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Above wafer topography of the substrate, such as wafer clamps, is known to impact adjacent feature
profiles during plasma etching of microelectronic devices. The consequences of subwafer
topography, such as electrostatic chucks and cooling channels, on feature profiles is less well
characterized. To investigate these issues we have developed and integrated a plasma equipment
model and a Monte Carlo feature profile model, and applied the integrated model to investigate
polysilicon etching in an inductively coupled plasma reactor. We find that, when using low
conductivity wafers, subwafer topography reduces the sheath potentials above the wafer which
results in lower ion energies incident on the wafer. Etch rates sensitive to ion power are therefore
also reduced. Due to the perturbation of the presheath and sheath, subwafer topography can also
affect the angular distribution of the ion flux incident on the wafer which then results in asymmetric
etch profiles. Superwafer structures perturb both the magnitude and angular distribution of the ion
flux due to shadowing at the edge of the wafer. This leads to lower etch rates and asymmetric etch
profiles. Inhibitor fluxes can be used to control the etch profile shape but only at relatively low
magnitudes of those fluxes. @997 American Vacuum Socief{a0734-210(97)06204-(

[. INTRODUCTION equipment model with an etch profile simulator. The Monte
Carlo feature profile modeIMC-FPM), which was devel-

Plasma etching is standard practice in the semiconductqued for this study, predicts etch profiles as a function of

industry for microelectronics manufacturing to fabricate nar-position on the wafer using the ion and neutral flux distribu-

rovy (<0.5um) featureg and to meet the demand for greatekiong (angle and energywhich are produced by the plasma
anisotropy of etch profile Development of etch processes equipment model. As a demonstration of the linkages of sub-

that L_m|formly yield highly anisotropic proﬁl_es across thg wafer and superwafer topography with etch profiles, we used
full diameter of the wafer has been complicated by their, . . : .

o . o the integrated model to simulate the etching of polycrystaline
sensitivity to local reactor operating conditions and to the ilicon (poly-Si) in an inductivel led plasmaCP) r
topography of the substrate. For example, it is common gg""con (poly- a uctively coupled plas €

find that the substrate beneath the wafer has nonplanar tgetor using an Ar/_QI gas mixture. _The t?St reactor has sub-
pography such as gas cooling channels or components Wafer structures, in thg form of dielectric channels, and su-
electrostatic chucks. It has been observed that etch rates Berwafer structures, in the form of wafer clamps. The
SiO, are lower at locations that mirror the gas cooling chan-Subwafer structures are intended to simulate the effects of
nels under the waférA similar effect has been observed in €0oling channels or components of an electrostatic chuck. It
the etching of flat panel display substratés.both cases, the Was found that the superwafer structures perturb the angular
observations cannot be attributed to wafer temperature varidlistribution of the incident ions, thereby modifying the etch
tions above these structures. These observations place add@afile, and they reduce the magnitude of the ion flux,
importance on simulating etch processes using an integratetiereby reducing the etch rate. The major effect of subwafer
modeling approach that accounts for the plasma propertiestructures is to decrease ion energies thereby decreasing etch
as well as details of the substrate topography. In this manneates for ion driven processédhere is also a broadening of
one can evaluate the consequences of reactor topography agi@ ion angular distribution due to the lowered ion energies
the material properties of structural components on etch prognd an asymmetry in the ion angular distribution due to per-
files in a self-consistent manner. turbation of the presheath and sheath electric fields. Includ-
To address these issues, an integrated plasma equipme{y inhibitor or passivation fluxes was found to remediate
etch profile model was developed to enable one to assess tje\yall etching due to these broadened ion angular distribu-
impact of structural components of the reactor on etch prog, g thereby reducing asymmetries in the feature. The pas-
fles. The integrated model links a comprehensive IOIaSmgivation also slows lateral thermal etch rates in poly-Si due
dElectronic mail: stretch@uigela.ece.uiuc.edu to high doping. .The isotropy and symmetry of etc.h profiles
bElectronic mail: grapper@uiuc.edu are more sensitive to superwafer topography since these
®Electronic mail: mjk@uiuc.edu structures more significantly perturb the presheath and there-
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fore affect the directionality of ions entering the sheath to amethod due to the ease of implementing surface reaction

greater extent. mechanisms of user defined complexity and which are en-
The integrated plasma equipment-profile model will beergy dependent.

described in Section Il, followed by a discussion in Section The MC-FPM resolves the trench region on the wafer

[l of results from the model for etching of poly-Si in Ar/ (mask and semiconducdoin two dimensions using a recti-

Cl, plasmas. Our concluding remarks are in Section IV.  linear mesh. The mesh spacing is typically 200 cells for 1
pm length. Each computational cell is therefore about 15

Il. DESCRIPTION OF THE INTEGRATED PLASMA x15 atoms. Each cell is assigned a material ider(ity.,

EQUIPMENT-FEATURE PROFILE MODEL poly-Si, photoresist, SiQ plasma which may change dur-

ing the simulation. Gas phase spedies., radicals and ions
The integrated plasma equipment-feature profile modejye represented by computational pseudoparticles. Solid spe-
consists of three major components: the hybrid plasmgjes including adsorbates or passivation, are represented by
equipment model(HPEM), the plasma chemistry Monte {he igentity of the computational cell. The MC-FPM begins
Carlo simulation(PCMCS and the MC-FPM. The HPEM is 1, |aunching pseudoparticles representing radicals and ions
a two-dimensional, modular simulation, that combines angards the surface with initial trajectorie@nergy and
electromagnetic module, an electron kinetics module, and 8ngle randomly chosen from the PEDs and PADs provided
fluid model in an iterative fashion. The HPEM producesby the PCMCS. The pseudoparticles are launched with a
electric fields, ion and neutral densities as a function of poTrequency computed from the total flux of radicals or ions

_srl;c]lon, land_ ion and _nleu;ral ﬂl:]XGS |r;10|dent Odr;ot?] t_he ‘évafer‘incident on the substrate so that each pseudoparticle repre-
e electric potential throughout the react@oth in the sents the approximate number of solid atoms in a single

plasma and through material structyrés solved, thereby computational cell. The pseudoparticle trajectories are ad-

enabling one to assess the effects of reactor topography alnced in time using a second order Runge-Kutta technique.
construction materials on plasma properties. The HPEM,

used in this study, is described in detail in Refs. 5 and 6. Ioar;?he effects of surface charging on the profile evolution are

and neutral momentum equations are included for all heavnot addressed here. In cases of surface charging and ion ac-
. . q Yeleration due to the electric field in the trench there is a
particle species.

: . . . slight narrowing of the trench due to “focusing” of the ions
A semi-analytic sheath model was also integrated into th the positively charged sidewalls. This effect lessens as the
HPEM to more realistically represent the fields and fluxes a y P y 9 )

gas-solid boundaries under conditions where the actuaﬁonducnvny of the poly-Si increases. The details of surface

sheath thickness is less than the mesh spacing. The sheé:ttﬁarging do not impact the thrust and conclusions of this

model tracks the charging and discharging of the sheath duﬁrtide'

ing the radio frequency(rf) cycle assuming collisionless dAgener?Ilzgdhriactlonf schgme fodr -|nte;]rac'\t/||(():n|:ol:f)l\t/lhe 'h(?nﬁ
transversal by the ions through the sheath and a BoItzman‘?'r neutrals with the surface Is use n t, € ) whic
ows for any reactant-product combination, and allows for

distribution for the electrons. The voltage drop across thé’lI

sheath is produced by the semi-analytic sheath model, whic €Nerdy dependence of the interaction. These processes are
is then applied as a jump condition in solving Poisson’siNPut to the MC-FPM through a file which lists the reactions

equation for the entire reactor. The sheath model is describd conventional chemical notatiofe.g., Clg) + Si(s) —
in Ref. 7. SiCl(s)]. This file is preprocessed to construct probability
The HPEM uses a fluid model for heavy particle trans-2Tays for the reaction of pseudoparticle plasma species with
port, and so particle energy distributioREDS and particle surface.species. _The_ clagses of _reactions ir_1 the model include
angular distributiongPADS) for neutrals and ions striking adsorption, passivation, ion activated etching, thermal etch-
the wafer are not directly available. These distributions ardnd. sputtering, ion or neutral reflection, and re-emission.
produced by the PCMCS. The PCMCS, described in Ref. gWhen a pseudoparticle impacts on a surface, the reaction that
calculates the trajectories of neutral and ion plasma speci€¥curs is chosen from the probability arrays using Monte
in the gas phase and their collisions with surfaces. It uses thearlo techniques. Based on this reaction, the material iden-
sources of plasma species, time dependent electric fields, afi#y of the computational cell at the site of impact is appro-
time dependent sheath properties generated by the HPEMriately changed. Particles which are desorbed or re-emitted
The PCMCS produces PEDs and PADs of all plasma specigéom the surface are given thermal speeds and launched with
intersecting with all surfaces, including the wafer. The MC-a Lambertian angular distribution, or reflected as a neutral in
FPM then uses these PADs and PEDs as a function of posihe case of an ion. The trajectory of etch or re-emission
tion on the wafer to generate etch profiles. products are then tracked as pseudoparticles in the manner
The two-dimensional MC-FPM uses Monte Carlo meth-described by the reaction mechanism. Unless otherwise
ods to evolve an etch profile based on the fluxes, PADs, andoted, the photoresist is considered a hard mask having a low
PEDs generated by the PCMCS. There are a number of puletch rate.
lished profile models that use analytic methods to resolve the The polysilicon etch mechanism we have adopted is based
features of the profile with arbitrarily fine spatial on the works of Chengt al'? and Meeks3 Etching takes
resolution’ ! and in that sense are more versatile thanplace by first successively chlorinating the polysilicon sur-
Monte Carlo based models. We chose to use a Monte Carltace, forming SiC| (i.e., SiCl followed by SiCJ, and so oh
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TaBLE |. Surface reactions for the poly-Si etch mechanism.

Probability

SiCl; based on the work of MeeRg .Including Cl reassocia-
tion in the trenchhas a negligible effect on the etching char-
acteristics due to its low rate compared to Si chlorination and

Reactiort for reactiof  Reference |
etching.
Sig+Clg— SiClg 0.99 13
SiCligy+ Cligy— SiClys) 0.20 13
SiClys) + Clg) — SiClys) 0.15 13
SiCly(s) + Clig) — SiClyg) 0.0001 18 Ill. PREDICTED ETCH PROFILES AND RATES
S'<s>|+ SIC'z«_In = Sig +| SiClys) | 82 E WITH SUBSTRATE AND SUPERWAFER
SiClig) + SiClyg — SiClig + SIC .
(s) 2(9) (s) 2(s)
SiCly) + SiClyg) — SiClys) + SiCly) 0.3 13 TOPOGRAPHY
SiClys) + SiClyg) — SiClys) + SiCly) 01 13 The geometry we used in this study is an ICP reactor

SiClye + Ar* — SiClyg + Ar(g) (- 12

0.16—mr— using a flat spiral four turn coil set on a quartz windfsee

S 4 At o SICh + A ( e SCR” Fig. 1(a)]. This reactor is described in detail in Ref. 5. The
M T AT = St T Alg 0.165—;7‘2’— process parameters we used are an A#QD/30 gas mix-
° ture flowing at 150 sccm with 1 kW of ICP power at 13.56

SiCle + CI* — SiChg (e 12
3——mr—

0.1 MHz and a 150 V bias also at 13.56 MHz applied to the
substrate. The gas-phase plasma chemistry reaction mecha-
nism we used is described in Ref. 5 as are typical plasma
conditions. Computed peak ion and CI radical densities for
our test parameters are 6.3610'* cm 2 and 8.12x 10"
cm 3, respectively. The 20 cm diameter wafer is modeled as
silicon with a specified conductivity, a thin over coating of
SiO,, poly-Si and photoresist. The subwafer structure is a
dielectric ring with permittivity ofe/ ;= 1.0 located beneath
and in contact with the wafer between radii of 4.5 and 6.25
T cm. The superwafer topography is a clamp covering the
SiClys) + Sis) + Cl," — SiClyg) + SiClg 0_19(5_‘%&2 12 outer 0.25 cm of the wafer. The dielectric ring approximates
€o the effect of subwafer structures such as cooling channels or
3Subscript(s) denotes a surface species. Subscf@t denotes a gas or as might be used in the construction of an electrostatic
bplz’_ﬂsmz’:\ species. , chuck. Etch properties will be discussed at the three radial
e the ion energye, =10 eV unless noted otherwise. locations noted in Fig. (&). These locations arél) an open
ermal etch probability was varied for some cases as noted. . . . . .
dReaction mechanism was derived from the cited reference. The precish€ld site at a radius of =3 c¢m which is not affected by
values for probabilities were modified. topography(2) near the outer radius of the subwafer dielec-
tric at r=6.0 cm, and(3) near the clamp at=9.625 cm.
Etch profiles were simulated for a resist opening of 0.6
This chlorination is predominantly accomplished by neutralum, a hard mask thickness of 02m, a 0.7 um poly-Si
Cl atoms. Etching of the poly-Si and evolution of the SiCl layer, and an oxide etch stop layer of Quin, as schemati-
etch product then occurs through subsequent ion bombardally shown in Fig. 1b).
ment. A summary of the reaction scheme and reaction prob- The total ion and chlorine radical fluxes incident onto the
abilities used in the model appears in Table I. The probabilwafer are shown in Fig. 2 as a function of radius. Their
ity for an ion of energye activating an etch scales as values at the inspection points and the corresponding etch
(e— €)Y, wheree, is a threshold energ¥. In addition to  rates are shown in Table II. The etch rate is an average value
the reactions appearing in Table I, we also allowed there tgiven by the vertical distance etched divided by the etch
be an inhibitor flux which deposits on surfaces therebytime. Due to significant dissociation of the,Géedstock, the
blocking the etch. The inhibitor is removed by ion bombard-major ion incident on the wafer is €l As a result of its
ment. The inhibitor flux is intended to represent polymeriza-higher ionization potential and rapid charge exchange to
tion which may be produced from sputtered mask materiaCl,” and CI', the flux of Ar" is only 10% of the total. The
or other gas phase species. We also allow the polysilicon tmagnitudes of the ion and radical fluxes are uniform to
be thermally etched by Cl atoms in the absence of ion bomwithin about 10% to a radius beyond the dielectric ring. Ad-
bardment, as may occur at high doping levels. The silijacent to the clamp, the ion flux falls to approximately half
con dioxide underlayer to the poly-Si is etched with an arbi-its peak value, while the Cl| atom flux decreases by 20%.
trarily chosen selectivity of 1:50 relative to poly-Si. This There is a small peak in the ion flux at a radius of 5-6 cm
is achieved by using a reaction mechanism analogous to thdtie to the maximum in power deposition by the torroidal
for poly-Si with reduced etch probabilities. Cl can also reas-electric field. The PAD and PED for Cl atoms are essentially
sociate on chlorinated surfaces in the trench to produceniform across the radius with a small decrease in magnitude
Cl,, however for the cases presented here Cl reassociatiarear the clamp due to shadowing. This results from the low
was not included. We did run test cases with this processeactive sticking coefficien{<0.01) for Cl on nonsilicon
using reaction probabilities of 0.02 for SCand 0.08 for surfaces. The PED is essentially thermal with a small high

o]
6(6* )2 14
o
(e—e,)'? 1
9—172—60
(e—e)¥? 1
3—17;—60
(e—e)*? 1
60

(e—e5)'? 14
0.16——r—

SiCls) + Siig + CI* — SiChg + SiClyy

SiClys) + CI* — SiClyg 01

Sig + Cly* — SiChyg o1

SiCl) + Si + Cly" — SiClyg + SiClgy

SiClye) + S + Cly" — SiClyg) + SiCly)
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Fic. 1. () Schematic of the ICP reactor used in this study.Initial feature profile.

energy tail extending to a few eV resulting from charge ex-into anisotropic trajectories. The PAD is therefore generally
change with energetic ions. The PAD is essentially isotropicbroader at the lower energies of the PED where insufficient
The CI radical flux is composed of 10% excited states alion acceleration has occurred to counter the transverse com-
though our etch mechanism is not sensitive to the excitatioponent of ion energy entering the sheath. The major conse-
state of the radical. quence of the subwafer dielectric is to reduce the sheath
The PED and PAD for the total ion flux striking the wafer potential in the plasma at the surface of the wafer above the
at the three inspection points are shown in Fig. 3. For thesdielectric, thereby reducing the average ion energy to the
cases, the wafer is treated as a perfect dielectric. The PED Bubstratdsee Table . As discussed in Ref. 4, the subwafer
the open field has the characteristic double-peaked shape atielectric acts as a capacitor which charges and discharges
sociated with the thin sheaths encountered in high plasmduring the rf cycle, thereby garnering voltage that would
density reactor§.The ions acquire 0.5-1 eV of transverse have otherwise been dropped across the wafer or across the
energy crossing the presheathyhich then requires ion ac- sheath. The sheath potential is therefore smaller above the
celeration across the sheath »fl0s V depth to straighten dielectric, which then shifts the PED to lower energies. For

J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997



1917

1917 Hoekstra, Grapperhaus, and Kushner: Integrated plasma equipment
251 _
[ Total lon ///\"‘/\ﬁ”///\\ 12& e
— o - N .
Tn 20— \
o ) \ =
=) o -~
< .\ O 60
x 1.0 3 o
z Subwafer o Ll
c Ring ; =z
T *:T:s\*;CIamp
1 L - (//
6 8 0
(@) Radius (cm) T
9.75 (a) 150 no =150
& Total Radical 120 ¢ MAX
]
o T \\\‘\
cE: 4t ’ ™ 3
~ | S
£ ! o
Z 3} ‘ et
3 -
2 o 60
s 2r Subwafer o
L Ring w
g oaf < z
fffffffffffffffffffffffffffffffffff QCIamp
I S S S T
Radius (cm) 9.75 u
(b) 150 Qo -150 MIN
Fic. 2. Fluxes of plasma species striking the wafer as a function of radius
for the ICP reactor using an Ar/GE70/30 gas mixture, 10 mTorr, 1 kW of
ICP power and 150 V bias on the substrdg.lon fluxes andb) Cl radical 120
fluxes. ;
S
these conditions, the drop in average ion energy is from 68 ‘@
eV (at locations far from the dielectpico 49 eV (above the .
dielectrig. In principle, the subwafer dielectric should not E 60
have a major effect on the PAD, since the remaining sheath
potential is generally sufficient to redirect ions vertically into E

the substrate. The two-dimensional nature of the presheath
though, cause significant perturbations to the PED and PAD.
The ion PAD/PED for the location above the subwafer 0
dielectric shown in Fig. @) is asymmetric, having an offset  (¢)
to negative angles. It is also somewhat broader than that at
the open field location. The broadening of the PAD resultsic. 3. Total ion energy and angular distribution striking the wafer(&r

from the lower ion energy caused by the reduced sheath p(t,he open field (=3 cm) which is representative of locations further than 1
cm from the subwafer dielectric or clam(n) above the subwafer dielectric

te_ntlal as desc_rlbed above. The asymmetry results _from T8 —6 cm), and (¢) adjacent to the wafer clamr £9.625 cm. Due fo
dial gradients in the presheath. The location at which thisyitage division between the sheath and subwafer dielectric, the ion energy

PAD is recorded is towards the outer edge of the subwafedistribution is cut off. The angular distributions above the dielectric and near
the clamp are asymmetric due to perturbation of the presheath.

=300

Qo

300

TasLE Il. Reactant and etch characteristics at the inspection points. . . - . .
P P dielectric. The sheath potential is lowest at the midpoint of

Radius(cm) the dielectric, and increases to its open field value towards
3.0 6.0 0.625 the edges of the dielectric. As a result, the sheath potential
has a radial gradient, which in turn produces a transverse
Total ion flux (cm™? s ™) 22x10%  2.3x10'  12x10'°  glectric field in the presheath. The ions therefore enter the
é‘l";z?ne f'lﬂ?( (i[‘rifgg?}’)) 5_6251’017 5 4;12017 3.9;’19017 sheath with a net positive radial velociyOn the inner side
Poly-Si etch ratgA/min) 1800 1350 760 of the subwafer dielectric, the presheath produces a net nega-
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tive radial ion velocity. The asymmetry we observe in the
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or from the neutralized products of ion recombination. Early
8.6 cm during the etch, the reactivity of Cl is high due to chlor-
ination of the surface and the ratio of the Cl flux to the
SiCl, flux leaving the trench is 40:1. After the surface is
chlorinated, the ratio increases to as large as 600:1. When
the oxide layer is reached, there is a decrease in, Sidt
(some etching of the side wall continues to produce JiCl
and a small Si¢Cl, flux appears as the oxide layer begins to
etch at a lower rate. At this point the product flux ratios for
CI:SiCl, : SiO,Cl, are 2000:2:1.

The reduced ion energy at locations above the dielectric
lowers the etch rate compared to the open field position, in
this case to 1350 A/min. The etch has had insufficient time to
reach the Si@. If the polysilicon is doped type the thermal
etch rate by Cl atoms will be large. Since the Cl radical flux
above the dielectric is essentially the same as that for the
open field, the lower ion energy above the dielectric results
in a lower vertical to horizontal etch rate, dropping to as low
as 5:1 in the absence of side wall passivation. This produces
rounded side walls, as shown in Fig(bl An analogous
720 s 1050 5 situation occurs near the wafer clamp where the etch rate is

3 0, = still lower, 760 A/min. Here the reduced etch rate results
W i | primarily from a lower ion flux(as opposed to lower ion
gen SiC1,, Si0, Gl Recen energy, approximately half that near the center of the wafer.
The etch profiles for the above dielectric and near clamp
Fic. 4. Feature profiles after a 500 s etch fay open field (=3 cm), (b) locations after 500 s show indications of some increased un-

above the subwafer dielectric £6 cm), and (c) adjacent to the clamp dercutting due to the broadening of the PAD and an asym-

(r=9.625 cm. Fully developed etch profiles fdqd) r =6 cm (after a 720 s :
etch and(e) r=9.625 cm(after a 1050 s etoghThe asymmetric ion angle metry due to the angular offset m. the P_AD'
distributions produce a slanted etch profile. The lower etch rates over the dielectric and near the wafer

clamp require longer times to clear the bottom of the trench.
The etch profiles obtained at these sites when the width of

PAD results from there being insufficient sheath voltage tothe trench at its base is approximately equal to the resist

straighten the ion trajectories to the vertical. For this reasor?pening are shown in Figs(d) and 4e). The etch times are

the angular offset is most prominent at low ion energies, and 20 @nd 1050 s, respectively. Since the width of the PAD is
less severe at higher energies where additional sheath volta§@t Overtly perturbed by the subwafer dielectric, the width of
e etch profile over the dielectric is similar to that of the

is available to straighten the trajectories. The PAD/PED nea ’ ) -
the clamp has an even more severe asymmetry for essentiaffPe" field with some small amount of additional undercut-

the same reason. The vertical clamp face produces a net rd09 due to the reduction in the vertical-to-horizontal etch
dial electric field in the presheath which results in a net posifateé. However, the angular offset of the PAD produces an
tive radial velocity for ions entering the sheath. asymmetric etch profile with more undercutting on the wall

Predicted poly-Si etch profiles obtained with the MC- at the outer radius. The effect is more severe near the wafer

FPM after 500 s of etching are shown in Fig&44(b), and  clamp where the angular offset in the ion flux is more pro-
4(c) for the open field, over the subwafer dielectric and neafounced. The addition of an inhibitor flux can help lower the
the clamp, respectively. For these cases, there is no inhibitdlorizontal etch rate and narrow the profile. However the im-
flux. The etch profile in the open field is anisotropic with Provement is not as dramatic as at open field locations since
straight walls and clean corners. The etch rate at this locatiothere is now an increased ion flux to the side walls which
is 1800 A/min. Our etch mechanism proceeds through afiemoves the inhibitor. Deposition of an inhibitor on the base
intermediate step where Cl atoms chlorinate the surfacedf the trench does also occur, which decreases the vertical
forming SiCl species shown in yellow. SiClis removed etch rates leading to longer etch times, but the effect is not
from the surface by ion bombardment, and is therefore leskirge due to the more rapid rate of removal by ion bombard-
prevalent near the bottom of the trench. This profile is repment.
resentative of all wafer locations more than 1 cm distant The degree of asymmetry of the etch profile above the
from either the subwafer dielectric or the wafer clamp. subwafer dielectric increases with increasing etch depth. For
Product fluxes returning to the plasma from the trenchexample, etch profiles are shown in Fig. 5 in the open field
were examined at the 3.0 cm radical location. In all cases(r=3 cm) and above the subwafer dielectric<6 cm) for
the fluxes returning to the plasma are dominated by Cl atomsench depths of 0.7, 1.4, and 2um. In all cases, the etch
resulting from either CI that did not react on the surfaceprofile in the open field remains anisotropic, with some small

6 cm

3ecm

() ()
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(d) le)

1.0 um

I
|
|
[
|
|
[
1
|
|
I
|
|
|
|
|
1
|
I
|
1
1
1
1
1
|
1
1

J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997



1919 Hoekstra, Grapperhaus, and Kushner: Integrated plasma equipment 1919
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Fic. 6. Comparison of etch profiles and total ion PAD/PED above the sub-
wafer dielectric ¢ =6 cm) with (a) a perfect dielectric wafer angh) a wafer

with conductivity=0.05Q " cm™*. The higher conductivity wafer shields

amount of bowing for the deepest trench due to an uninhib . Lo
the plasma from electrical nonuniformities below the wafer.

ited lateral thermal etch. Above the subwafer dielectric
where the PAD/PED is perturbed and asymmetric, the etch

profile is increasingly offset as the depth increases, althougf,qyce a significant undercutting of the mask and broaden-
the slope of the inner wall is essentially the same. With iNing of the etch profile. For example, the etch profile at
creasing depth and etch time, the outer wall becomes increas=g g cm (above the dielectricis shown in Fig. 7a) for a
ingly more bowed. , _ ~ dielectric wafer, without an inhibitor flux and without ther-
The perturbation of the ion flux by subwafer dielectrics is 4 etching. In Fig. ), the spontaneous thermal etch prob-

a function, in part, of the electrical properties of a wafer. Forability by Cl atoms is 0.5%, which causes an increase in
example, a highly conductive wafer would appear to be an

equipotential plane that electrically shields the plasma from
structures below the wafer. The consequences of subwafer P4=0,p=0 ®f=0,p =0.005 ®f = 0.005 p = 0.005
dielectrics are, then, most severe for lightly doped wafers
having largely dielectric properties. As a demonstration of @
this effect, the total ion PAD/PED and etch profiles above
the dielectric ring are shown in Fig. 6 for a perfect dielectric
wafer and for a wafer conductivity of 0.08 ~* cm™?! with-
out the use of an inhibitor flux. With the higher conductivity
wafer, the plasma is largely electrically shielded from the
subwafer topography. As a result there is less perturbation of
the sheath and presheath. The PAD and PED more closely
resemble the open field distributions although there is still an
angular offset. Although there is some amount of undercut-
ting, the larger ion energy obtained with the more conductive si s0, Resist
wafers increases the vertical etch rate to the open field value 1.0 pm
and recoups the anisotropic nature of the etch in spite of the
uninhibited lateral thermal etch rate. However, there does i ) ) )
remain a small asymmetry due to capacitive perturbation OEG. 7_. Et'ch profiles _abqye the subwafer dielectrie=6 cm) for dlﬁgrent
ombinations of the inhibitor flux¢;, and thermal ClI etch probability.
the sheath and presheath. ¢ is expressed as a fraction of the Cl atom fI@. ¢¢=0.0, p=0.0, (b)
The spontaneous thermal etching rotype poly-Si can  ¢:=0.0, p=0.005, (c) ¢;=0.001, p=0.005.

(b) (©

Open Sicl X SiOXCI Redep

¥
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Cl atom flux gives the most satisfactory trench profiles.

1.4

IV. CONCLUDING REMARKS

We have investigated the etching of polysilicon in argon/
chlorine gas mixtures in a high plasma density inductively
coupled reactor. Subwafer topography, such as electrostatic
chucks, can have significant effects on the etch rate due to a
reduction of the ion energy incident on the wafer. The etch
profile can be perturbed due to an asymmetry in the ion
angular distributions caused by perturbations to the sheath
0.6 - 5.0% I~ and presheath. This effect is most severe when using wafers
 CTE A L having low conductivity. In cases where the polysilicon is

1 ! 1 1 heavily n type, the thermal etch rate is large, thereby lower-
0.0 0.2 0.4 0.6 0.8 1.0 ing the vertical-to-horizontal etch selectivity. This effect is
(a) THERMAL ETCH PROBABILITY (%) most severe above subwafer structures where the vertical
etch rate is already low due to the smaller ion energies. In-
0.75 um hibitor fluxes are therefore required to recoup vertical-to-
horizontal selectivity. When wafer clamps are used, the ad-
jacent ion flux is low and the ion angular distribution is
broadened with an imposed asymmetry due to shadowing
and perturbation of the presheath. Analogous to the location
above the dielectric, the etch rate is lower and the etch profile
may be asymmetric. The lowering of the ion energy distri-
bution or ion flux and perturbation of the PAD by substrate
topography both contribute towards decreasing the vertical-
to-lateral etch rate, particularly when there is a significant
neutral driven etch rate that is otherwise unaffected. The re-
duction in the vertical-to-lateral etch rate requires both
longer etch times(pushing other wafer locations into an
overetch situationand increased inhibitor fluxes to recoup
the desired anisotropy. The deleterious effects of subwafer
topography are less severe with high conductivity wafers
which electrically shield the plasma from nonuniformities in
Fic. 8. (a) Etch profile shape factd(average feature widimask width] ~ the substrate.
as a function of the Cl atom thermal etch probability. Shape factors are  Note added in prooflon energy and angle distributions
shown for different valqes of the inhibitor flux, gxpressed as a fraction of pHgve recently been reported by J. R. Woodworth, B. P. Ara-
the ClI atom flux.(b) With large fluxes of the inhibitor flux, the feature .
profile takes on & wedge shape. gon, and T. W. HamiltofAppl. Phys. Lett.70, 1947(1997)]
for cases where superwafer topography was added to the
substrate. The superwafer topography consisted of a ceramic

undercutting due to the broad PAD of the Cl atom flux. Theor metal block placed adjacent to the pinhole entrance to

anisotropic etch profile is recouped with an inhibitor flux thattheir ion energy-angle analyzer. They observed that the IAD

is 0.1% that of the Cl atom flux, as shown in Fidc)? became asymmetric and the IED developed a low energy tail
The requirement for an inhibitor flux to produce aniso-as the superwafer topography approached the pinhole from

tropic profiles is ultimately a function of the lateral-to- one side, in agreement with the model results discussed in

vertical etch rate which in turn is a function of the PED/PAD this article.

and thermal etch rate. For a given thermal etch rate, how-

ever, there is an inhibitor flux producing side wall passiva-ACKNOWLEDGMENTS

tion which yields straight wall features. To illustrate this re- Thi K d by the Semicond R h
lationship we defined a lateral etch raRoas(average trench Is work was supported by the Semiconductor Researc

width)/(mask opening width R as a function of thermal etch Corporation, National Scieqce EoundatiQECS 94'04133’
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due to undercutting. Increasing inhibitor fluxes recoups the
straight wall feature R=1). However large inhibitor fluxes  ‘Handbook of Plasma Processing Technolaggited by S. M. Rossnagel,
eventually cause loss of critical dimension, leading to nar- ,: J- Cuomo, and W. D. Westwoghoyes, Park Ridge, NJ, 1980
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