4(f) show the electron density profiles in the
Fig. 4 for times of 2, 10, 50, 53, 56, and 68. In the initial  early afterglow. The corresponding electronegativities are
active glow(at time 0", not shown, there are only relatively shown in Figs. &)—5(f). Once the power is turned off, elec-
few electrons to absorb power; hence most of the power itron production by ionization quenches since the electron
reflected. As the ionization rate increases due to a steep risemperature plummets within a fews. Electrons are lost
in electron temperaturéFig. 2), more electrons become mainly due to attachmenfthe attachment rate coefficient
available to absorb power and cause further ionization. Thugses by an order of magnitude as electrons cool in the
the electron density increasgsigs. 4a) and 4b)]. Initially afterglowt!) and diffusion to the walls. Thus the electron
[Fig. 4@], the electron density gradient is quite low. This is density drops quickly and the electronegativity rises both in
due to the high values of electronegatiViig. 5@ ], which  the discharge core and the edge. As electrons disappear
lead to near neutralization of the space-charge field and thusithin ~15 us into the afterglow, the electrostatic fields dis-
enhanced diffusion of electror@pproaching free electron integrate, an ion—ion plasma forms, and negative ions start to
diffusion at very high electronegativitipsHigher electron diffuse towards the edgksee also Fig. @)]. It should be
diffusivity leads to a smoother electron density profile. After noted that there are two distinct peaks in the electronegativ-
~10us in the active glowFig. 4(b)], the electron density ity profile during the late active glow and the early afterglow
profile reaches a quasi-steady state. The profile remains ed~igs. §b)—5(e)]. The peak in the discharge core occurs due
sentially unchanged during the rest of the active g[6ig.  to the large number of negative ions there, while the peak in
4(c)], showing two distinct regions. Th@ner core of the the outer region occurs due to the presence of very few elec-
discharge, where negative ions existectronegative coje trons there.
and the electron density gradients are smaller, andathien The CI' density profile evolution is shown in Figs(e&6—
edge where the negative ion density is very srielibctrop-  6(f). At the start of a pulse, negative ions are present in the
ositive edge and the electron density gradients are largerperiphery due to diffusion during the afterglow of the previ-
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Fic. 6. CI” density(cm ) evolution at(a) 0 us, (b) 1 us, (c) 5 us, (d) 50 us, (€) 60 us, and(f) 90 us during a pulsébase case conditions, Table. Il

ous pulse. As the electron temperature and electron densitive ion profile[Fig. 6(d)] is sustained by a balance between
start to increase, the ambipolar electric fi¢kh. (7)] also  production processes such as attachment, and destruction
increases, causing negative ions to be squeezed into thocesses such as detachment and ion—ion recombination.
plasma[Figs. 6c) and &d)]. The squeezing of negative ions Later in the afterglow, negative ions start diffusing back to-
is stronger near the quartz window since the electron temwards the walls as the electric field diminishes. Their diffu-
perature is larger in that regidirig. 3, see also Fig.(8) sion is almost fre€almost no electric fieldafter the ion—ion
below]. Since there is negligible flux of negative ions at the plasma forms.

wall during the active glow, the quasi-steady state of nega-
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-———— 1ps Fic. 10. Evolution of total positive ion flux on substrate electrode during a
————— 3pus pulse(base case conditions, Table.ll
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[ ———— 10us
[ —m— 50 s (b)
@ | - —a& - 555 : (a) corresponds to 1.4 ciftlosest to the substrate electrpde
g 3E+11f — =¥ Gg us line (b) is for 2.6 cm(near the central planewhile line(c) is
~ [ -~ 70ps 7 for 3.4 cm(nearest to the quartz windgwLine (c) shows an
%' s v initial abrupt drop in the negative ion density near the quartz
S el / T T N window as the power is turned on, due to the formation of
0 5 // o \ electrostatic fields squeezing negative ions towards the
W s . . .
g i / e \ plasma[see also Figs. (6) and &d)]. The fields exists so
..3 B 7 ‘:\ long as the power is on; hence there are virtually no negative
o 1E-11[ 7 . ions at that location for the duration of the active glow. In the
by - A R Ll s R . .. . L .
i i s A AR A - Al afterglow, the field disintegrates allowing negative ions to
"~ S X . o
i ,,;éaf— ¥ J‘--L{Q-_ back diffuse and escape to the wall, thus leading to a rise in
Y/ S-S Y E ETC the negative ion densitlsee also Fig. @]. Near the sub-
8 4 Z (cm) 5 6 strate electrodéline a), however, squeezing is less promi-

nent since the ambipolar field is not strong enough to ex-
Fic. 9. Density evolution along the axial direction at a radius of 2.4 cm for clude negative ions from that location. Near the center of the
(a) negative ions andb) electrons(base case conditions, Tablg. Il dischargq”ne b), the negative ion density increases mono-

tonically during the active glow as negative ions pile (Up

part due to the squeezing referred to ahavear the center.

Figure 7 shows the quasi-steady state profile of the Cln the afterglow, the negative ion density decreases mono-
atom density. A peak occurs in the core of the discharg¢onically due to negative ions diffusing back towards the
where the electron density is highest, and Cl atoms are prowalls.
duced mainly by dissociation of molecular chlorifreaction The line plots in Fig. €a) show the negative ion squeez-
R6 in Table ). Although the CI atom production rate peaks ing along the axial directiofat R=2.4 cm) during the active
off axis, the density itself peaks on axis due to diffusionglow and the back diffusion of negative ions during the af-
“filling in.” The Cl atom density drops off near the walls due terglow. In fact, the negative ion density profiles on the
to surface recombination. The Cl atom density in the outequartz window sidd€at z near 6 cm show the formation of a
region of the cell is low due to a much lower rate of produc-self-sharpening front, during the active glow. The electron
tion of ClI (low electron density and temperatu@nd wall  density along the axial direction is shown in Fighpfor
recombination. However, diffusion keeps the Cl atom densityarious times during a pulse. The asymmetry in the electron
substantial even in the outer region. Since the time scale fadensity profile is due to the asymmetry in the power deposi-
neutral transport and reaction is of the order of a few milli-tion. In regions where the electronegativity is high, the elec-
seconds, the Cl atom density responds to the time averagéibn density profile tends to be uniform, as discussed earlier
power deposited in the plasma, rather than the instantaneo(Big. 4). The formation of an ion—ion plasma occurs at
power. ~15 us into the afterglow.
The temporal variation of the negative ion density at three Since etch rates depend on the flux of ions impinging on

axial locations in the dischargeneasured from the substrate the substrate electrode, the evolution of the positive and
electrode, all at a radius of 2.4 ¢gnis shown in Fig. 8. Line negative ion flux striking the substrate electrode was inves-
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Fic. 12. Time-averaged Cl flux on substrate electr@uise case conditions,

Table ).
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uniform as Cl atoms diffuse towards the outer region of the
Fic. 11. Evolution of CT flux on substrate electrode during a pulbase reactor.

case conditions, Table)Il Figures 11 and 12 show that the positive and negative ion

fluxes differ drastically during the active glow of the dis-
charge. In order to extract equal currents of positive and
tigated. Figure 10 shows that the tot&l ™ and C ) positive  negative ions(to minimize charging damageone would
ion flux is quite uniform ovea 3 cmradius, falling off near have to wait for the formation of an ion—ion plasital5 us
the edges. The positive ion flux varies by two orders of maginto the afterglow for the base case conditipesd then
nitude during a pulse. It is very low, limited by free diffu- apply rf bias to perform anisotropic etching using these ions.
sion, in the late afterglow when an ion—ion plasma exists. IOf course, such action reduces throughput. Reduction in
rises during the active glow when the ion density increasesthroughput could be partly offset if it were possible to design
and ambipolar diffusion sets in. The negative ion flux in Fig.a spatial afterglow reactor. Such a system would be a cw
11 is seen to decrease rapidly in the early active glow due tplasma in a strongly electronegative dasy., Sk) at appro-
the formation of electrostatic fields, squeezing negative iongriate pressure such that a steady state ion—ion plasma could
inside the discharge. The negative ion flux increases in théorm over the wafer an appropriate distance downstream of
afterglow as the field disintegrates and negative ions backhe power deposition zone.
diffuse towards the walls. The ClI atom flux along the sub- Comparison with experimental dataContinuous wave
strate electrode is shown in Fig. 12. The profile is quite non{steady state, no pulsinglasma simulations were performed

] Simulation ] Simulation
[ A Experiment (a) i a Experiment (b)
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Fic. 13. Comparison between simulatejuaresand experimentally measuréRef. 26 densities(triangles as a function of powera) Electrons andb)
negative ions, for steady state plasmas.
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Fic. 14. Comparison between simulatedjuaresand experimentally measuréRef. 26 (triangles densities as a function of pressufa). Electrons andb)
negative ions, for steady state plasmas.

at given power and pressure to facilitate comparison of simuposition, as pressure vari¢fig. 15a)]. The negative ion
lation predictions with experimental data. The electron andlensity right at the center of the dischardg®<0) decreases
negative ion densities computéstjuaresat the center of the drastically with pressure. Nevertheless, the simulation pre-
dischargegR=0, z=4.5 cm) are compared with experiments dicts that both the peak and the line integrated negative ion
(triangle$?® as a function of powefFig. 13 and pressure density increase mildly with pressufgig. 15b)], in accord

(Fig. 14). No adjustable parameters of any kind were used irwith experiments. The negative ion density in the experiment
this comparison. The agreement between simulation and exvas measured by laser photodetachment and is therefore lim-
periment is reasonablgxcept for Fig. 14)] in the sense ited by the spatial resolution of the technique. The measure-
that the uncertainty of the experimental values is within thement is in reality over a small volume around the discharge
range of the simulation predictions. The electron density vareenter, not at the center. The above discussion underscores
ies linearly with powefFig. 13a)] and goes through a shal- the importance of spatial resolution in making negative ion
low maximum with pressurgFig. 14b)]. The negative ion measurements, since the negative ion density profiles can be
density rises with powelFig. 13b)], although the simula- varying strongly with position.

tion predicts a slower rise compared to experiment. How- Further comparisons of simulation predictions with ex-
ever, the simulation predicts a strong decrease of negativeerimental datd were performed for pulsed plasmas by
ion density with pressure at the discharge center, while exvarying the duty ratio and peak power. The electron densities
periment shows a mild increase. This predicted behavior ishown in Figs. 16 and 17 are line integrated averages, ob-
due to the strong dependence of the negative ion density dained by integrating the electron density radially along the

- 14 o _
°F (a)  ——=—— Line integrated (Centerline) b
- 10 mTorr - - -3 — Peak (b)
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Fic. 15. (a) Radial profiles of negative ion density at the central axial plane of the discharge in steady state glasReak and line integrate@adially
through the discharge centeralues of negative ion density for 10, 30, and 40 mTorr pressure in steady state plasmas.
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electron density for pulsed plasmas with two different peak povetser
Fic. 16. Time evolution of line average@hrough the discharge center conditions at base case values, Tabje Il
electron density for pulsed plasmas with duty ratios of 0.3, 0.5, and 0.7
(other conditions at base case values, Table Il

served which has also been observed experimentally. The

i _45 Fi 16 sh .. electron temperature was found to peak in the region of

center me(ﬁt =4 ICW)- |g|ure dS ows a mr(])nc()jtomc N power deposition under the coil. However, considerably
crease in the pealplateay electron density as the duty ratio - temperatures were seen away from the power deposi-

is increased. As the duty ratio increases, the degree of My, ;e due to the high thermal conductivity of the elec-
lecular dissociation also increasgemember that the degree trons. The fractional dissociation was found to be highest in
of dissociation depends on the time-average poweince the core of the discharge

total electron energy losses per ionization event are higher The time evolution of the negative ion density during a

for molecular than for atomic chlorine, more electrons areEulse was strongly dependent on the spatial location in the
needed 1o consume the same amount of pe_ak_power as t fscharge. This was attributed to transport processes of nega-
duty ratio increases. Ex_perlme_ﬁfshowever, |nd_|cate that tive ion squeezing during the active glow and back diffusion
the peak electron density varies nonmonotonically as th?n the afterglow. This underscores the need to carefully con-
duty ratio is increased. The peak electron density initiallytrol the spatial resolution of experimental probes used to
increases with increasing duty ratio and then decreases. ThiSoasyre the negative ion density. The formation of an ion—

discrepancy is not clear at the present time. Nevertheles§On plasma was seen to occur-al5 us in the afterglow. By

that time most of the electrons have escaped and the plasma
decays by(almos} free ion diffusion to the walls.

Reasonable agreement between simulation predictions
and experimental data was found for the variation of electron
and negative ion densities with power and pressure in steady
V. CONCLUSIONS state plasmas. In pulsed plasmas, agreement was again found

A two-dimensional self-consistent simulation of an induc-for the variation of electron density with input peak power.
tively coupled pulsed-poweisquare-wave modulateghlo- ~ However, the experimental variation of electron density with
rine plasma was developed based on the fluid approximatiofluty ratio was more complex than the monotonic increase
The equations for the inductive power deposition werePredicted by the simulations.
coupled to the plasma transport equations to capture the
space and time evolution of the discharge. In the active glowWACKNOWLEDGMENTS

sppntapeous separatio'n' of the plasma into an ion—ion core Many thanks for the financial support by the National
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place. An initial spike in the electron temperature was ob- 2R. Boswell and R. Porteous, J. Appl. Phgg, 3123(1987.

found when the peak power variéfer a constant duty ratjo
The peak(plateay electron density increases with increasing
peak power in both simulatiofFig. 17 and experimert?
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