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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. ©1997 American Vacuum Society.@S0734-2101~97!06204-0#
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I. INTRODUCTION

Plasma etching is standard practice in the semicondu
industry for microelectronics manufacturing to fabricate n
row (,0.5mm! features and to meet the demand for grea
anisotropy of etch profiles.1 Development of etch processe
that uniformly yield highly anisotropic profiles across th
full diameter of the wafer has been complicated by th
sensitivity to local reactor operating conditions and to
topography of the substrate. For example, it is common
find that the substrate beneath the wafer has nonplana
pography such as gas cooling channels or component
electrostatic chucks. It has been observed that etch rate
SiO2 are lower at locations that mirror the gas cooling cha
nels under the wafer.2 A similar effect has been observed
the etching of flat panel display substrates.3 In both cases, the
observations cannot be attributed to wafer temperature va
tions above these structures. These observations place a
importance on simulating etch processes using an integr
modeling approach that accounts for the plasma proper
as well as details of the substrate topography. In this man
one can evaluate the consequences of reactor topograph
the material properties of structural components on etch
files in a self-consistent manner.

To address these issues, an integrated plasma equipm
etch profile model was developed to enable one to asses
impact of structural components of the reactor on etch p
files. The integrated model links a comprehensive plas

a!Electronic mail: stretch@uigela.ece.uiuc.edu
b!Electronic mail: grapper@uiuc.edu
c!Electronic mail: mjk@uiuc.edu
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equipment model with an etch profile simulator. The Mon
Carlo feature profile model~MC-FPM!, which was devel-
oped for this study, predicts etch profiles as a function
position on the wafer using the ion and neutral flux distrib
tions ~angle and energy! which are produced by the plasm
equipment model. As a demonstration of the linkages of s
wafer and superwafer topography with etch profiles, we u
the integrated model to simulate the etching of polycrystal
silicon ~poly-Si! in an inductively coupled plasma~ICP! re-
actor using an Ar/Cl2 gas mixture. The test reactor has su
wafer structures, in the form of dielectric channels, and
perwafer structures, in the form of wafer clamps. T
subwafer structures are intended to simulate the effect
cooling channels or components of an electrostatic chuck
was found that the superwafer structures perturb the ang
distribution of the incident ions, thereby modifying the et
profile, and they reduce the magnitude of the ion flu
thereby reducing the etch rate. The major effect of subwa
structures is to decrease ion energies thereby decreasing
rates for ion driven processes.4 There is also a broadening o
the ion angular distribution due to the lowered ion energ
and an asymmetry in the ion angular distribution due to p
turbation of the presheath and sheath electric fields. Inc
ing inhibitor or passivation fluxes was found to remedia
sidewall etching due to these broadened ion angular distr
tions, thereby reducing asymmetries in the feature. The p
sivation also slows lateral thermal etch rates in poly-Si d
to high doping. The isotropy and symmetry of etch profil
are more sensitive to superwafer topography since th
structures more significantly perturb the presheath and th
19135(4)/1913/9/$10.00 ©1997 American Vacuum Society



o

be
io
/

d
m
e

a
d
es
po
er

a
, a
Io
av

th
a
tu
e
du
s
a
th
hi
n’
ib

s

ar
.
c
t
, a
E
ci
C
o

th
a
pu
th
l
a
a

tion
en-

fer
-
r 1
15

spe-
d by
ns
ions

ed
h a
ns
pre-
gle
ad-
ue.
are
ac-
a

s
the
ce
his

ns
ich
for
s are
ns

ity
with
lude
tch-
on.
that
nte
en-
o-
tted
with
l in
ion
nner
ise
low

sed

ur-
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fore affect the directionality of ions entering the sheath t
greater extent.

The integrated plasma equipment-profile model will
described in Section II, followed by a discussion in Sect
III of results from the model for etching of poly-Si in Ar
Cl2 plasmas. Our concluding remarks are in Section IV.

II. DESCRIPTION OF THE INTEGRATED PLASMA
EQUIPMENT-FEATURE PROFILE MODEL

The integrated plasma equipment-feature profile mo
consists of three major components: the hybrid plas
equipment model~HPEM!, the plasma chemistry Mont
Carlo simulation~PCMCS! and the MC-FPM. The HPEM is
a two-dimensional, modular simulation, that combines
electromagnetic module, an electron kinetics module, an
fluid model in an iterative fashion. The HPEM produc
electric fields, ion and neutral densities as a function of
sition, and ion and neutral fluxes incident on to the waf
The electric potential throughout the reactor~both in the
plasma and through material structures! is solved, thereby
enabling one to assess the effects of reactor topography
construction materials on plasma properties. The HPEM
used in this study, is described in detail in Refs. 5 and 6.
and neutral momentum equations are included for all he
particle species.

A semi-analytic sheath model was also integrated into
HPEM to more realistically represent the fields and fluxes
gas-solid boundaries under conditions where the ac
sheath thickness is less than the mesh spacing. The sh
model tracks the charging and discharging of the sheath
ing the radio frequency~rf! cycle assuming collisionles
transversal by the ions through the sheath and a Boltzm
distribution for the electrons. The voltage drop across
sheath is produced by the semi-analytic sheath model, w
is then applied as a jump condition in solving Poisso
equation for the entire reactor. The sheath model is descr
in Ref. 7.

The HPEM uses a fluid model for heavy particle tran
port, and so particle energy distributions~PEDs! and particle
angular distributions~PADs! for neutrals and ions striking
the wafer are not directly available. These distributions
produced by the PCMCS. The PCMCS, described in Ref
calculates the trajectories of neutral and ion plasma spe
in the gas phase and their collisions with surfaces. It uses
sources of plasma species, time dependent electric fields
time dependent sheath properties generated by the HP
The PCMCS produces PEDs and PADs of all plasma spe
intersecting with all surfaces, including the wafer. The M
FPM then uses these PADs and PEDs as a function of p
tion on the wafer to generate etch profiles.

The two-dimensional MC-FPM uses Monte Carlo me
ods to evolve an etch profile based on the fluxes, PADs,
PEDs generated by the PCMCS. There are a number of
lished profile models that use analytic methods to resolve
features of the profile with arbitrarily fine spatia
resolution,9–11 and in that sense are more versatile th
Monte Carlo based models. We chose to use a Monte C
J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997
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method due to the ease of implementing surface reac
mechanisms of user defined complexity and which are
ergy dependent.

The MC-FPM resolves the trench region on the wa
~mask and semiconductor! in two dimensions using a recti
linear mesh. The mesh spacing is typically 200 cells fo
mm length. Each computational cell is therefore about
315 atoms. Each cell is assigned a material identity~e.g.,
poly-Si, photoresist, SiO2 , plasma! which may change dur-
ing the simulation. Gas phase species~i.e., radicals and ions!
are represented by computational pseudoparticles. Solid
cies, including adsorbates or passivation, are represente
the identity of the computational cell. The MC-FPM begi
by launching pseudoparticles representing radicals and
towards the surface with initial trajectories~energy and
angle! randomly chosen from the PEDs and PADs provid
by the PCMCS. The pseudoparticles are launched wit
frequency computed from the total flux of radicals or io
incident on the substrate so that each pseudoparticle re
sents the approximate number of solid atoms in a sin
computational cell. The pseudoparticle trajectories are
vanced in time using a second order Runge-Kutta techniq
The effects of surface charging on the profile evolution
not addressed here. In cases of surface charging and ion
celeration due to the electric field in the trench there is
slight narrowing of the trench due to ‘‘focusing’’ of the ion
by the positively charged sidewalls. This effect lessens as
conductivity of the poly-Si increases. The details of surfa
charging do not impact the thrust and conclusions of t
article.

A generalized reaction scheme for interaction of the io
and neutrals with the surface is used in the MC-FPM wh
allows for any reactant-product combination, and allows
an energy dependence of the interaction. These processe
input to the MC-FPM through a file which lists the reactio
in conventional chemical notation@e.g., Cl~g! 1 Si~s! →
SiCl~s!#. This file is preprocessed to construct probabil
arrays for the reaction of pseudoparticle plasma species
surface species. The classes of reactions in the model inc
adsorption, passivation, ion activated etching, thermal e
ing, sputtering, ion or neutral reflection, and re-emissi
When a pseudoparticle impacts on a surface, the reaction
occurs is chosen from the probability arrays using Mo
Carlo techniques. Based on this reaction, the material id
tity of the computational cell at the site of impact is appr
priately changed. Particles which are desorbed or re-emi
from the surface are given thermal speeds and launched
a Lambertian angular distribution, or reflected as a neutra
the case of an ion. The trajectory of etch or re-emiss
products are then tracked as pseudoparticles in the ma
described by the reaction mechanism. Unless otherw
noted, the photoresist is considered a hard mask having a
etch rate.

The polysilicon etch mechanism we have adopted is ba
on the works of Chenget al.12 and Meeks.13 Etching takes
place by first successively chlorinating the polysilicon s
face, forming SiCln ~i.e., SiCl followed by SiCl2 , and so on!.
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1915 Hoekstra, Grapperhaus, and Kushner: Integrated plasma equipment 1915
This chlorination is predominantly accomplished by neut
Cl atoms. Etching of the poly-Si and evolution of the SiCn
etch product then occurs through subsequent ion bomb
ment. A summary of the reaction scheme and reaction p
abilities used in the model appears in Table I. The proba
ity for an ion of energye activating an etch scales a
(e2e0)

1/2, wheree0 is a threshold energy.12 In addition to
the reactions appearing in Table I, we also allowed there
be an inhibitor flux which deposits on surfaces there
blocking the etch. The inhibitor is removed by ion bomba
ment. The inhibitor flux is intended to represent polymeriz
tion which may be produced from sputtered mask mate
or other gas phase species. We also allow the polysilico
be thermally etched by Cl atoms in the absence of ion bo
bardment, as may occur at high doping levels. The s
con dioxide underlayer to the poly-Si is etched with an ar
trarily chosen selectivity of 1:50 relative to poly-Si. Th
is achieved by using a reaction mechanism analogous to
for poly-Si with reduced etch probabilities. Cl can also re
sociate on chlorinated surfaces in the trench to prod
Cl2 , however for the cases presented here Cl reassocia
was not included. We did run test cases with this proc
using reaction probabilities of 0.02 for SiCl2 and 0.08 for

TABLE I. Surface reactions for the poly-Si etch mechanism.

Reactiona
Probability
for reactionb Reference

Si~s!1Cl~g)→SiCl~s! 0.99 13
SiCl~s)1Cl(g)→SiCl2(s) 0.20 13
SiCl2(s) 1 Cl(g) → SiCl3(s) 0.15 13
SiCl3(s) 1 Cl(g) → SiCl4(g) 0.0001 13c

Si(s) 1 SiCl2(g) → Si(s) 1 SiCl2(s) 0.8 13
SiCl(s) 1 SiCl2(g) → SiCl(s) 1 SiCl2(s) 0.5 13
SiCl2(s) 1 SiCl2(g) → SiCl2(s) 1 SiCl2(s) 0.3 13
SiCl3(s) 1 SiCl2(g) → SiCl3(s) 1 SiCl2(s) 0.1 13
SiCl2(s) 1 Ar1 → SiCl2(g) 1 Ar(g) 0.16

(e2eo)
1/2

eo
1/2

12d

SiCl3(s) 1 Ar1 → SiCl3(g) 1 Ar(g) 0.16
(e2eo)

1/2

eo
1/2

12d

SiCl(s) 1 Cl1 → SiCl2(g) 0.13
(e2eo)

1/2

eo
1/2

12d

SiCl2(s) 1 Si(s) 1 Cl1 → SiCl2(g) 1 SiCl(s) 0.16
(e2eo)

1/2

eo
1/2

12d

SiCl3(s) 1 Cl1 → SiCl4(g) 0.19
(e2eo)

1/2

eo
1/2

12d

Si(s) 1 Cl2
1 → SiCl2(g) 0.13

(e2eo)
1/2

eo
1/2

12d

SiCl(s) 1 Si(s) 1 Cl2
1 → SiCl2(g) 1 SiCl(s) 0.16

(e2eo)
1/2

eo
1/2

12d

SiCl2(s) 1 Si(s) 1 Cl2
1 → SiCl2(g) 1 SiCl2(s) 0.16

(e2eo)
1/2

eo
1/2

12d

SiCl3(s) 1 Si(s) 1 Cl2
1 → SiCl4(g) 1 SiCl(s) 0.19

(e2eo)
1/2

eo
1/2

12d

aSubscript ~s! denotes a surface species. Subscript~g! denotes a gas o
plasma species.
be is the ion energy.eo510 eV unless noted otherwise.
cThermal etch probability was varied for some cases as noted.
dReaction mechanism was derived from the cited reference. The pre
values for probabilities were modified.
JVST A - Vacuum, Surfaces, and Films
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SiCl3 based on the work of Meeks.
13 Including Cl reassocia-

tion in the trenchhas a negligible effect on the etching cha
acteristics due to its low rate compared to Si chlorination a
etching.

III. PREDICTED ETCH PROFILES AND RATES
WITH SUBSTRATE AND SUPERWAFER
TOPOGRAPHY

The geometry we used in this study is an ICP reac
using a flat spiral four turn coil set on a quartz window@see
Fig. 1~a!#. This reactor is described in detail in Ref. 5. Th
process parameters we used are an Ar/Cl2570/30 gas mix-
ture flowing at 150 sccm with 1 kW of ICP power at 13.5
MHz and a 150 V bias also at 13.56 MHz applied to t
substrate. The gas-phase plasma chemistry reaction me
nism we used is described in Ref. 5 as are typical plas
conditions. Computed peak ion and Cl radical densities
our test parameters are 6.3631011 cm23 and 8.1231013

cm23, respectively. The 20 cm diameter wafer is modeled
silicon with a specified conductivity, a thin over coating
SiO2, poly-Si and photoresist. The subwafer structure is
dielectric ring with permittivity ofe/e051.0 located beneath
and in contact with the wafer between radii of 4.5 and 6
cm. The superwafer topography is a clamp covering
outer 0.25 cm of the wafer. The dielectric ring approxima
the effect of subwafer structures such as cooling channel
as might be used in the construction of an electrost
chuck. Etch properties will be discussed at the three ra
locations noted in Fig. 1~a!. These locations are~1! an open
field site at a radius ofr53 cm which is not affected by
topography,~2! near the outer radius of the subwafer diele
tric at r56.0 cm, and~3! near the clamp atr59.625 cm.
Etch profiles were simulated for a resist opening of 0
mm, a hard mask thickness of 0.2mm, a 0.7mm poly-Si
layer, and an oxide etch stop layer of 0.1mm, as schemati-
cally shown in Fig. 1~b!.

The total ion and chlorine radical fluxes incident onto t
wafer are shown in Fig. 2 as a function of radius. Th
values at the inspection points and the corresponding
rates are shown in Table II. The etch rate is an average v
given by the vertical distance etched divided by the e
time. Due to significant dissociation of the Cl2 feedstock, the
major ion incident on the wafer is Cl1. As a result of its
higher ionization potential and rapid charge exchange
Cl2

1 and Cl1, the flux of Ar1 is only 10% of the total. The
magnitudes of the ion and radical fluxes are uniform
within about 10% to a radius beyond the dielectric ring. A
jacent to the clamp, the ion flux falls to approximately ha
its peak value, while the Cl atom flux decreases by 20
There is a small peak in the ion flux at a radius of 5–6
due to the maximum in power deposition by the torroid
electric field. The PAD and PED for Cl atoms are essentia
uniform across the radius with a small decrease in magnit
near the clamp due to shadowing. This results from the
reactive sticking coefficient~,0.01! for Cl on nonsilicon
surfaces. The PED is essentially thermal with a small h

ise
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FIG. 1. ~a! Schematic of the ICP reactor used in this study.~b! Initial feature profile.
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energy tail extending to a few eV resulting from charge e
change with energetic ions. The PAD is essentially isotro
The Cl radical flux is composed of 10% excited states
though our etch mechanism is not sensitive to the excita
state of the radical.

The PED and PAD for the total ion flux striking the waf
at the three inspection points are shown in Fig. 3. For th
cases, the wafer is treated as a perfect dielectric. The PE
the open field has the characteristic double-peaked shap
sociated with the thin sheaths encountered in high pla
density reactors.8 The ions acquire 0.5–1 eV of transver
energy crossing the presheath,14 which then requires ion ac
celeration across the sheath of.10s V depth to straighten
J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997
-
.
l-
n

e
in
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a

into anisotropic trajectories. The PAD is therefore genera
broader at the lower energies of the PED where insuffici
ion acceleration has occurred to counter the transverse c
ponent of ion energy entering the sheath. The major con
quence of the subwafer dielectric is to reduce the she
potential in the plasma at the surface of the wafer above
dielectric, thereby reducing the average ion energy to
substrate~see Table II!. As discussed in Ref. 4, the subwaf
dielectric acts as a capacitor which charges and discha
during the rf cycle, thereby garnering voltage that wou
have otherwise been dropped across the wafer or acros
sheath. The sheath potential is therefore smaller above
dielectric, which then shifts the PED to lower energies. F
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1917 Hoekstra, Grapperhaus, and Kushner: Integrated plasma equipment 1917
these conditions, the drop in average ion energy is from
eV ~at locations far from the dielectric! to 49 eV~above the
dielectric!. In principle, the subwafer dielectric should n
have a major effect on the PAD, since the remaining she
potential is generally sufficient to redirect ions vertically in
the substrate. The two-dimensional nature of the preshe
though, cause significant perturbations to the PED and P

The ion PAD/PED for the location above the subwa
dielectric shown in Fig. 2~b! is asymmetric, having an offse
to negative angles. It is also somewhat broader than tha
the open field location. The broadening of the PAD resu
from the lower ion energy caused by the reduced sheath
tential as described above. The asymmetry results from
dial gradients in the presheath. The location at which t
PAD is recorded is towards the outer edge of the subw

FIG. 2. Fluxes of plasma species striking the wafer as a function of ra
for the ICP reactor using an Ar/Cl2570/30 gas mixture, 10 mTorr, 1 kW o
ICP power and 150 V bias on the substrate.~a! Ion fluxes and~b! Cl radical
fluxes.

TABLE II. Reactant and etch characteristics at the inspection points.

Radius~cm!

3.0 6.0 9.625

Total ion flux ~cm22 s21) 2.231016 2.331016 1.231016

Average ion energy~eV! 68 49 69
Cl atom flux ~cm22 s21) 5.631017 5.431017 3.931017

Poly-Si etch rate~Å/min! 1800 1350 760
JVST A - Vacuum, Surfaces, and Films
8

th

th,
.

r

at
s
o-
a-
is
er

dielectric. The sheath potential is lowest at the midpoint
the dielectric, and increases to its open field value towa
the edges of the dielectric. As a result, the sheath poten
has a radial gradient, which in turn produces a transve
electric field in the presheath. The ions therefore enter
sheath with a net positive radial velocity.~On the inner side
of the subwafer dielectric, the presheath produces a net n
tive radial ion velocity.! The asymmetry we observe in th

s

FIG. 3. Total ion energy and angular distribution striking the wafer for~a!
the open field (r53 cm! which is representative of locations further than
cm from the subwafer dielectric or clamp,~b! above the subwafer dielectric
(r56 cm!, and ~c! adjacent to the wafer clamp (r59.625 cm!. Due to
voltage division between the sheath and subwafer dielectric, the ion en
distribution is cut off. The angular distributions above the dielectric and n
the clamp are asymmetric due to perturbation of the presheath.
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1918 Hoekstra, Grapperhaus, and Kushner: Integrated plasma equipment 1918
PAD results from there being insufficient sheath voltage
straighten the ion trajectories to the vertical. For this rea
the angular offset is most prominent at low ion energies,
less severe at higher energies where additional sheath vo
is available to straighten the trajectories. The PAD/PED n
the clamp has an even more severe asymmetry for essen
the same reason. The vertical clamp face produces a ne
dial electric field in the presheath which results in a net po
tive radial velocity for ions entering the sheath.

Predicted poly-Si etch profiles obtained with the M
FPM after 500 s of etching are shown in Figs. 4~a!, 4~b!, and
4~c! for the open field, over the subwafer dielectric and n
the clamp, respectively. For these cases, there is no inhib
flux. The etch profile in the open field is anisotropic wi
straight walls and clean corners. The etch rate at this loca
is 1800 Å/min. Our etch mechanism proceeds through
intermediate step where Cl atoms chlorinate the surfa
forming SiClx species shown in yellow. SiClx is removed
from the surface by ion bombardment, and is therefore
prevalent near the bottom of the trench. This profile is r
resentative of all wafer locations more than 1 cm dist
from either the subwafer dielectric or the wafer clamp.

Product fluxes returning to the plasma from the tren
were examined at the 3.0 cm radical location. In all cas
the fluxes returning to the plasma are dominated by Cl ato
resulting from either Cl that did not react on the surfa

FIG. 4. Feature profiles after a 500 s etch for~a! open field (r53 cm!, ~b!
above the subwafer dielectric (r56 cm!, and ~c! adjacent to the clamp
(r59.625 cm!. Fully developed etch profiles for~d! r56 cm ~after a 720 s
etch! and ~e! r59.625 cm~after a 1050 s etch!. The asymmetric ion angle
distributions produce a slanted etch profile.
J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997
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or from the neutralized products of ion recombination. Ea
during the etch, the reactivity of Cl is high due to chlo
ination of the surface and the ratio of the Cl flux to th
SiClx flux leaving the trench is 40:1. After the surface
chlorinated, the ratio increases to as large as 600:1. W
the oxide layer is reached, there is a decrease in SiClx flux
~some etching of the side wall continues to produce SiCx)
and a small SiOxCly flux appears as the oxide layer begins
etch at a lower rate. At this point the product flux ratios f
Cl:SiClx :SiOxCly are 2000:2:1.

The reduced ion energy at locations above the dielec
lowers the etch rate compared to the open field position
this case to 1350 Å/min. The etch has had insufficient time
reach the SiO2 . If the polysilicon is dopedn type the thermal
etch rate by Cl atoms will be large. Since the Cl radical fl
above the dielectric is essentially the same as that for
open field, the lower ion energy above the dielectric resu
in a lower vertical to horizontal etch rate, dropping to as lo
as 5:1 in the absence of side wall passivation. This produ
rounded side walls, as shown in Fig. 4~b!. An analogous
situation occurs near the wafer clamp where the etch rat
still lower, 760 Å/min. Here the reduced etch rate resu
primarily from a lower ion flux~as opposed to lower ion
energy!, approximately half that near the center of the waf
The etch profiles for the above dielectric and near cla
locations after 500 s show indications of some increased
dercutting due to the broadening of the PAD and an asy
metry due to the angular offset in the PAD.

The lower etch rates over the dielectric and near the wa
clamp require longer times to clear the bottom of the tren
The etch profiles obtained at these sites when the width
the trench at its base is approximately equal to the re
opening are shown in Figs. 4~d! and 4~e!. The etch times are
720 and 1050 s, respectively. Since the width of the PAD
not overtly perturbed by the subwafer dielectric, the width
the etch profile over the dielectric is similar to that of th
open field with some small amount of additional underc
ting due to the reduction in the vertical-to-horizontal et
rate. However, the angular offset of the PAD produces
asymmetric etch profile with more undercutting on the w
at the outer radius. The effect is more severe near the w
clamp where the angular offset in the ion flux is more p
nounced. The addition of an inhibitor flux can help lower t
horizontal etch rate and narrow the profile. However the i
provement is not as dramatic as at open field locations s
there is now an increased ion flux to the side walls wh
removes the inhibitor. Deposition of an inhibitor on the ba
of the trench does also occur, which decreases the ver
etch rates leading to longer etch times, but the effect is
large due to the more rapid rate of removal by ion bomba
ment.

The degree of asymmetry of the etch profile above
subwafer dielectric increases with increasing etch depth.
example, etch profiles are shown in Fig. 5 in the open fi
(r53 cm! and above the subwafer dielectric (r56 cm! for
trench depths of 0.7, 1.4, and 2.1mm. In all cases, the etch
profile in the open field remains anisotropic, with some sm
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amount of bowing for the deepest trench due to an uninh
ited lateral thermal etch. Above the subwafer dielect
where the PAD/PED is perturbed and asymmetric, the e
profile is increasingly offset as the depth increases, altho
the slope of the inner wall is essentially the same. With
creasing depth and etch time, the outer wall becomes incr
ingly more bowed.

The perturbation of the ion flux by subwafer dielectrics
a function, in part, of the electrical properties of a wafer. F
example, a highly conductive wafer would appear to be
equipotential plane that electrically shields the plasma fr
structures below the wafer. The consequences of subw
dielectrics are, then, most severe for lightly doped waf
having largely dielectric properties. As a demonstration
this effect, the total ion PAD/PED and etch profiles abo
the dielectric ring are shown in Fig. 6 for a perfect dielect
wafer and for a wafer conductivity of 0.05V21 cm21 with-
out the use of an inhibitor flux. With the higher conductivi
wafer, the plasma is largely electrically shielded from t
subwafer topography. As a result there is less perturbatio
the sheath and presheath. The PAD and PED more clo
resemble the open field distributions although there is stil
angular offset. Although there is some amount of underc
ting, the larger ion energy obtained with the more conduct
wafers increases the vertical etch rate to the open field v
and recoups the anisotropic nature of the etch in spite of
uninhibited lateral thermal etch rate. However, there d
remain a small asymmetry due to capacitive perturbation
the sheath and presheath.

The spontaneous thermal etching ofn-type poly-Si can

FIG. 5. Etch profiles atr53 cm ~open field! for aspect ratios of~a! 1:1, ~b!
1:2, and~c! 1:3. Profiles atr56 cm ~above the dielectric! for aspect ratios
of ~d! 1:1, ~e! 1:2, and~f! 1:3.
JVST A - Vacuum, Surfaces, and Films
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produce a significant undercutting of the mask and broad
ing of the etch profile. For example, the etch profile
r56.0 cm ~above the dielectric! is shown in Fig. 7~a! for a
dielectric wafer, without an inhibitor flux and without the
mal etching. In Fig. 7~b!, the spontaneous thermal etch pro
ability by Cl atoms is 0.5%, which causes an increase

FIG. 6. Comparison of etch profiles and total ion PAD/PED above the s
wafer dielectric (r56 cm! with ~a! a perfect dielectric wafer and~b! a wafer
with conductivity50.05V21 cm21. The higher conductivity wafer shields
the plasma from electrical nonuniformities below the wafer.

FIG. 7. Etch profiles above the subwafer dielectric (r56 cm! for different
combinations of the inhibitor flux,f f , and thermal Cl etch probabilityp.
f f is expressed as a fraction of the Cl atom flux.~a! f f50.0, p50.0, ~b!
f f50.0, p50.005, ~c! f f50.001,p50.005.
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undercutting due to the broad PAD of the Cl atom flux. T
anisotropic etch profile is recouped with an inhibitor flux th
is 0.1% that of the Cl atom flux, as shown in Fig. 7~c!.

The requirement for an inhibitor flux to produce anis
tropic profiles is ultimately a function of the lateral-to
vertical etch rate which in turn is a function of the PED/PA
and thermal etch rate. For a given thermal etch rate, h
ever, there is an inhibitor flux producing side wall passiv
tion which yields straight wall features. To illustrate this r
lationship we defined a lateral etch ratioR as~average trench
width!/~mask opening width!. R as a function of thermal etch
probability and inhibitor flux is shown in Fig. 8~a!. When the
lateral etch is large due to high thermal etch rates,R is large
due to undercutting. Increasing inhibitor fluxes recoups
straight wall feature (R51). However large inhibitor fluxes
eventually cause loss of critical dimension, leading to n
rowed features as seen in Fig. 8~b!. We found that, for a
small thermal etch probability, an inhibitor flux 0.1% of th

FIG. 8. ~a! Etch profile shape factor@~average feature width!/~mask width!#
as a function of the Cl atom thermal etch probability. Shape factors
shown for different values of the inhibitor flux,f , expressed as a fraction o
the Cl atom flux.~b! With large fluxes of the inhibitor flux, the featur
profile takes on a wedge shape.
J. Vac. Sci. Technol. A, Vol. 15, No. 4, Jul/Aug 1997
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Cl atom flux gives the most satisfactory trench profiles.

IV. CONCLUDING REMARKS

We have investigated the etching of polysilicon in argo
chlorine gas mixtures in a high plasma density inductiv
coupled reactor. Subwafer topography, such as electros
chucks, can have significant effects on the etch rate due
reduction of the ion energy incident on the wafer. The e
profile can be perturbed due to an asymmetry in the
angular distributions caused by perturbations to the she
and presheath. This effect is most severe when using wa
having low conductivity. In cases where the polysilicon
heavilyn type, the thermal etch rate is large, thereby low
ing the vertical-to-horizontal etch selectivity. This effect
most severe above subwafer structures where the ver
etch rate is already low due to the smaller ion energies.
hibitor fluxes are therefore required to recoup vertical-
horizontal selectivity. When wafer clamps are used, the
jacent ion flux is low and the ion angular distribution
broadened with an imposed asymmetry due to shadow
and perturbation of the presheath. Analogous to the loca
above the dielectric, the etch rate is lower and the etch pro
may be asymmetric. The lowering of the ion energy dis
bution or ion flux and perturbation of the PAD by substra
topography both contribute towards decreasing the verti
to-lateral etch rate, particularly when there is a significa
neutral driven etch rate that is otherwise unaffected. The
duction in the vertical-to-lateral etch rate requires bo
longer etch times~pushing other wafer locations into a
overetch situation! and increased inhibitor fluxes to recou
the desired anisotropy. The deleterious effects of subw
topography are less severe with high conductivity waf
which electrically shield the plasma from nonuniformities
the substrate.

Note added in proof: Ion energy and angle distribution
have recently been reported by J. R. Woodworth, B. P. A
gon, and T. W. Hamilton@Appl. Phys. Lett.70, 1947~1997!#
for cases where superwafer topography was added to
substrate. The superwafer topography consisted of a cera
or metal block placed adjacent to the pinhole entrance
their ion energy-angle analyzer. They observed that the I
became asymmetric and the IED developed a low energy
as the superwafer topography approached the pinhole f
one side, in agreement with the model results discusse
this article.
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