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Plasma-surface interactions during plasma etching are important in that, in addition to determining
the rate and quality of the etch, they can also influence the properties of the bulk plasma. To address
this coupling of bulk and surface processes the surface kinetics nfe&l) was developed as a
module in the two-dimensional hybrid plasma equipment mod#PEM) with the goal of
combining plasma chemistry and surface chemistry in a self-consistent fashion. The SKM obtains
reactive fluxes to the surface from the HPEM, and generates the surface species coverages and the
returning fluxes to the plasma by implementing a user defined surface reaction mechanism.
Although the SKM is basically a surface-site-balance model, extensions to those algorithms have
been made to include an overlying passivation layer through which reactants and products diffuse.
Etching of Si in an inductively coupled plasma sustained in AffiGvas investigated using the

SKM. Results from parametric studies are used to demonstrate the sensitivity of etching rates and
polymer thickness to the sticking coefficient of fluorocarbon radicals on the reactor walls, polymer
erosion rates and F atom diffusion through the polymer layer.2000 American Institute of
Physics[S0021-897@0)01903-4

I. INTRODUCTION previously described hybrid plasma equipment model
(HPEM)*23with a newly developed surface kinetics module

The trend in plasma processing is towards the use of loWfSKM) in which a modified surface site balance algorithm is
pressure, high plasma density etching reactors in which reemployed at all points along the plasma-surface boundary.
active species more frequently interact with the chambeiThe SKM accepts fluxes of reactants from the bulk plasma
walls and the wafer surface compared to their high pressurmodel and produces surface coverages, effective reactive
counterparts. These trends have renewed concern about thsticking coefficients, and the identities of species returning to
consequences of plasma surface interactions on both the bise plasma. In doing so, different surface reaction mecha-
havior of the bulk plasma and on the quality of the étch. nisms can be investigated for different types of matefiais
For example, recent studies were performed by Schaepketscationg in the reactor. One feature of the fluorocarbon
et al.in which the wall temperature of the chamber was var-etching of Si is that a polymer passivation layer is formed on
ied during Si etching using fluorocarbon gases in an inducthe wafer by CE radicals®*~®****The Si etching precursor,
tively coupled plasm&CP) reactor! They observed that the F atoms, must diffuse through the layer to reach the Si sur-
density of radicals in the gas phase, the thickness of théace, and etch products must diffuse back through the fayer.
polymer layer on the wafer, and the etch rate were all funcThe modified surface-site-balance model allows for deposi-
tions of the wall temperature. These effects were attributed t§on of passivation layers, passivation thickness dependent
the temperature dependence of the sticking coeffitient rates, and transport of reactants through the layer to address
fluorocarbon radicals on the walls of the chamber. p|asm§1ese conditions. The integrated model is described in Sec. ||
equipment, surface chemistry, and molecular dynamics modollowed by a discussion of our results for Apfes etching
e|s have been Successful in Separate|y addressing bum Si in an ICP reactor in Sec. Ill. Our Concluding remarks
plasma and surface procesées.There have, however, been are in Sec. IV.
few efforts to date which have self-consistently combined
plasma and surface processes to simulate low pressure syf-pESCRIPTION OF THE INTEGRATED MODEL AND
tems where wall processes may dominate. REACTION MECHANISMS

In this article, an integrated surface kinetics model and ] ) )
plasma equipment model are described and applied to the The hybrid plasma equipment mod&lPEM) is a mod-
investigation of wall reactions on Si etching usingFgin an  €ling hierarchy which has been developed to address low
ICP reactor. The sensitivity of the model to kinetic param_temperature, low pressure plasma processing. A detailed dis-

eters is also discussed. The integrated model combines ti§g!Ssion of the HPEM can be found elsev\./hgrg’..Briefly, .
the HPEM is a two- or three-dimensional simulation consist-

) _ , o _ _ing of three main modules. The electromagnetic module
Department of Materials Science and Engineering; electronic ma”:(EMM) calculates electromagnetic fields and magnetostatic
dazhang@uiuc.edu . . .

bDepartment of Electrical and Computer Engineering; electronic mail:fields. These fields are used 'n.the electron energy transport
mjk@uiuc.edu module(EETM) where electron impact source functions and

0021-8979/2000/87(3)/1060/10/$17.00 1060 © 2000 American Institute of Physics



J. Appl. Phys., Vol. 87, No. 3, 1 February 2000 D. Zhang and M. J. Kushner 1061

transport coefficients are derived. Results from the EETM F
are transferred to the fluid-chemical kinetics mod(#&M)

CFn
which computes the densities, momentum, and temperatures l CF4 l CFn
of plasma species, and solves Poisson’s equation for the elec- Ft SiF, F
trostatic potential. These results are transferred back to the CFne— / l
EMM and EETM for another iteration, and the process is

I+
l /SiFn
repeated until a converged solution is obtained. In this work, g— it Fi _"|:
continuity, momentum, and energy equations are solved for Sis S
all neutrals and ions included in the model. Con_tlnmty ar_]dFlG. 1. Schematic of the reaction mechanism for F etching of Si through a
energy equations are solved for electrons using a driftpolymer layer.
diffusion approximation for momentum.

Before the development of the SKM, the HPEM used a
fixed boundary condition at the plasma-solid interface. For
each p|asma Species h|tt|ng a Surf&@_, Wafer, reactor (F) from the plasma onto bare silicon sites &Sﬂ—he ad-
wall or quartz window, a reaction probabilitys,, for theith ~ sorbed fluorine (Fj then passivates the underlying silicon by
plasma speciesnth surface material was defined. Computa-chemisorption 4=Si—F). lon bombardment () provides
tionally, all species are “consumed” on all boundaries. De-the activation energy to desorb the etch product {Sifn
pending on the surface reaction mechanism, species are “rébe presence of a fluorocarbon radical flux ¢fzFa polymer
flected” back into the plasma. The reflecting flux of the samel@yer is deposited on the silicon. Fluorine atoms adsorb on

+
§
i

|
SILICON “sig s

species back to the bulk plasma from tnéh material is the top of the polymer (f) and diffuse through the polymer
R | where they adsorb on the bare Si sites at the interfage (F
Qi = (1= Sm) Py, (1) The adsorbed fluorine passivates the silicon as in the bare

where®d! is the flux of species to the surfacan. We also ~ case. lons incident on the polymer disperse energy through
specified that each incident species may produce other spg‘-e layer to desorb etch products which diffuse back out the

cies on the surface. So for a spedidrscident onto surfacen, layer. 'The'ions also sputter the polymer layer. Fluorine at-
the flux of thejth generated species returning to the plasmgmMs diffusing through the polymer etch the polymer, form-
is ing a volatile product (Ch which diffuses out the layer.
There are three classes of processes in the surface reac-
D =Py fijm (2)  tion mechanism. The first class involves reactions of plasma

species with surface species or sites. The generic form of

where f;, is the fractional generation rate. For example, . .
these reactions is

consider an argon iofspecies 1 striking a wall passivated
by a CF, polymer(material 4, neutralizing to form ground Ag+B—Cs+Dy+Egy, 3

tate A i ith unit babilit d tteri F
state Ar(species 2with unity proba “y\m SA?liglr_-l:g”% where the subscripy denotes a gas phase species and the

. . . L
(species Bwith probability of 0.2 Ar subscripts denotes a surface resident species or a surface

co.efr!mlents arét314= L, df 1é4t:h1,tf1|3i4:fot.2. This drr;ethod '?f’. N site. The rate of reaction of thi¢h process of gas speciés
principle, exact provided that all of tiy, and fjj, coeffi- iy o\ itace specieB on materialm is

cients are specified properly. Since the value§,gfandf;,
ultimately depend on surface coverages, and the fluxes and Riagm= kiAqu),lAmaBma (4)

energies of reactants, a surface reaction mechanism is re- . - .
9 where(IJ'Am is the incident plasma flux of specidson M,

quired to specify them, and that is the purpose of the SKM. . . !

The SKM was designed to be a self-consistent modulé9,Bm is the fractional surface coverage of surfacg species or
functioning within the HPEM framework. The SKM first Sit¢ B onm, andkixgy, is the probability of reaction for
identifies specified surface locations on chosen materiald’Cident specied with site or specie® on materiaim. The
sets the initial surface species coverages, and extracts reatiiface reaction coefficier8,, for incident plasma species

tive fluxes to the surface from the HPEM. Based on a specit: 0" materialm which is used in the bulk plasma model is

fied surface reaction mechanism, differential equations fof'€n the sum of the reaction rates of all processes inclulling
fractional occupancy of surface sites and thickness of ove/2S @ reactant,
laying polymer layers are integrated in time. After reaching S " R, n
the steady state or a specified end time, the resulting coeffi- Spp,= 2 E %= 2 E Kiajm&jm » )
cients S and f;, are fed back to the HPEM for use as ==t Fam o J=Li=d
boundary conditions in the manner previously describedwheres is the total number of surface species ani the
These coefficients are held fixed until the next call to thenumber of reactions oA with surface speciejs The genera-
SKM. Etching or deposition rates are obtained based on thgon rate for the returning flux of a gaseous reaction product
surface coverages and reactive fluxes at the end of the call  [Eq. (3)] from materialm is then the sum of the rates of all
the SKM. reactions generatinB,
The surface reaction mechanism for fluorocarbon plasma . q
etching of silicon used here is based on the work of Standaefir _ R _ | _
et al,® and is shown schematically in Fig. 1. Briefly, etching Dm_|:21 ‘D'Dmﬂ; =ict pzl Kitym Pimmy (P = D).
of bare silicon results from the adsorption of fluorine atoms (6)

S

S n
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wheret is the total number of gas phase species @islthe  growth of the passivation layer. The bombardment by ener-
number of products of that reaction. The returning flux coef-getic ions sputters away the passivation layer, @&position

ficient from materialm is then and ion sputtering are surface processes whose rates do not
s n q depend on the passivation thickness for layers larger than 1
I kK. 0 S(n—D). 7 monolayer. Therefore, a steady-state passivation layer thick-
Abm 121 ;1 pzl iAimBind(P=D) @ ness is difficult to both computationally and experimentally

The rate coefficients for surface reactions with ions mayob'[aln under anything other than coincidental conditions. A

be functions of ion energy. The rate of reaction is typicallyregulatlng process is required which depends on the thick-

. . ness of the layer. In our mechanism, F atoms diffuse through
characterized by a threshold energy and an expon&htial the passivation to the underlying Si. The diffusing F atoms

E™—Eq react with the polymer, etching it to form volatile €FSince
P(E)= pOTEm’ (8) this is a bulk process and is dependent on the total thickness,
ref th . . .
a steady-state thickness of the passivation layer at each sur-
wherep(E) is the reaction probability for an ion with energy face site can then be obtained.
E, Ew is the threshold energy of the proceBsy is a refer- The thickness of the passivatigim terms of number of
ence energy, anf is the reaction probability at the refer- |ayersL) is obtained from
ence energy. Typicallym=1/2 for sputtering or ion acti-
vated etching, and that value was used in this work. In thigiL 1 4
version of the HPEM, we are not explicitly computing the dt f(Z (Dikiiei_Z P kipLT_[F]LkE) (L<1),
kinetic energy of individual ions. The ion energy used in (12a
p(E) is an average value obtained in the following manner.
The sheath voltage drop/() at each surface location is es- dL 1 "
timated by taking the difference between the local plasmam:T<2i (Dikip_; b, kJ'T_[F]l-kE) (L>1),
and surface potential. The sheath thicknes} &t a given (12b)
surface location is determined by searching for the nearest
location to the surface where quasi-neutrality is achievedwhereT is the number of sites in a monolay¢F] is the

We approximate the quasi_neutra' Condition as denSity Of F atoms in the Iaye@i iS the ﬂUX Of paSSiVating
radicals ®;" is the flux of incident ions, and; is the density
|Zi(qin;) —ng| <50 9) of surface sites not yet passivatégl. is the sputtering prob-

Ne ' ability, k;; is the sticking coefficient for passivants on mate-

rial j, ki, is the sticking coefficient of passivants on the poly-

wheren; is the ion densityg; is the charge of the iom, is _ . o
the electron density. Assuming collisions are totaling energ)?ner' andke is the etching coefficient of the polymer for F

dissipating, the energyE{) of the incident speciesis esti- atoms. We enforce that a surface site at a given spatial loca-
' tion cannot have more than a single layer of passivation until

mated b ) .
y all sites have at least one layer. After a single layer of pas-
) N sivation is deposited, passivation grows on top of passiva-
Ei =Min l,t_ VS’ (10) tion
s .

. ) In order for the incident F radicals to react with the Si

where\; is the mean free path of the species. g 1506 covered by the passivation layer, five steps must take

The second class of reactions in the mechanism is b&sjace: (1) F atoms adsorb on the top surface of the passiva-
tween surface species or surface sites. For example, tion layer. (2) The absorbed F atoms diffuse through the

=Si-K+=Si-F—Fyg+=Si— +=Si— (11)  polymer Iayer_to reach the polymer-Si intgrfa@) The F

) _ ) ) . atoms at the interface adsorb onto the Si surféde.The

denotes the interconnection of two fluorine passivated silicoR 4sorped F atoms passivate Si sites to form SiB) SiF, is
surfacg si_tes, evolving molecular f_Iuorine, and producing thdesorbedeither spontaneously or by ion bombardmeand
bare Si sites. The rates of reaction for these processes &fgyses back through the polymer layer. The intermediate
k 0 0, wherek is the rate coefficient. . state in which F is at the interface and is then adsorbed onto

The third class of reactions is deposition of multiple lay- 5j appears somewhat artificial, though necessary to allow for
ers of passivation and transport of species through those lay; smooth transition between a clean Si surface and an Si
ers. For example, during fluorocarbon etching of Si, CF gyface fully covered by polymer. Assuming Fick’s law for

radicals deposit on the wafer surface to form a polymeritysion of F atoms through the passivation layer, the diffu-
layer. The thickness of this layer regulates the etch Y#te. sion fluxT's reaching the Si surface is

atoms, the precursor for Si etching, must diffuse through the

CF, passivation layer, and so thicker layers imply lower dif- F—F

fusion rates and lower Si etching rates. Similarly, thicker I'e=D L (13
passivation layers disperse incident ion energy before its de-

livery to the surface to activate desorption processes. whereD is the diffusion coefficient, FHs the F atom density

The SKM represents the deposition of passivation layeren the top surface of the passivation layerjdthe F atom
and the etching of underlying Si in the following manner. density at the interface between the polymer and Si,laisd
CF, radicals from the plasma are the source material fothe passivation layer thickness at that surface site.
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At the polymer-Si interface, Si surface sites are sequenIABLE I. Surface reaction mechanism.

tially passivated by F atoms to form either intermediate, SiF SPecies definitions:
Xy : Gas phase species

i i i 9
sites, or a volatile Sifproduct. Ps: Surface site on top of polymer layer
Fi Fi Fi Fi Fr: F adsorbed on top of polymer layer

(S)s— (SiF)s— (SiF,) s— (SiF3)s— (SiFy) g+ (Si)s. (14 F : F adsorbed on Si or at the interface of Si and polymer

F,: Site on Si surface available for adsorption

. : iva. Ws: Reactor wall site
lon bombardment at any step during the sequential passiva Re: Surface site available for polymer growth

tion process can release an etch product and free up a bare’polymer layer

silicon site. SiFys: Si site on surface passivated Ry atoms
In writing these surface site balances, we have implicitly a: Fraction of Si sites overlayed by polymer

assumed that the number of sites, and hence area, of any'- Surface density of sites.

given surfacge.g., silicon, top of polymer, interfagés con- Reactiof" Probability Note

stant. In reality, there is some amount of roughness and mix

ing at a surface due to ion bombardment, as illustrated bFGIES_";T+F 8'3‘65&

molecular dynamics simulatiod8which increases the effec- FQ+PS:P+SF2929 0.005 (1-Po

tive area of the surface. Although we have not addressedr,,+Rs—P+Rs 0.3

surface roughness in this model one could, in principle, ac€r;y+P— CFsy+P 0.005 minP,1)

count for its effects by including algorithms which track the CFsy+P— CFyy+CFs Po=0.1,Er=150eV de

surface roughness and adjust the number of surface sites dt's + P—CRog T Ar Po=0.1,Er=150eV de

cordingly. The issue is, in practice, somewhat more compli—':T+ P—Chig* Ps 0.57 ¢

_ Fr+FamF+Psg 25T (Fr—Fa)Fa/max(P,0.1) f

cated. For example, based on geometrical arguments ann,_egLF FaF 0.05(1— a)

not all sites in the roughened surface layer are equally acces:+F,—F,+F, 0.005(1— )

sible to species incident from the plasma. As a result, am,+ SiFxs—SiFx.1)s+Fa 25T

accounting of microscopic transport through the roughene@F; +SiFxs—SiFx+ CFg+Fs 1.0 f

surface layer would also likely be required. A"+ SiFys— SiF+ Arg+ Fy 1.0 f
The coupled set of ordinary-differential equations for theFQI\?\;Ff:FfJVS'FXS 8'882(17 @)

time rate of change of surface coverages at each spatial Ie%, &, —w; 08 ¢

cation are integrated in time using a third-order RUNGe—CF,,+Ws—CyFgy+Ws 0.005

Kutta technique. A summary of the surface reaction mechaaU | i g Al " oot i

. H H H niess otherwise specified, all iIons neutralize on all surfaces, returning as
nism is in Table I Eor the reasons discussed be!ow, thqheir neutral counterparts.
variety of the species in the model has been constrained. Fop ocesses not liste.g., Chy+Ws— Products are nonreactive. Incident
example, there is only a single polymerizing species;. CF species reflect with unity probability.
This is a simplification. For example, experiments by Capps°ﬁ” gas PthanfSpetFieslhave U”it; ;’f f'@ﬂ?;zs;li- Al Suga‘?e f_peoiefs

17 - 18 . ave units or fractional coverage. nas units or layers. berivatives tor

etal™ and M?Ckleet al. hav? shown that, dependlng on surface species are divided by the surface site derikitin this work, T
reactor conditions and gas mixture, £¢an pe either con-  _1x10i5cm 2,
sumed or evolved at the surface of a growing polymer film.dsee Eq.(8).
The latter result implies that the dominant polymer formingeSum of probabilities of gas phase species with surface sites shown here
radical in their experiments is a species other thaa al may not sum to unity. The remaining probability is assigned to the incident

. . species reflecting without reaction.
that CR, is chemically sputtered from the surface. 'Base case value. See text for sensitivity analysis.

Ill. C,Fg ETCHING OF Si . . .
to investigate their importance. A more complex gas phase

We applied the SKM model to the investigation offg  reaction mechanism can be implemented as necessary. We
etching of Si in the ICP reactor shown in Fig. 2. The reactomwill refer to polymer thickness in terms of number of layers,
is cylindrical with a radius of 17 cm. The height of the as opposed to actual thickness due to the uncertainty of the
plasma zone is 5.8 cm. PureRg or Ar/C,Fg is supplied chemical structure of the film. For example, polytetrafluoro-
from the shower head, ICP power at 13.56 MHz is appliedethylene, 4 C,F,],, polymer, has mass density of 0.58 gftm
using a four-turn coil and a 13.56 MHz bias is applied to thewhich corresponds to approximately 6.6 A/layer, or 1.5
substrate. The gas pressure is 10 mTorr, the ICP power iayers/nm.

650 W and the total gas flow rate is 200 sccm. These param- Typical plasma properties are shown in Fig. 2 where the
eters produce moderate, about 50%, dissociation on a reactdensities of Ck (deposition precursprCF; (the major ion
averaged basis using pureRg No attempt was made to and the etch product Sjfre plotted for the base case. The rf
make the flux of reactants to the 20 cm diameter wafer unibias is 100 V and the time-averaged sheath potential is 95 V.
form. The gas phase reaction chemistry is shown in Table IIThe peak CFdensity of~8x 10*?cm™ 2 occurs at the center
Although the gas phase chemistry has, in reality, a largeof the reactor. Due to the power deposition peaking under the
variety of neutral and charged specissch as CF and CH center of the coils, the GFdensity has an off-axis peak of
we have purposely chosen to use a more simplified gas phase3x 10'*cm™3. The density of the etch product is:3
mechanism. The intent is to minimize the variety species< 10"2cm 2 above the wafer and decreases as it diffuses into
incident on the substrate in order to isolate specific processeake plasma and is pumped away. The density of F atoms has
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E CFgt (100 =3.0 x 1011 em™3) —— wafer also peaks on axis. For these conditions, F atom etch-

i COILS ing of the polym.er dominates and, since the F atgm flux i;
rl' O O 'r]‘éSHOWEF}HEAD uniform, the radial dependence of the polymer thickness is
- dominantly determined by the GRux. As the etch rate is
"WINDOW flux limited by the diffusion of F atoms through the polymer
layer, the etch rate is lowest on the axis where the polymer
thickness is largest.
— The total rate of deposition of GFadicals on the reactor
— 5 walls can be higher than that on the wafer since the area of
o SUBSTRATE Q O the walls is typically larger. Therefore, as reactor wall con-
1 I ditions change, the GHoss to the walls may have a larger
(@) 00— y 5 > \ - influence on the plasma properties than the disposition of
Radius (cm) PUMP PORT CF, on the wafer. For example, Schaepkensl? investi-
gated the consequences of reactor wall temperature on the
thickness of passivation layers, etch properties, and plasma
a - - O properties in an ICP reactor operating in GHind GF.
10 When the reactor wall temperature was changed from room
temperature ta=240 °C, they found a 40% increase in den-
8F sity for the CFK radical and a 10% decrease in density for the
ok g0 P F atom radical based on plasma emission. The subsequent
variation of the plasma properties modified the passivation
thickness and ultimately the etch rate. Higher wall tempera-
ture produced more GFn the plasma, thicker passivation

H 200 and lower etch rates.

(b) OF L L — = We simulated the change of reactor wall temperature by
Radius (cm) varying the Ck sticking probability SCFZ) on the chamber

walls with the hypothesis that high wall temperature corre-
sponds to IowSC,:Z. The chord averaged densities of £LF

O O O O radicals at midreactdias would be observed by optical emis-
10E ] sion) are shown in Fig. 4 for 0% Scr,<0.8. As S, in-

(I
s\ 40 /‘k creases, the GFplasma density decreases which is a direct

—— 50 a5 consequence of the higher £less on the wall. The experi-
6F 60 mental results of Schaepkeesal. are also shown where we
have assumed that ($C,:2) scales ag \}\,/2. The steady-state

3 passivation layer thickness and the etch rate as a function of
radius on the wafer are shown in Figdaband 5b) for
SCF2=0.1—0.8. The corresponding &Hluxes, polymer

0 4 Rad?us o) 12 16 thickness and etch rate at the center of the wafer are shown
in Fig. 5(c). As the CF sticking coefficient on the walls
FIG. 2. Densities ofa) CFZ, (b) CF,, and(c) SiF, in the ICP reactor for the ~ decreases, there is a corresponding increase in density,of CF
base case conditiod0 mTorr, 650 W, 200 sccm, 100 V bjashe con-  and of its flux to the substrate. Lower sticking coefficients
tours are Iabgled with the percentage of the maximum value shown at thsffer slightly more uniform fluxes. The polymer thickness
top of each figure. . . . . : .
also increases with decreasiSgg, in proportion to the in-
crease in Ckflux, becoming somewhat more uniform at low
only a =10% variation over the wafer with a peak value of sticking coefficient, in agreement with Schaepkesisal®?
1.7x10%cm ™3, The rate of arrival of F atoms at the polymer-Si interface is
The fluxes of Ck, CF;, and F to the substrate are inversely proportional to the passivation layer thickness. An
shown in Fig. 8a). The reactive sticking coefficients of €F increase of passivation layer thickness thus leads to a lower
and CF on the walls of the reactor are, for this case, 0.8 andnterface F atom density, and a decrease of the Si etch rate.
1.0, respectively. The C§Ff|ux has a small off-axis peak due The resulting etch rates vary inversely with the wall sticking
to its off-axis source. With an ion flux of=1.2 coefficient and polymer thickness, becoming more uniform
X 10'%cm 2s7!, the power onto the wafer is about 180 at lower wall sticking coefficients, in agreement with
mW cm 2. Since F atoms have a smaller reactive stickingSchaepkenst al.
coefficient (0.005 on the walls, their density is more uni- In high plasma density reactors, such as ICPs, rf sub-
form, and produces a more uniform flux to the substrate. Thetrate biases 0£100sV typically do not contribute signifi-
predicted polymer thickness and etch rate for this case areantly to plasma generation. The bias does, however, deter-
shown in Fig. 8b). As a consequence of the polymer form- mine the sheath potential, and so influences the etch process
ing CF, peaking on the axis, the polymer thickness on thethrough the incident ion energy. To first order, the magni-

— CF5 (100 = 7.8 x 1012 cm™3)

Height (cm)
>
o
[e>]
o

4 25

= SiF4 (100 = 3.1 x 1012 cm-3)




J. Appl. Phys., Vol. 87, No. 3, 1 February 2000 D. Zhang and M. J. Kushner 1065

TABLE Il. Ar/C ,F4 reaction mechanisthSpecies: Ar,At,Ar*,CF,,CF; ,CF; ,CF,,F,F ,F,,CFs,CFs5,CoFs,

C2F3,SiF4,e.

Reaction Rate coefficieht Reference
e+Ar—Ar+e c 19
e+Ar—Art+e+e c 20
e+Ar*—Art+e+e c 21
e+Ar*—Ar+e c 21
e+CF,—CFRy+F~ c 22
e+CF,—CF; +F c 22
e+CF,—CR+F+e c 22
e+CF,—CF +F+e+e c 22
e+CF—CF,+F+F+e c 22
e+CF;—CF,+F+e c 22
e+ CF;—~CFR+F~ c 22
e+C,Fs—CF} +CF;+e+e c 23
e+ CFg—CFR;+CFy c 23
e+ CFg—CoFs+F c 23
e+ CFg—CR;+CFR+e c 23
e+ CFg—CF,+CFR;+e c 23
e+ CF,—CF,+CFR+e c 2F
e+CF,—CF, +e+e c 23
e+ C,Fy—F +C,F, c 23
e+CF; —CF,+F 2.0x10°8 24
e+ C,F; —CF;+CF, 2.0x10°8 24
e+C,F, —~CF,+CF, 2.0x107°8 24
Art+Ar—Ar+Ar* 1.0x10°° 25
Ar*+CF,—CF; +F+Ar 7.0x10° %0 25
Ar*+CF;—CF; +Ar 7.0x107% 25
Ar*+C,Fg—CF; +CF;+Ar 9.58x10 10 25
Ar*+C,Fs—CF2 +Ar 1.0x 10710 26
Art+C,F,—C,F, +Ar 1.0x10°1° 26
Ar*+Ar* SArt+Ar+e 5.0x10 10 27
Ar* +CF,—CF,+F,+Ar 4.0x10 1 28
Ar* +CFy;—CF,+F+Ar 4.0x10 % 28
Ar* + CF,—CF+F+Ar 4.0x10° % 28
Ar* +C,Fs—CF,+CFy+Ar 4.0<10 1t 28
Ar* +C,F;—CF,+CF+Ar 4.0x10° % 28
Ar* +C,Fg—CF3+CFy+Ar 4.0x10 1 28
Ar* +C,F,—CF,+CF,+Ar 4.0x10° % 28
CFj +CF;—CF; +CF, 1.0x10°° 25
CF; +CFg—CyF2 +CF, 3.50x 10! 25
C,F2 +CFs—CyF: +C,Fs 1.0x10°° 25
C,F; +CF,—CoF, +CF, 1.0x10°° 25
F +Ar* —F+Ar 1.0x1077 29
F +CF, —F+CF, 1.0x1077 29
F~ +C,F, —F+C,F, 1.0x1077 29
F +C,Ff —F+CyFs 1.0x10° 7 29
CF, +ArT —CF+Ar 1.0x10°7 29
CF, +CF; —CF;+CF, 1.0x1077 29
CF; +C,F, —CF;+CyF, 1.0x10°7 29
CF; +C,F —CF;+C,Fs 1.0x1077 29
CF; +F—CF+F~ 5.0x10°8 29
F+F+M—F,+M 2.4x10 3(T/298)° %% cmb st 30
F+C,F,—CF;+CF, 4.0x10 1 31
F+C,Fs—CF;+CF, 1.0x107 ! 31
F+C,F3—CoF, 1.0x 10 12 32
F+CF;—CF, 1.99x 10 ¥(T/300) ""*exp(—1183.4T) 33
F+CF,—CF, 8.40x10 ° 31
F,+CF,—CF;+F 4.56x107 13 32
F,+CF;—CF,+F 1.88x10 4 32
CF;+CFR—CyFg 7.67x10° 12 32
CF,+CF,—C,F, 5.0x10° 4 32
CF2+CF3*’CZF5 8.26% :|.0_13 32

#Only reactions directly affecting species densities are shown here. Additional electron impact calésipns
momentum transfer, vibrational excitatioare included in the EETM.

PRate coefficients have units ¢ unless noted otherwise.

‘Computed using the electron energy distribution and electron impact cross section from cited reference.
YEstimated by analogy to GF

*Estimated by analogy to 4.

fEstimated. See cited reference for similar reaction.
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etch rates. The etch rate is constrained by the diffusion of F atoms through ETCH RATE =
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tudes of all reactive fluxes are insensitive to the magnitude of & 450 |- CFa FLUX < s
the bias. Changing the bias only changes the energy of the 5 200 2FL 145 g T
ions striking the substrate, which, for this reaction mecha- i i q440a g
nism, only affects the sputtering rate of the polymer and the 350 | 135 ©
rate of ion activated desorption of etch products. We varied
. . 300 1 L L L13.0
the rf substrate bias from 50 to 150 V to vary the time- 0 0.2 0.4 0.6 0.8

averaged sheath potential and show the resulting polymer
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thickness and etch rate as a function of time-averaged sheath

potential in Fig. 6. Only the rate of polymer sputtering was
allowed to change. As the bias and sheath potential increa

FIG. 4. Simulated Cfemission as a function of the sticking coefficient of
CF, radicals on the reactor walls. Experimental results of Schaepiteals
(see Ref. % are shown plotted as a function @f{wall)*2 A decreasing
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FIG. 5. Surface properties as a function of,GEcking coefficient $C,:2) on
the walls of the reactor(a) Polymer layers as a function of radius for
S("ﬁfferent sticking coefficients(b) Etch rates for different sticking coeffi-
cients.(c) Polymer layers, Cfflux and etch rate at the center of the wafer
as a function ofSCFZ. DecreasingSCFZ produces thicker polymer layers,
lower etch rates and a somewhat more uniform etch rate profiles.

the ion energy incident on the passivation layer increases
thereby increasing the polymer erosion rate. The end result is
a thinner polymer thickness and a higher etch rate.

Many of the transport coefficients and reaction rate co-
efficients used in our surface reaction mechanism are esti-
mated or derived from parametric studies. Typically, in the
absence of comprehensive fundamental measurements of
these coefficients or coefficients derived from molecular dy-
namics simulations, the coefficients are derived by param-
eterizing the model and comparing predicted etch rates and
polymer thicknesses to well characterized experiments. This
methodology has been successfully used in deriving surface
reaction rate coefficients for surface profile models by
Vahediet al >
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Given the method of selecting coefficients for the model, § 800 g
it is valuable to investigate the sensitivity of the model to o 1108
variations in those coefficients. For example, the probability '&_‘ 600 =
of polymer sputtering by ions is given by E¢B). In the T a
results thus far, we chog®=0.1 andE, =150 eV. The etch O 400 POLYMER 15 @
rate and polymer thickness as a functionpgfare shown in -
Fig. 7(a). As py decreases the polymer thickness increases 200 ' ! ! 1o
and the etch rate decreases.pyt=0, the polymer thickness ) 00 05 10 15 12-0
is 8.2 layers. There is not unlimited polymer growth, and POLYMER ETCH RATE (s”')
there is still a net etch rate, since the polymer continues to be 1200 , , : : 6.0
etched by F atoms. The sensitivity of the silicon etch rate and
polymer thickness to the rate of polymer etching by F atoms g 1000 ETCH RATE 58 @
is shown in Fig. T). The base case value is 0.5'sWithout S 800 ]
. . . < 3 >
polymer etching by F atoms, the polymer is 16.6 layers thick. o 56 <
As the polymer etch rate increases, the polymer thickness & 600 o
. b POLYMER m
decreases and the etch rate increases, though not at the rate T 154 =
one might expect based solely on the decrease in polymer O 400 3
thickness. This trend results from the fact that F atoms which W 500 152¢&
would otherwise be available to diffuse through the polymer
layer are being depleted by their etching of the polymer. The 0 : ' ' ' 5.0
e - . 0 20 40 60 80 100
sensitivity of silicon etch rate and polymer thickness on the (c) DIFFUSION SPEED (layers/s)

rate of diffusion of F atoms through the polymer is shown in

Fig. 7(c). (The base case has speed 25 layeréitgreasing FIG. 7. Results from a sensitivity study of etch rates and polymer thickness

rates of diffusion result in higher etch rates. There is ary/hile varying rate coefficients in the surface reaction mecharfatioly-

e . . . . . mer sputter probabilitybase case hgs,=0.1), (b) Polymer etch rate by F

initial linear rate of increase in the etch rate with diffusion yoms (hase case hak=05s?), (c) F atom diffusion rate (base

speed until all of the silicon surface sites are saturated. Atase=25 layers/s

that time the etch rate is limited by desorption of etch prod-

uct. The polymer thickness experiences a small increase as

the F atom diffusion speed increases. This results from therdesorption probability foe=SiF; raises the etch rate to 667

being a shorter residence time for F atoms in the polymerA/min. Adding an additional 0.25 ion activated desorption

and so there being less likelihood to etch the polymer. probability for=SiF, increases the etch rate to 739 A/min.
The predicted etch rate is also sensitive to the details oThe weak dependence of etch rate on the details of the etch

the etch model embodied, in part, in the identity of the etchproduct is, for these conditions, a consequence of the fact

products. In the absence of physical sputtering, Si sites ariat the F atom flux and F atom diffusion rates through the

passivated by F atoms, forming chemisorbedSiF,. For  polymer are sufficiently high that passivation of the surface

n=<3, some amount of ion activation is likely required to is not rate limited by the availability of fluorine.

remove the Sifetch product from the surface. If we assign Where the etch rate may, in fact, be sensitive to the

a sufficiently high probability for ion desorption so that etch- identity of the etch product is in the ion activated desorption

ing is not severely constrained by the desorption step, therstep. There is a complex, and not well understood, mecha-

is not an acute sensitivity of etch rate on the etch productism for transfer of ion energy through the polymer to acti-

For example, assigning a unity ion activated desorption probvate the desorption. The mechanism could be either kine-

ability for the—SiR—SiF, passivation step, as in the base matic, thermal or a combination of the two. To investigate

case, the etch rate is 596 A/min. Adding a 0.5 ion activatedhe sensitivity of etch rate on ion activated desorption, the
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probability for ion desorption was varied between 0.05 and 800 T T T T
1.0. The resulting etch rates as a function of position are DESORPTION
oo PROBABILITY
shown in Fig. 8a) for the base case. The etch rater at0 700 . —

and the Sj surface coveragé€Si sites which are not passi- /
vated are shown in Fig. &). Recall that the polymer thick- 600 //0'6 -
ness is largest at=0 and decreases to larger radii as shown 0.4

500 __’/J \ 4

in Fig. 3. For high probabilities of ion activated desorption,
the etch rate is not limited by the desorption step but rather 03 \
by the rate of diffusion of F atoms through the polymer. The L

etch rate is therefore smallest on axis. Theg Sirface cov- — 02 \
erage is large, 0.2 for unity ion activation, indicating that as 300 F 0.15 4
Si sites are passivated by F atoms, they are rapidly etched, \
leaving a reasonably large fraction of sites available for re- 200 0.1 \ i
passivation. As the ion activated desorption probability de-
creases, the etch rgte becomes progressively more Ilmltec_i by 400 F 0.05 —~—____
the rate of desorption, as opposed to the rate of passivation.
The etch rate transitions from being largest at large radii, 0 ) L | I
where the polymer is thinnest, to being largest at small radii, 0 2 4 6 8 10
where the ion flux is largest. There is a commensurate de- RADIUS (cm)

crease in the etch rate. The degree to which the etch rate is

limited by ion activated desorption is indicated by the Si 0.20 T
surface coverage. At low values of the ion activated desorp- ETCH RATE\.
tion, for example 0.1, the Sisurface coverage is less than
0.03, indicating that nearly all sites are passivated and “wait-
ing” for ion activated desorption.

The Si etch rate is ultimately a first order function of
three fluxes: the ion flux, the polymerizing precurgorthis
case, Ck) and the F atom flux. For otherwise constant con-
ditions, the etch rate varies inversely with the thickness of
the polymer layer, and all three fluxes contribute to deter-
mining the thickness of the polymer layer. The F atom and 0
ion flux r its thickn hrough etching an r-  0.00 b
iﬁg, vl;hniefh:aég fox s 10 its thiokness. The ignsﬁ)lﬂge 00 02 04 06 08 10
also desorbs the etch product. Unless there is severe deplefb) ION DESORPTION PROBABILITY
tion of the feedstock &, it is difficult to significantly kg, g, surface properties as a function of the ion desorption probability of
change the ratios of these fluxes since varying power or preghe etch productsa) Etch rate as a function of radius for different desorp-
sure changes all fluxes in approximately the same proportiorﬁi.on probabilities(b) Etch rate and coverage of it the center of the wafer

: : s a function of ion desorption probability. At high desorption probability,
One can, however, Change the relative proportions Oﬁ1e etch rate is limited by the diffusion of F atoms through the polymer. At

these fluxes by varying the gas mixture. For example, whilgoy jon desorption probabilities, the etch rate is limited by the ion flux.
keeping pressure, power deposition, and total flow rate con-

stant (10 mTorr, 650 W, 200 sccjnthe gas mixture was

varied from Ar/GFg=0/100 to 95/5. The resulting fluxes, polymer thickness provided that the F atom flux is above a
etch rates and polymer thickness are shown in Fig. 9. Byritically high value which saturates the Si surface sites. As
diluting the GFg with argon, the fluxes of F and GFo the  the F atom flux decreases below this value, the etch rate
substrate generally decrease, though at a slower rate than thecreases in spite of a decrease in the polymer thickness. For
decrease in & mole fraction. This results from the plasma these conditions, the maximum in etch rate occurs at
density and electron temperature increasing with decreasingr/C,F;=0.8/0.2 where the polymer layer is thin but the F
C,Fg mole fraction. The lower flow rate of £5 is compen- atom flux has not decreased below its critical value. Al-
sated by the higher electron density, thereby producing comthough the etch rate maximizes at this lowFg mole frac-
mensurate dissociation rates ofFg In fact, the Ck flux  tion, desirable etch characteristics such as selectivity and low
actually peaks at an intermediate mole fraction gFCfor  lateral etch rates, which largely depend on polymer layers,
this reason. will degrade with increasing Ar dilution.

Due to the increase in the ion fluxvhich erodes the
polymer layey and overall decrease in the £ffux (which
builds the polymer laygr the ratio of the(ion flux)/(CF,
flux) increases with increasing Ar dilution. The polymer SKM was developed in the framework of the HPEM to
thickness therefore decreases with increasing Ar dilutioninvestigate plasma-surface interactions. The SKM employs a
When the etch rate is constrained by diffusion of F atomdime-dependent surface-site-balance model, modified to al-
through the polymer, the etch rate increases with decreasirigw for overlying polymer layers. The SKM obtains fluxes of
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