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A mathematical model was developed for a plasma-assisted downstream etching reactor of the
impinging jet configuration. Finite-element methods were employed to solve for the two-

dimensional fluid velocity, temperatare, and active species concentration distributions. Etching
of a polymer (e.g., photoresist) using pure oxygen was analyzed with emphasis on the effect of

reactor design and operating conditions on etching rate and uniformity. For a given flow rate,
an optimum value of pressure was identified which maximized the etching rate. The etching
rate increased monctonically with power, but decreased exponentiaily with distance between
the plasma and the wafer. Under the conditions examined, the etching rate was found to be
highest at the wafer center. Local loading was observed around the periphery of the wafer at
high wafer temperature. The etching uniformity was found to depend on the gas-flow
distribution. A new reactor design was proposed to achieve efficient gas dissociation in the
plasma, rapid transport of the dissociated gas to the etching chamber, and nearly uniform flow
distribution over the wafer. The new design resulted in improvement in both etching rate and

uniformity.

i INTRODUCTION

Plasma-assisted etching is a critical step in microelec-
tronic device fabrication, especially when delineation of mi-
crometer-size patterns is required. However, as device di-
mensions continue to shrink, minimization of the “damage”
caused by harmful plasma radiation on sensitive devices be-
comes increasingly important.? For example, in the fabri-
cation of advanced memory devices, removal of ion-implan-
tation-hardened resists off thin gate oxides often results in
oxide damage when the resist is exposed directly to the plas-
ma.>* Plasma-assisted downstream etching (PADE) tech-
niques have recently received attention as a method to mini-
mize the radiation damage.” In this method, the plasma is
usually excited in an electrodeless discharge cavity using a
microwave or rf power source. Active species created in the
plasma cavity are then transporied by gas flow downstream
in the etching chamber housing the substrate. Under appro-
priate conditions, the exposure of the substrate to energetic
ions, electrons, or photons originating from the plasma can
be minimal. Such conditions minimize or eliminate radiation
damage. Other advantages of PADE are high reaction selec-
tivity, since etching is purely chemical without any ion bom-
bardment effects, and greater process flexibility. However,
the absence of ion bombardment results in isctropic etching.
Furthermore, end-point detection may be difficult in
PADE.

PADE has been utilized for etching of photoresist and
other polymeric films using O, or O,/fluorocarbon dis-
charges,*'? as well as for etching of varicus thin films." "7 A
variation of downstream etching is the so-called plasma
stream etching method utilizing an electron cyclotron reso-
nance (ECR) plasma source.’* In this method the operating
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pressure is refatively low (p < 1077 Torr) and the substrate
is exposed o a low-energy ion bombardment. In addition to
etching, plasma-assisted downstream methods are gaining
popularity in thin-film deposition. For example, such meth-
ods have been used for the deposition of $i and Ge films'>'®
as well as diamondlike films."

The central goals of plasma-assisted downstream etch-
ing are high etching rate and uniformity and no radiation
damage. Owing to the complexity of the system and the large
namber of variables involved, pursuing the above goals
based solely on intuition and trial-and-error experimenta-
tion can be time consuming and costly. Mathematical mod-
els based on first principles can assist in identifying the opti-
mum reactor design and operating conditions.

Although PADE has been used for some time, especial-
Iy for photoresist stripping, there is no theoretical work ana-
lyzing the effect of reactor design and operating conditions
on the etching rate and uniformity achieved. The purpose of
this work is to develop a mathematical model based on trans-
port and reaction principles to analyze a plasma-assisted
downstream etching reactor. The effect of process variables
on etching rate and uniformity is emphasized. Changes in
the reactor design and their effect on etching rate and unifor-
mity are also examined. Polymer (e.g., photoresist) etching
using an oxygen piasma in an impinging jet reactor configu-
ration was selected as a model system for study. This selec-
ticn was based on the fact that photoresist stripping is cur-
rently the main application of PADE, and that the oxygen
plasma system is relatively better understood.'® ' The math-
ematical model is described in Sec. I, and the method of
solution is outlined in Sec. Il Section IV contains the re-
sults and discussion, and Sec. V contains the summary and
conclusions.

#. MODEL FORMULATION

A schematic of the plasma-assisted downsiream eiching
reactor studied is shown in Fig. 1. The axisymmetric reactor
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FIG. 1. Schematic of the plasma-assisted downstream etching (PADE)
reactor studied. Dashed line shows “angled” configuration to avoid line-of-
sight communication between the plasma and the substrate.

consists of a tube (e.g., made of quartz ) leading to a cylindri-
cal etching chamber. The substrate (e.g., semiconductor wa-
fer) rests on a temperature-controlied pedestal in the etching
chamber. The plasma region extends over a certain length
along the tube. The plasma may be created by a microwave
discharge cavity or by a rf source. An otherwise inert gas is
fed to the tube inlet and passes through the plasma region
where reactive species are produced. The “activated™ gas
flows downstream and encounters the substrate in an im-
pinging jet flow configuration. Etching reaction products
and unreacted gases are pumped uniformly from below the
pedestal. The above reactor configuration is similar to the
one used for experimental work by Vukanovic et ¢l

In order t0 avoid exposure of the substrate to energetic
plasma particles, the plasma cavity must be at a sufficient
distance from the substrate. Further, exposure of the sub-
strate to harmful photon radiation may be minimized by
configuring the plasma so as to avoid direct line-of-sight
communication between the plasma and the substraie. An
example of such configuration is skown by the dashed line in
Fig. 1. In the present work such “angled” configuration was
not considered in order to preserve the axisymmetric geome-
try which leads to substantial computational savings. Never-
theless, if the effect of photons on the surface reaction rate is
not significant, similar results on etching rate and unifor-
mity are expected with the two reactor configurations,

Modeling of a PADE reactor requires consideration of
the glow-discharge (plasma) physical chemistry and of the
transport and reaction phenomena iz both the plasma regicn
and the downstream region, including the etching chamber.
Moreover, information about the etching reaction kinetics is
needed. Such phenomena are described in the following par-
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agraphs for the stripping of photoresist using pure oxygen.
The dimensions of the system studied are shown in Fig.
2(b), and parameter values are included in Tables I and II.
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FIG. 2. {a) Finite-element
mesh used for most calcula-
tions. BC No. indicates the
surface on which the corre-
sponding boundary condi-
tion was applied. (b} -
mensions of the PADE
reactor studied. &, and
{,, were varied. Solid line
shows the basic reactor de-
sign, dashed line shows the
reactor with tapered wall,
and dash-dotted line shows
the reactor with a 2-cm ra-
dius of the plasma region.
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TABLE I. Parameter basic values and range examined.

Symbol Name Basic value Range examined

H,  Plasmaendto 1040 cm
substrate distance 40 cm

H, Tube end to i-5cm
substrate distance Scm

P Plasma power S50 W 25-300 W

? Gas pressure 1 Torr 0.5-3 Torr

[oX Inlet gas-flow rate 100 scem $0-1000 scem

T, Substrate {wafer) 373-513 K
temperature 373K

A. The plasma cavity

The plasma is the source of etchant species such as
atomic oxygen. Power from a high-frequency source is cou-
pled to the flowing gas leading to dissociation and ionization
of parent oxygen molecuies. Owing to the electrodeless na-
ture of the discharge, much of the ionization occurs in the
bulk plasma and the discharge may resemble a positive col-
umn.?*?! The effective electric field E,; approximation may
then be used to describe the discharge. The effective electric-
field-to-pressure ratio £, /p was estimated as a function of
PA, where p is the gas pressure, and A is the electron diffu-
sion length given by

2 2

_}_;=<2.405) +<TT>, (0

A R, H,
where R, is the tube radius and H, is the plasma length. For
given plasma dimensions, pressure, and power input, the
average electron density n, was estimated from data for a
pure oxygen discharge using'®??

] ’ZEZ
ﬁ;fﬁﬁmﬁﬁ )

v, mv,

TABLE II. Other parameter values. These parameters were not varied.

Symbol Name Value
To Inlet gas temperature 298 K
T, Reactor wall temperature 298K
R, Substrate {wafer) radius S5cm
R, Substrate holder (pedestal)
radius 10 cm
R, Tube radius lem
H, Eength of plasma cavity Scm
E Etching reaction activation
energy 10.7 keal/mol
Koo Preexponential factor of etching
reaction rate constant 2.8 X 107 cm/s
k, Volume recombination rate
constant 4782 10" cm®/mof® s
k, Volume recombination rate
constant £.343 % 10" em®mol® s
ky Volume recombination rate
constant 5.441x 16" cm®/mol® s
¥ Wall recombination 1.6x 10~%at 298 K
coeflicient (T dependent)
3258 J. Appl. Phys., Val. 66, No. 7, 1 October 1989

where P is the power dissipated in the discharge, v, is the
discharge volume (v, = 7R H » ), ¢ is the electronic charge,
m is the electron mass, and v, is the electron momentum
transfer collision frequency.

The degree of gas dissociation depends on the electron
density and electron energy distribution function (EEDF),
the gas pressure and flow rate, and the tube wall material.
The EEDF generally depends on the discharge operating
conditions such as pressure and excitation frequency. In the
present work, a Maxwellian EEDF was assumed. However,
the model can include other forms of the EEDF such as a
Druyvesteyn distribution, or a more general form of the
EEDF.?**

With E_;/p known, the average electron energy and
electron transport and reaction coefficients may be deter-
mined. For example, for a Maxwellian EEDF, the rate con-
stant &, for the dissociation reaction
k!’

O, +e-20+e (3)

may be found by

k, = f;%(kTe)—s/zj; eap(s)exp(—m k;e )de,
(4
where k is the Boltzmann constant, ¢ is the electron energy,
o, (€) is the reaction cross section, and T, is the electron
temperature.

The gas leaving the plasma region contains a variety of
species such as molecular and atomic oxygen at ground as
well as excited states, electrons, and positive and negative
ions. However, this “activated” gas quickly deactivates in
the afterglow region and only species with a long lifetime
remain to be transported downstream into the etching
chamber.

B. Fluid flow and heat transport

Under the conditions of interest, the pressure is high
enough for the continuum approximation to be valid, and
the flow is laminar and axisymmetric. The velocity field was
chtained by solving the steady-state Navier—Stokes egua-
tions

pOV"VVfV'T'*‘p()Qg(T"“ T0)9 (5)
where the tensor
7= —pl+u[Vv+ (V¥)7], (6)

I being the identity matrix, along with the continuity equa-
tion

Vv =0. (7}
Here v is the fluid velocity vector, p and g are the fluid den-
sity and viscosity, respectively, p is pressure, 7T is gas tem-
perature, g is the gravitational acceleration vector, subscript

0 refers to a reference temperature (298 X), and £ is the
thermal expansion coefficient given by

178V
A _?(ﬁ); (®)

The usual Boussinesq approximation was applied which
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treats density as a constant in all terms of the governing
equations except for the bucyancy term® [last term in Eq.
(5)]. This approximation seems appropriate for the system
at hand since the temperature variations in the reactor are
relatively small.

The gas temperature distribution was obtained by solv-
ing

pc, (vVT) =V-(«VT) + G, (9

where ¢, is the constant pressure heat capacity, « is the gas
thermal conductivity, and G, is the heat generation rate per
unit volume. The latter can account for the fraction of the
power put into the plasma which is dissipated to gas heating,
or for the heat released by volume reactions, such as volume
recombination of active species. For the low-pressure and
power conditions examined in this work, G, is rather small
and may be neglected. The fluid flow and heat transport
equations are coupled through the temperature dependence
of gas viscocity and through the buoyancy term.

The following boundary conditions on fluid velocity
and temperature were used, where the boundary condition
(BC) number refers to the corresponding surface as shown

in Fig. 2(a):
BCI:
v, =2,,[1 - (FA/R}H], v,=0, T=T; (10)
BC2-6
v, =0,=0, T=7T, (1D
BC 7,8,13:
P o 50 T _q (12)
on an
BC 5-12:
v,=v,=0 T=T, (13
Here v,,, is the average gas velocity at the tube inlet, v, and

v, are the axial and radial gas velocity components, respec-
tively, n is the direction normal to the surface, T} is the gas
inlet temperature, T, is the etching chamber wall and tube
wall temperatere, and 7, is the pedestal temperature. The
substrate (wafer) temperature was assumed to be uniform
and equal to the pedestal temperature.

BC1 implies a fully developed parabolic gas velocity
profile and a spacially uniform gas temperature at the tube
iniet. BC2-6 are the no-slip conditions at the solid walis and
a constant wall temperature. BC 7,8,13 are the symmetry
conditions and reactor exit boundary conditions, and BC 9~
12 are the no-slip conditions at the surface of the pedestal
and a constant temperature of the pedestal. The extreme case
of constant temperature of the walls of the tube and etching
chamber may be realized by cooling the walls. The other
extreme of zero heat flux normal to the walls is applicable in
the case of insulated walls. Practical systems usually operate
between these two extremes.

The gas viscosity, heat capacity, and thermal conductiv-
ity were expressed as a function of temperature using stan-
dard physical property estimation techniques.>® The above
equations provided the flow velocity and temperature distri-
butions in the reactor. Such distributions were then used in

3259 J. Appl. Phys., Vol. 88, No. 7, 1 October 1989

the convective diffusion equations describing species trans-
port and reaction as outlined below.

C. Mass transport and reaction

A plethora of neuntral and charged species are formed in
the plasma region. However, the “activated” gas decays
quickly after leaving the discharge cavity and only species
with a relatively long lifetime are eventually transported to
the etching chamber. Such species include atomic and mo-
lecular oxygen and perhaps metastable oxygen and ozone.
Nevertheless, metastable oxygen was found not to react with
photoresist in a downstream reactor.”’ Moreover, the ozone
concentration in the positive column of oxygen dec dis-
charges under conditions comparable to the present work
was found to be at ieast 1] orders of magnitude lower than
the atomic oxygen concentration.”®?® In addition, ozone is
not expected to have much higher reactivity (if at all higher)
towards photoresist compared to atomic oxvgen. It follows
that metastable oxygen and ozone do not appear to be impor-
tant photoresist etchants. On the other hand, atomic oxygen
has been found to be the primary etchant of photoresist un-
der relatively high-pressure { ~ [ Torr) conditions.” There-
fore, in order to simplify the analysis only three gas-phase
species were considered: molecular oxygen, atomic oxygen,
and etching reaction product. In general, molecular oxygen
is the dominant gas-phase species. Atomic oxygen is pro-
duced in the plasma mainly by electron-impact dissociation
of molecular oxygen®' according to reaction equation (3).
The reaction rate is r, = 2k,n,C,, where C, is the concen-
tration of molecular oxygen. The electron density in the dis-
charge is given by Eq. (2), and n, was taken to be zero
ocutside the discharge region. The rate constant k,, is given by
Eg. (4).

Although not the primary etchants, metastable oxygen
and ozone may alter the O-atom balance and hence indirect-
ly influence the etching rate. However, Kaufman®' and Sa-
badil and Pfau”® found wall recombination to be the primary
O-atom loss mechanism, at least in the discharge region, at
pressures less than about 1 Torr. For higher pressures, vol-
ume recombination reactions make a significant contribu-
tion to the atomic oxygen balance.'®'**® Hence in the pres-
ent analysis atomic oxygen was assumed to be consumed by
volume recombination reactions [Egs. (14)-(16)], by the
etching reaction [Eq. (17}], and by wall recombinaticn
[Eq. (18)]:

'3
O+0,+M-0,+ M, (14)
k:
O+O0+M-0,+ M, (13)
K,
30-0,+ 0, (16)
K,
QO+ 5P, (an
K
20+ W0, + W. (18)

Here k|, k,, k; are the volume recombination rate constants,
M is a third body reguired to conserve both momentum and
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energy during recombination, S represents the photoresist
(etching) surface, W represents a wall, P represents the
product of the etching reaction, %, is the etching reaction
rate constant, and %, is the wall recombination rate con-
stant. Yolume recombination reactions depend strongly on
pressure and are normally negligible below 1 Torr. The vol-
ume recombination rate constants were obtained from the
literature.'® In this work, M was assumed to be O,, the domi-
nant gas-phase species. The wall recombination rate con-
stant was expressed as

k,, = iyt (19)

where y is the wall recombination coefficient, and u,, is the
thermal velocity of the oxygen atoms given by

u, =\ 8KT /7l (20)

where M, is the oxygen atom mass. The wall recombination
coefficient was assumed to be that of quartz and was ob-
tained as a function of temperature from Graves and Lin-
nett.*” The etching reaction rate constant was expressed in
an Arrhenius form:

k,=k,exp(—~E/RT).

The activation energy was taken as £ = 10.7 kcal/mo
which is characteristic of downstream etching of photore-
sist. The preexponential factor was adjusted such that the
etching rate constant agreed with the one calculated from
the data of Battey.” The resulting value is k,, = 2.8 107
cm/s.

Mass balance equations were written for Q and O, neg-
lecting multicomponent diffusion effects and using a pseu-
dobinary diffusion coefficient:

vV, =¥ (CD,Vx,) + G,. (22)
Here Cis the total gas concentration, and C,, x,, D;, and G,
are molar concentration, mole fraction, diffusivity, and net
production rate of species i, respectively. Subscripts /=1
and { = 2 correspond to atomic and molecular oxygen, re-
spectively. The total gas concentration was found by using
the ideal gas law

C=p/RT. (23)

The net production rate of atomic oxygen was written as

(21)

1,7,10

G, =2k,n,C, — (k,C\C3 + 2k,CTC, + 2k5CY),  (24)
and that for molecular oxygen was written as
G, = —k,n,C,— k,C\C3 + (k,CIC, + k,CT). (25)

The first term on the right-hand side (rhs) of Eg. (24) is the
production of atomic oxygen according to reaction equation
(3). The first, second, and third terms in parenthesis on the
rhs of Eq. (24) correspond to O-atom elimination reactions
according to Egs. (14), (15), and (16), respectively. Al-
though the preduction of etchant species is localized in space
and occurs in the plasma volume only, etchant volume re-
combination occurs throughout the reactor volume. The
mass balance {or the reaction product was not considered
since its mole fraction can be found by knowing the other
two species mole fractions, and the fact that the sum of the
mole fractions must be unity. The O-0, binary diffusion co-
cfficient was estimated from experimental collision diameter
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data®® and the O, self-diffusion coefficient was estimated us-
ing standard methods.?® Etching and surface recombination
reactions enter in the boundary conditions described below.
Boundary conditions for Eq. (22) were as follows:

BCI:

Ix;
WD[(:'“;‘““:U;(C[O "Cz'); (26)
on
BC2-6,9-11:
chgf‘l‘ = - kwcl’ (27)
on
ax,
b,C = 1k, Cy; (28)
n
BCl12:
e i @29)
on
BC7,8,13:
ax; -0 (30}
on

where C,, is the species concentration in the feed gas, and n is
the surface normal pointing outwards the computational do-
main. Equations (26) and {(30) are Danckwerts-type
boundary conditions.” Equations (27) and (28) represent
wall recombination reaction on all surfaces except the etch-
ing surface, and Eq. (29) represents etching on the photore-
sist surface. Simple lnear kinetics was assumed for both the
wall recombination™ and the etching reaction.””

. METHOD OF SOLUTION

The finite-clement method was employed to solve the
governing equations. Due to the axisymmetric nature of the
system, the computational domain was restricted to only one
half of the reactor. The finite-element grid used for most
calculations is shown in Fig. 2(a). A large reduction in the
required computational effort was achieved by decoupling
the fluid flow and heat transport equations from the mass
transport equations. Such decoupling is justified at low pres-
sures where, for example, the rate of heat generated by vol-
ume recombination reactions is insignificant, and for dilute
systems for which the net change in the number of moles
ppon reaction is negligible.

The coupled fluid flow [Egs. (5) and (7)] and heat
transport | Eq. (9) ] equations with the associated boundary
conditions were solved first. The penalty function formula-
tion>™37 was employed to eliminate pressure as one of the
dependent variables. The advantages of the method are
elimination of one degree of freedom, and reduction of a
differential-algebraic equation system to a purely differen-
tial equation system. The penalty parameter was selected as
10® i, where i, is the gas viscosity at the reference tempera-
ture T,,.>7 The convective diffusion equations [Egs. (22)1
were solved next using the known fluid velocity and tem-
perature fields.

The streamline upwind Petrov-Galerkin finite-element
method®® was used with bilinear basis functions. The com-
putational domain was divided into 476 elements which led
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to 1256 unknowns for the fluid flow/heat transport calcula-
tion, and 1160 unknowns for the mass transport calculation.
The resulting set of nonlinear algebraic equations was solved
using the skyline solver of Gauss elimination with a New-
ton-Raphson iteration scheme.” For a given set of operat-
ing conditions, a complete calcnlation required about 15
mins on a Micro VAXII computer in double precision.

V. RESULTS AND DISCUSSION

The effect of changes in the reactor design and operating
conditions were examined by varying the parameter of inter-
est while keeping other parameters at their basic value. The
parameters varied are shown in Table 1. Basic parameter
values are shown in the third column, and the range of values
examined is shown in the last column of Table I. The param-
eters shown in Table II were not varied. In the calculations
that follow, all parameters were at their basic value unless
noted otherwise.

Figure 3 shows the temperature distribution in the reac-
tor. The inket gas and the reactor walls were assumed to be at
room temperature (7, =7, = 298 K). The pedestal and
wafer temperatures were assumed to be 7, = 373 K. Owing
to the low Reynolds number, the flow is laminar. Due to the
small temperature variations in the reactor, forced convec-

FIG. 3. Temperature dis-
tribution in the reactor. Pa-
rameters were at their basic
value (inlet gas 7= 298 K,
pedestal T'=: 373 K).
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tion dominates over buoyancy effects, and no free-convec-
tion rolls are observed. Due to the relatively high gas velocity
in the tube, the boundary layer is thinner around the stagna-
tion point at the center of the pedestal surface.

Figure 4 shows the concentration distribution (in mole
fraction) of atomic oxygen. The atomic oxygen concentra-
tion starts with a low value at the tube inlet and increases
substantially in the plasma region where O atoms are pro-
duced by electron-impact disscciation of &, [Eg. (3}].
After leaving the discharge there is no more production of
atomic species, and the O-atom concentration in the tube
decreases due to volume and wall recombination reactions.
The O-atom concentration is further depleted in the etching
chamber by the etching reaction as well as by recombination
reactions. The recombination reactions are more important
in the etching chamber than in the tube because the gas resi-
dence time is much shorter in the tube. Hence the atoms have
less chance of recombining while in the tube. In the etching
chamber, the O-atom concentration is higher around the in-
let to the chamber. As the gas fiows radially cutwards over
the wafer, etching and recombination reactions deplete the

FEG. 4. Concentration dis-
tribution of atomic oxygen
{mole fraction). Param-
eters were at their basic val-
ue. The upper scale (mole
fraction 0.000-0.192) ap-
plies to the tube and the en-
trance region to the etching
chamber. The lower scale
(mole fraction 0.000-
0.027) applies to the rest of
the reactor.
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(O-atoms. The above phenomena lead to higher etching rate
at the wafer center. Further, one observes larger concentra-
tion gradients around the inlet to the etching chamber, and
in the plasma region.

The etching rate was calculated by

r, (A/min) = (CF)r, {(mol O/cm?s), 31
where the conversion factor is given by
Cin(MWQ.)( 6(3 \‘ (32)
g\ pr 1678
and r, (mol O/cm?” s) is given by
r, =k, exp[(— E/RT)]|C, (33)

Here g is the number of moles of atomic oxygen consumed by
one mole of the monomeric unit of the polymer (photore-
sist) film, and p, and MW, are the film density and molecu-
tar weight of the monomer, respectively. The values used
wereg = 11,p, = 1.28 g/cm’, MW, = 94. These values cor-
respond to etching of a novolak-type photoresist represented
by the formula {C,H,O), assuming that half of the carbon
is converted to CO, and the other half to CO.* The above
parameter values are arbitrary but reasonable, and are used
here simply to give an idea of what the etching rate in a
PADE reactor may be under the conditions examined.

The average etching rate as a function of flow rate is
shown in Fig. 5 for different values of power input to the
discharge. Other parameters were at their basic value (Table
1, third column). The average etching rate was calculated
from the local etching rate using

2 R,
v = e j r,Fdr.
0

(345

The etching rate raises quickly with flow rate in the low flow-
rate regime, reaches a maximum, and then decreases slowly
in the high fiow-rate regime. At low flow rates, the gas resi-
dence time in the tube and in the etching chamber is large
and the chance for etchant species recombination is high.
This resuits in lower etchant concentration over the wafer
and hence lower etching rate. Further, at low flow rates, the
process is limited by the reactant supply. At very high fiow
rates, the chance for etchant recombination is low, but the
gas residence time in the plasma region is low as well. Hence
the degree of dissociation of the gas in the plasma is small,
again resulting in lower etching rate. Therefore, the etching
rate is maximum at an intermediate flow rate. The location
of the maximum depends on the reactor design and operat-
ing conditions, especially pressure (see discussion of Fig. 7
below). The effect of flow rate is more pronounced for high-
er values of power.

The etching rate distribution along the wafer radius is
shown in Fig. 6 for different input gas flow rates. At low flow
rates (e.g., 50 sccm) diffusion is important in species trans-
port. Hence the resulting concentration gradients are mild
and etching uniformity is improved. At higher fiow rates
(e.g., 300 sccm) convection dominates diffusion and the
etching rate is substantially higher at the wafer center where
“fresh” reactant first encounters the etching film. At even
higher flow rates (e.g., 1000 sccm) the reactant depletion is
not appreciable as the gas flows over the etching surface.
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FIG. 5. Average etching rate as a function of gas flow rate for different
values of power. Other parameters were at their basic value.

This results in improved uniformity again. The uniformity
index was defined as

Ul= (rmax ~ Fmin )/zravg’

where 7, is the maximum etching rate, r,,, is the mini-
mum etching rate, and #,,, is the average etching rate. The
higher the uniformity index, the worse the etching unifor-
mity (higher nonuniformity). Under the conditions of Fig.
6, the uniformity index was found to increase with flow rate
up to 300 scem, and then decrease with flow rate.

The average etching rate as a function of pressure is
shown in Fig. 7 for different values of gas flow rate. At low
pressure, the mclecular oxygen concentration is low and the
gas residence time in the plasma region is small (flow rate is
kept constant while the pressure varies). These two effects
more than compensate for the increase in electron density
and energy in the plasma with decreasing pressure. The net
result is low etchant concentration and low etching rates. At
higher pressure, etchant production in the plasma is more
effective, yet recombination reactions are still unimportant.
Hence the etching rate increases. At still higher pressure the
clectron density and energy in the discharge decrease mar-
kedly and volume recombination reactions come into play.
Hence the etching rate decreases in the high pressure regime.

(35}
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200

Radial Position, cm

FIG. 6. Etching rate as a function of radial position along the wafer for
different values of gas flow rate. Other parameters were at their basic value.
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FIG. 7. Average etching rate as a function of gas pressure for different val-
ues of gas flow rate. Other parameters were at their basic value.

. The maximum in etching rate with pressure depends strong-
1y on the fow rate as seen in Fig. 7. The higher the fiow rate,
the higher the optimum pressure to maximize the etching
rate. For example, for a flow rate of 100 scem, the optimum
pressure is arcund 0.75 Torr, but for 1000 scem, the opti-
mum pressure is around 2.5 Torr. A maximum in the etching
rate as a function of flow rate was observed experimentally
by Spencer et al.” and this maximum was found to be pres-
sure dependent.

The etching rate distribution along the wafer radius for
different values of pressure is shown in Fig. 8. Other param-
eters were kept at their basic value. At low pressure (G.5
Torr) etchant diffusivity is high and volume recombination
is low, yielding small concentration gradients and better uni-
formity. At higher-pressure large concentration gradients
develop leading to nonuniform etching. In fact, the unifor-
mity index increases monotonically with pressure, indicat-
ing a degradation of uniformity with increasing pressure.

The average etching rate as a function of power for dif-
ferent values of gas pressure is shown in Fig. 9. As power
increases, the electron density in the discharge increases re-
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1.0 terr
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400

200

Etching Rate, A/min

o 1 2 3 4 5

Radial Position, cm

FIG. 8. Etching rate as a function of radial position along the wafer for
different values of gas pressure. Other parameters were at their basic value,
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FIG. 9. Average etching rate as a function of power for different gas pres-
sures. Other parameters were at their basic value.

sulting in higher gas dissociation rate and hence higher etch-
ing rate. The dependence of etching rate on power is nearly
linear at low-power values but turns into sublinear at high-
power values, especially in the high-pressure regime. This is
due to the nonlinear volume recombination reactions be-
coming more important at higher power (higher etchant
concentration) and higher pressure. The effect of power on
the uniformity index was found to be rather weak especially
in the low-pressure ( <1 Torr), high flow-rate (> 300
scom) regime. The nearly linear dependence of etching rate
on power has been observed experimentally by Dzicba eral.®

The dependence of the average etching rate on substrate
temperature is shown by the Arrhenius-type piot of Fig. 10.
The pedestal temperature was the same as that of the sub-
strate. The etching rate constant was that given by Eq. (21).
In addition, the temperature dependence of the recombina-
tion coefficient on the pedestal surface was taken into ac-
count. At low temperature the process is kinetically con-
trolled and the activation energy is that of the etching
reaction. At high temperature, however, the process is limit-
ed by etchant diffusion o the wafer surface and the etching
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FIG. 10. Logarithm of the average etching rate as a function of the inverse
of the wafer temperature for two different gas pressures. Other parameters
were at their basic value.
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rate becomes relatively insensitive to temperature. When
plotting experimental data to derive the reaction apparent
activation energy, one has to make certain that diffusional
limitations do not play a role in the process. In addition, one
needs to be concerned with the fact that the bulk etchant
concentration may change as a result of a change in the sub-
strate temperature. This is due to the loading effect which is
present if the etching reaction is an important sink of active
species.

The etching rate distribution along the wafer radius is
shown in Fig. 11 for different values of the substrate tem-
perature. At low temperature, the etching rate is higher at
the wafer center and decreases monotonically towards the
wafer edge, as observed earlier (see Fig. 6). At high tem-
perature, however, the etching rate shows a minimum close
to the wafer edge. This is a result of rapid consumption of
etchant species on the wafer surface compared to slower con-
sumption on the pedestal surface surrounding the wafer.
Thus, etchant species diffuse towards the wafer from the
relatively inert surrounding areas, yielding a higher etchant
concentraticn at the wafer edge and a higher etching rate
there. This local loacing effect is similar to that observed in
parallel-plate plasma etching reactors.*’ Moreover, under
the conditions examined, the uniformity index was found to
increase rapidly with temperature above 400 K, implying
greater nonuniformity at higher temperature.

Since active species recombine during their transit from
the plasma region to the etching chamber, the etching rate
can be made higher by placing the substrate closer to the
plasma. However, the minimum permissible substrate-plas-
ma distance will be dictated by the decay time of the after-
glow gas so that radiation damage is avoided. Furthermore,
the substrate temperature may be difficult to control when
the substrate is near the plasma. Figure {2 is a serniiogarith-
mic plot of the average etching rate as a function of the plas-
ma end to substrate distance [ H,,, see Fig. 2(b}] for differ-
ent gas pressures. At low pressure (0.5 Torr} the etching
rate decreases only slightly with distance since volume re-
combination reactions are negligible. At high pressure there
is a dramatic decrease in etching rate with distance from the
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FIG. 11. Etching rate as a function of radial position along the wafer for
different wafer temperatures. Other parameters were at their basic value.
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FIG. 12. Logarithm of the average etching rate as a function of distance
from the plasma end to the substrate (# ) for different values of gas pres-
sure. Other parameters were at their basic value.

plasma because of volume recombination of the etchant spe-
cies. Figure 12 also shows that the optimum pressure for
maximizing the etching rate depends on the distance from
the plasma. For example, for a distance of 40 cm, the maxi-
mum etching rate is achieved at a pressure of 0.75 Torr (see
also Fig. 7). However, as seen in Fig. 12, the maximum etch-
ing rate is achieved at around 1.5 Torr for a distance of 10
cm. The dependence of etching rate on distance from the
plasma has been cbserved experimentally to follow the be-
havicr shown in Fig. 12.%7

The decay of the O-atom concentration in the afterglow
in tubular reactors has been analyzed.**** However such
analyses are not applicable to the problem at hand since no
account is taken for the presence of etchable substrate.
Owing to the loading effect, the O-atom concentration de-
pends on the reactivity of the substrate as well as the sub-
strate area. Moreover, the above analyses are not capable of
predicting etching uniformity.

The effect of distance between the substrate and tube-
exit (H,, ) isshown in Fig. 13. As the distance decreases the
etching rate increases. This is because of the shorter gas resi-
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Etching Rate, A/min
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FiG. 13. Etching rate as a function of radius along the wafer for different
values of the distance between tube end and substrate (& ). Other param-
eters were at their basic value.
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dence time in the etching chamber, resulting in lesser recom-
bination and higher O-atom concentration. Further, the
mass transfer boundary layer thickness at the stagnation
point (at » == Q) decreases as the substrate moves closer to
the tube exit. Although the average eiching rate improves by
positioning the substrate near the tube exit, such action re-
sults in significantly worse etching uniformity, because the
gas distribution over the wafer becomes more nonuniform.
The etching uniformity may improve, while preserving the
etching rate, by providing for & more uniform gas-flow dis-
tribution over the wafer surface. This may be accomplished
by tapering the wall near the tube exit as shown by the
dashed hine in Fig. 2(b). Another method tc achieve similar
results is to use a porous disk, perhaps with diameter equal to
the wafer diameter, which showers the gas uniformly over
the wafer surface, much the same way as in single-wafer
plasma etchers of the showerhead-electrode configuration.®!

The effect of wall tapering is shown in Fig. 14. Condi-
tions were otherwise the same as in Fig. 13. One observes an
improvement in: the etching uniformity with only a moderate
reduction in the etching rate. The increased uniformity is
brought about by the more uniform gas-flow distribution
over the ciching surface.

Increasing the radius all along the tube length resuited
in improved etching uniformity, again due to the more uni-
form gas distribution over the wafer. At the same time the
etching rate decreased, however, due to the longer gas resi-
dence time in the tube and the increased importance of re-
combination reactions.

The above analysis reveals that etching rate and unifor-
mity may be optimized simultanecusly by choosing reactor
operating conditions which promote efficient gas dissocia-
tion in the plasma, rapid transport of the dissociated gas to
the etching chamber to minimize active species recombina-
tion, and uniform gas distribution over the wafer to improve
etching uniformity. However, for a given reactor geometry,
selection of the operating conditions to satisfy all of the
above requirements may be difficult. For example, rapid
transport of the dissociated gas necessitates high gas-flow
rate, which however results in a low gas residence time in the
plasma and inefficient gas dissociation. This suggests that

2000
1500

1000 F

Etching Rate, A/min

800 F

3 4 g

Radial Position, cm

FIG. 14. Etching rate as a function of radius along the wafer for different
values of the distance between tube end and substrate () in the reactor
with tapered walls. Other parameters were at their basic value,
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alternative reactor designs may be deviced to alleviate such
opposing factors. For instance, the diameter of the tube in
the plasma region may be made larger than the diameter of
the rest of the tube. This will ailow for longer gas residence
time in the plasma to achieve higher gas dissociation, and at
the same time rapid transport of the dissociated gas to the
etching chamber. A reactor with such a design change is alsc
shown in Fig. 2(b). The new reactor differs from the “basic”
configuration (solid line} int that it has a tapered wall at the
entrance to the etching chamber (dashed line) and a 2-cm
radius of the plasma cavity (dash-dotted line}. The perfor-
mance of such a reactor in terms of etching rate and unifor-
mity (Fig. 15, line C) is compared to the “basic” reactor
geometry (line A), and to the one with tapered walls but
with a 1-cm radius of the plasma cavity (line B}). Other pa-
rameters were at their basic value. One observes a remark-
able improvement in both the etching rate and uniformity
using the new reactor design.

In the above analysis, the plasma length K, [see Fig.
2(b) ] was assumed constant independent of reactor operat-
ing conditions. However, the extend of the plasma depends
on the operating conditions especially pressure and power.
For example, the plasma expands at lower pressures because
of the higher diffusivity of the plasma electrons. Theoretical
prediction of the plasma length is difficult and beyond the
scope of the present work. However, in order 1o assess the
effect of plasma length on etching rate and uniformity, simu-
lations were conducted varying the plasma length in the
range 2—-8 cm, while keeping the other parameters at their
basic value (Table I}. 1t was found that both etching rate
and uniformity were affected by less than 5%. This resuit
can be explained as follows. As the plasma expands, for in-
stance, the electron density falls and hence the atom produc-
tion rate decreases. However, the gas residence time in the
plasma increases resulting in higher dissociation. Apparent-
ty, the two effects nearly balance each other especially for
focations far downstream from the plasma. From the above
analysis it can be concluded that changes in the plasma vol-
ume with reactor operating conditions are of secondary im-
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F1G. 15. Comparison of three reactor designs in terms of the etching rate
along the wafer radius. Linc A: Basic reactor configuration {see Fig. 2(b),
solid fine]. Line B: Reactor with tapered walls [see Fig. 2(b), dashed line].
Line C: Reactor with tapered walls and with a 2-cm radius of the plasma
region [see Fig. 2(b)}, dash-dotted line].
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portance in describing etching rate and uniformity in the
system studied.

V. SUMMARY AND CONCLUSIONS

A two-dimensional mathematical model was developed
for a plasma-assisted downstrearn etching (PADE) reactor
of the impinging jet configuration. Finite-element methods
were employed to solve for the coupled fluid velocity and
temperature fields, and in turn for the concentration distri-
bution of active species. Etchant production and both vol-
ume and wall recombination of etchant were included. Etch-
ing of polymer (e.g., photoresist) in a pure oxygen plasma
was chosen as a model system for analysis. The rationale for
such choice was that the oxygen discharge is relatively better
understood, and that stripping of photoresist using oxygen
plasmas is currently the primary application of downstream
etching reactors. To our knowledge, this is the first relatively
detailed model of a PADE rezactor.

The effect of reactor design and operating conditions on
the etching rate and uniformity was analyzed. Parameter
values in the range typical of practical systems were selected.
The effect of power input to the discharge, gas pressure and
flow rate, substrate temperature, distance between the plas-
ma and the substrate, and reactor geometry were examined.
For given power and gas flow rate, optimum values of the gas
pressure were identified that maximized the etching rate.
The location of the optimum pressure depended strongly on
fiow rate and shifted to higher pressure at higher fiow rate.
The optimum pressure also depended on the distance
between the plasma and the subsirate, shifting to higher
pressure as that distance decreased. For given pressure, the
etching rate increased linearly with power at low-power val-
ues, but the dependence turned into sublinear at higher-pow-
er values, especially in the high-pressure regime. The etching
rate decreased nearly exponentially with distance between
the plasma and the substrate.

Under the conditions examined, the etching rate was
always found to be highest at the wafer center. The etching
rate decreased monetonically towards the wafer edge, except
for high temperatures for which a minimum in the etching
rate was observed near the wafer edge. This behavior was
attributed to the flow distribution in the impinging jet reac-
tor configuration and to a local loading effect manifested at
high temperatures. The etching uniformity was found to im-
prove {low uniformity index) at low pressure and low sub-
strate temperature. Increasing the flow rate initially resulted
in worse uniformity, but further increase in the flow rate
resulted in improved uniformity. Power was found to have
little effect on uniformity. Hence, since etching rate in-
creases monotonically with power, one should operate at the
highest possible power compatible with other system con-
straints. Etching uniformity was found to depend on the gas-
flow distribution over the wafer surface and on the distance
between the wafer and the tube end (inlet to the etching
chamber). A reactor with tapered walls at the tube end
yielded much improved uniformity compared to a reactor
with straight walls, with only a moderate reduction in the
etching rate.

3266 J. Appl. Phys., Vol. 66, No. 7, 1 October 1289

Based on the parametric investigation of the system, a
new reactor design was proposed which featured effective
gas dissociation in the plasma region, rapid transport of the
dissociated gas to the etching chamber, and nearly zniform
gas distribution over the wafer surface. The new reactor re-
sulted in remarkable improvement in both the etching rate
and uniformity.

The present mathematical model was based on several
assumptions and on a simplified treatment of the gas dis-
charge. For example, the dilute mixture approximation was
made in order to decouple the fluid flow and heat transport
equations from the mass transport equations. Such decou-
pling led to substantial savings in computaticnal time. Fur-
thermore, the electron density and temperature in the plas-
ma were derived from an approximate discharge model
assuming pure cxygen, and changes in plasma gas tempera-
ture with power and pressure were neglected. Nevertheless,
the above approximations and assumptions appear to be jus-
tified over a wide range of operating conditions of the PADE
reactor. The approximations are better in the low-power,
low-pressure, and high flow-rate regime. The present math-
ematical model may be used to analyze other PADE systems
for which chemical reaction data exist. An example is the
etching of polymer or silicon using a CF,/C, plasma.*
Further, a similar model may be used to analyze plasma-
assisted downstream deposition reactors. A problem not ad-
dressed in the present work is the charged species decay in
the afterglow. The solution to this problem requires a de-
tailed reaction scheme including electrons, positive and neg-
ative ions, and neutrals. For the plasma-substrate distance
used in the present work, it is expected that the charged
species decay before reaching the substrate.

Unfortunately, experimental data taken under the con-
ditions of the system studied could not be found to performa
quantitative comparison with the model predictions. Such
comparison, if successful, would greatly enchance one’s con-
fidence in the predictive capabilities of the model.

The behavier of plasma-assisted downstream etching
reactors is governed by the complex interdependence of plas-
ma physical chemistry, heat and mass transport, chemical
reactions, and fluid flow in complicated geometries. For this
reason, it is difficult to predict the reactor behavior based on
intuition alone. Further, trial-and-error experimentation to
optimize a given process is usvally costly and time consum-
ing. Mathematical models based on the fundamental princi-
ples of the process may be useful tools in reactor design,
process control, and optimization.
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