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The development of two-dimension@D) profile simulators for fabrication of microelectronics
features has significantly progressed during the past few years and now enables modeling of etch
profile evolution for many different plasma processing conditions. Increasingly complex devices
which have three-dimensionéD) (that is, asymmetrjcstructures are now being designed. These
structures require improved dimensionality in profile simulators to capture their most important
features. Under many conditions, such as circular via etching, two-dimensional profile simulators
can be used to address 3D structures. A legitimate issue is to what degree these 2D approaches can
indeed be applied to truly 3D structures. In this article, we present results from a 3D profile
simulator for the purpose of comparing profiles for innately 3D features to results obtained from a
2D profile simulation. It has been found that profiles obtained from the 3D simulators exhibit greater
sidewall sloping in three-plane corners than predicted by the 2D simulator. The implication to
process design is that a greater degree of overetching will be required to clear these corners than
predicted by the 2D simulators. Asymmetries as well as the angular spread of the ion flux
distribution are examined to determine their role in 3D profile evolution. 1998 American
Vacuum Society.S0734-210098)01706-0

[. INTRODUCTION simulators to represent 3D features of finite length has not
] ) o been made in any general fashion. This assessment is par-
The development of two-dimensionélD) profile simu-  icyjarly important with regard to the use of profile models to
lators to investigate fabrication of microelectronics featuresana“yze the fabrication of finite length 3D features as may be
during plasma etching has rapidly progressed during recenfseq in, for example, shallow isolation trenches. In this ar-
years:~® An increasing sophistication in both the algorithms ticje we discuss results from a study in which a newly de-
and the physical phenomena captured in these models hayg|oned 3D Monte CarldMC) based profile simulator has
enabled their application to a wide range of processes. FQfgen ysed to investigate etch profiles for short trenches pro-
example, 2D profile simulators have been applied to analysig ced in poly-Si. These results are compared to profiles ob-
of overhang structures to determine reactive sticking coeffizained with a 2D simulator using identical algorithms to de-
cients of rad?gal%,microtr-enching“,_ionized metal physical (ermine under what conditions the 3D representation is
vapor depositior, analysis of radical beam experimefits, required. The study is performed using an integrated model
and silicon dioxide deposition from tethraethylorthosilicate,yhich combines a comprehensive plasma equipment simula-
(TEOS:" A limited number of three-dimensional3D)  tor with the MC feature profile model. The purpose of this
plasma etch profile models have also been repSrtesiex- study is to both investigate the properties of etching 3D fea-
pected, 3D models using analytic methods such as stringes and to make an assessment of when results from 2D
methods are more computationally intensive than 2D model§jmyjators can be extrapolated to 3D features. Both the an-
due, in part, to the need to repeatedly generate view factorg,jar asymmetry and the angular spread of the ion flux are
of incoming plasma species to points along an evolving 3Dsyamined to determine their effect on profile evolution and
surface. This requirement is somewhat relaxed by using,e 3p nature of the feature. The role of redeposited etch
Monte Carlo simulators in which view angle factors are ”Otproducts is also examined for these conditions.
explicitly calculated. However, the computational burden of  1e model will be described in Sec. II. Profiles predicted
3D Monte Carlo models increases fromr& to O(n°) as by the 3D simulator for asymmetric and symmetric ion flux

compared to 2D models. As a result, using either method Ongistriputions are discussed in Secs. IIl and IV. Our conclud-
is motivated to use 2D models whenever possible and apply, remarks are in Sec. V.

or extrapolate the results to 3D structures.
Clearly, 2D _models are adequate for analyzing Iong”. DESCRIPTION OF THE PROFILE MODEL
trenches which inherently have a 2D character or for analyz- _ _ o
ing 3D features which have advantageous symmetry, such as The modeling hierarchy employed in this study has been
circular vias. However, a quantitative assessment of the agareviously describétiand so will be only briefly discussed

propriateness of extrapolating profiles obtained with 2Dhere. The integrated plasma equipment-feature profile model
consists of three major components: the hybrid plasma
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bAuthor to whom correspondence should be addressed:; electronic maiCarlo simulation(PCMCS,! and the Monte Carlo feature
mjk@uiuc.edu

3274  J. Vac. Sci. Technol. A 16 (6), Nov/Dec 1998 0734-2101/98/16 (6)/3274/7/$15.00 ©1998 American Vacuum Society 3274



3275 R. J. Hoekstra and M. J. Kushner: Comparison of 2D and 3D models for profile simulation 3275

profile model (MC-FPM).® The HPEM is a 2D modular allows for any reactant—product combination, and allows for
simulation which combines an electromagnetic module, amn energy dependence of the interaction. The classes of re-
electron kinetics module, and a fluid model in an iterativeactions in the model include adsorption, passivation, ion ac-
fashion. The HPEM produces electric fields, ion and neutrativated etching, thermal etching, sputtering, ion or neutral
densities, and particle source distributions as a function ofeflection, and re-emission. In this work, we are examining
position, as well as the magnitude of ion and neutral fluxegtching of Si using chlorine plasmas. The mechanism we
incident on to the wafer. The HPEM uses a fluid model forhave adopted is based on the works of Chengl!? and
heavy particle transport, and so particle energy distributiondleeks and Shotf} and is discussed in detail in Ref. 9. Etch-
(PEDS and particle angular distributiod®ADs) for neutrals  ing takes place by first successively chlorinating the polysili-
and ions striking the wafer are not directly available. Thesecon surface, forming SiGl(i.e., SiCl followed by SiC}, and
distributions are produced by the PCM&SThe PCMCS S0 on. Etching of the poly-Si and evolution of the SjGtch
calculates the trajectories of neutral and ion plasma specig¥oduct then occurs through subsequent ion bombardment.
in the gas phase and their collisions with surfaces. It useghe silicon dioxide underlayer to the poly-Si is etched with
sources of plasma species, time dependent electric fields, ad@ arbitrarily chosen selectivity of 1:50 relative to poly-Si.
time dependent sheath properties generated by the HPEM.

The PCMCS then produces PEDs and PADs of all plasm#il. PROFILES FOR FINITE LENGTH STRUCTURES
species intersecting with all surfaces, including the waferwITH ANGULARLY ASYMMETRIC ION

The MC-FPM then uses these PADs and PEDs as a functioRLUXES

of position on the wafer to generate etch profiles. : :
The test feature for this study is an Qu8n long by 0.4
The MC-FPM uses Monte Carlo methods to both fOIIOW,um wide trench having a 0.3m thick hard mask. The

the trajectories of reactive species and products, and tBIasma tool is an inductively coupled plasti€P) reactor

evolve an etch profile based on the fluxes, PADs, and PEDéperating at 10 mTorr of G 800 W of inductively coupled

described in Ref. 9. The 3D version applied to this study iS[otaI positive ion flux to the wafer, composed of}Cand
essentially identical to the 2D model with respect to algo-

rithms and methodology with the exception of the added

dimensionality. The Monte Carlo method, as opposed to 120
semianalytic methods, was chosen due to the ease of imple-
menting surface reaction mechanisms of user defined com-
plexity and which are energy dependent. The MC method
also eliminates the need for computing view factors of in-
coming species since the trajectories of reactants and prod-
ucts, the flux to a point on the surface, and the advance of the
surface are statistically determined.

The MC-FPM resolves the trench region on the wafer 0
(mask and semiconduchoin 2D or 3D using a rectilinear
mesh. The mesh spacing is typically 200—-500 cells for a 1
pm length. Each computational cell is therefore as small as
10 atoms on a side. Each cell is assigned a material identity
(e.g., poly-Si, photoresist, SPplasma which may change
during the simulation. Gas phase spedies., radicals and
ions) are represented by computational pseudoparticles.
Solid species, including adsorbates or passivation, are repre-
sented by the identity of the computational cell. The MC- p-Si
FPM begins by launching pseudoparticles representing radi-
cals and ions towards the surface with initial trajectories
(energy and angjerandomly chosen from the PEDs and
PADs provided by the PCMCS. The pseudoparticles are
launched with a frequency computed from the total flux of
radicals or ions incident onto the substrate so that each Sio>— 38
pseudoparticle represents approximately the number of solid (b)
atoms in a single computational cell. The effects of surface
charging on the profile evolution, an option in the model, arerc. 1. (a) Asymmetric ion energy and angular distribution for an ICP re-

not addressed here since we are primarily interested in thector obtained with the HPEM and PCMCS. The operating conditions are 10
etching of fairly conductive materials. mTorr, 100 scom Gl 800 W ICP, and 150 V chuck bias at 13.56 Migd)

. . . . . Etch profile obtained with the 2D simulator for an infinitely long trench in
A generalized reaction scheme for interaction of the iong,qiysilicon. The mask opening is 0m. The shading on the walls of the

and neutrals with the surface is used in the MC-FPM whichrench indicates chlorinated surfadesg., SiC}) or passivation.
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1.5 um

(b)

Fic. 2. Etch profiles obtained with the 3D model for a @4 x0.8 um long
trench.(a) Schematic showing the locations of axial profiles perpendicular

to the short axigprofiles 1, 2, and Band transverse profiles perpendicular to

the long axigprofiles 4, 5, and 6 (b) Axial profiles parallel to the long axis

of the trench at locations 1, 2, and 3. The asymmetry in the profile worsens
and the etch rate decreases when one approaches the endwall. The shading

on the walls of the trench indicates chlorinated surfa@esg., SiCl) or  Fg. 3. Transverse etch profiles obtained with the 3D model in planes per-

passivation. pendicular to the long axis of a 04mx0.8 um long trench at locations 4,
5, and 6 as indicated in the schematic in Fig)2

PEEE BN .
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Cl*, is 4.2<10% cm2s™1, while the Cl atom flux is 3.1
X 10 cm 2s L. The first etch profiles will be examined (profiles 1, 2, and Bare indicated by the schematic in Fig.
using the perturbed ion energy and angular distributior2(a). Two-dimensional transverse slices through the structure
(IEAD) shown in Fig. 1a). The IEAD has an angular spread in planes perpendicular to the long axis of the trefjoio-
of =3° and an asymmetry of3° produced by an electrically files 4, 5, and Hare shown in Fig. 3. The etch profile per-
interfering subwafer structureThis asymmetric IEAD was pendicular to the long axis at the center of the trefpofile
purposely chosen so that significant overetching would bd, Fig. 3 is similar to that predicted by the 2D model. There
required to clear the feature, and so the effects being dids, however, somewhat greater bowing of the sidewalls in the
cussed here would be emphasized. The angular asymmetpyofile from the 3D model indicating an increased sensitivity
shown in Fig. 1a) is in the plane perpendicular to the long to the asymmetric IEAD. This result suggests that at this
axis of the trench. The angular distribution in the direction oflocation (0.4 um from the ends of the trenglhere are few
the long axis is symmetric with a spread ©f3°. Etch pro- 3D perturbations produced by the finite length of the trench
files obtained with symmetrically broadened IEADs will be and, to first order, the 2D model can produce acceptable
discussed in Sec. IV. profiles. Although the profiles are similar, 175 s was required
The etch profile obtained with the 2D model for the asym-to fully clear the floor of the trench to the oxide underlayer
metric IEAD is shown in Fig. (b) for 150 s of etch time. using the 3D model while only 150 s was required using the
The average etch rate to the time at which the first point or2D model. The longer etch time predicted by the 3D model
the bottom of the trench is cleared is 4000 A minAt this  is caused by lower fluxes of reactants due to shadowing by
time, the profile has generally smooth walls with a smallthe ends of the trench, particularly of the isotropic neutral
slant, approximately 6°, due to the asymmetry in the ion fluxradicals which produces a somewhat lower chlorination of
As a result of this asymmetry, the entire bottom of the trenchhe surface.
is not simultaneously cleared. An overetch of 15% is re- The effect of the angular asymmetry of the IEAD can be
quired to completely clear the bottom of the trench. more clearly seen in the etch profiles parallel to the long axis
Two-dimensional “slices” through the structure in planes of the trench as shown in Fig(ld. Near the “shadowed”
parallel to the long axis of the trench as predicted by the 33side of the trencliprofile 1), the profile has not fully cleared,
model are shown in Fig. 2. The locations of these 2D slicesand there is significant curvature at the base of the endwalls.
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Fic. 4. Relative trench width as a function of axial location for Q — -
X 0.8um and 0.6umXx0.8 um trenches. The relative trench width is the
width of the exposed oxide on the floor of the trench divided by the width of 2 5
the mask opening. The narrower trench has lower etch rates near the end- —
walls due to the proximity of the three-plane corners. J i }
3 6
Near the “unshadowed” side of the trencprofile 3, the T } D
trench has fully cleared and etching of the oxide has begun. L

The curvatures of the profiles at the base of the endwalls for
the longitudinal profiles are noticeably larger than the curva-
ture at the base of the transverse trench sidewalls. This digis. 5. Etch profiles for a square 0u4nx0.4 um via. (a) Transverse etch
parity is due to the 3D shadowing of reactants which is mosprofile in the plane of the asymmetry in the IEAM) Horizontal slices at

severe near the ends of the trench near the three-plane cdipe heights(labeled 1-§ noted in(a). These results show the increasing
ners effects of the finite 3D nature of the feature and of the asymmetric IEAD as

. etch depth increases.
The transverse etch profile near the edge of the trench

(profile 6, Fig. 3 is dramatically underetched, even after asquare via. For example, profiles of a square G via
30% overetch relative to the center of the treriptofile 4 etched for 175 s produced by the 3D model are shown in Fig.
which is fully cleared. There is also a larger side-to-sides. These profiles clearly exhibit the consequences of three-
overetch requirement due to the asymmetry in the IEADplane corner shadowing. There is significant tapering of the
This asymmetry produces a lower etch rate on the side of th2ature produced by the nearness of 3D plane corners. The
trench which is more severely shadowed. Within a tenth of &asymmetry of the IEAD produces an asymmetry in the pro-
micron from the endwall, the profiles predicted by the 3Dfile which is magnified by the proximity of the three-plane
model significantly deviate from those predicted by the 2Dcorners compared to the longer aspect ratio trenches. These
model. Shadowing of the IEAD in the three-plane cornerseffects result in requiring longer overetch etch tinie80%)
which reduces the ion and radical fluxes is largely responthan would be predicted by the 2D model. The horizontal
sible. Proximity to the 3D corners is therefore a measure oplane views shown in Fig.(5) demonstrate the increasing
the appropriateness of the 2D model. consequences of the finite 3D nature of the feature resulting

The importance of the proximity to the three-plane cor-from the asymmetry of the IEAD as the feature increases in
ners for assessing the validity of 2D simulators is shown indepth.

Fig. 4. The normalized widths of the trench at the oxide layer
after 175 s of etching are plotted for Quhx0.8um and V. PROFILES FOR FINITE LENGTH STRUCTURES

0.6 umx0.8 um features(The normalized width is the ex- WITH ANGULARLY SYMMETRIC ION FLUXES

posed width of the oxide at the bottom of the trench divided In Sec. Ill, an IEAD having a-3° angular spread and an
by the width of the mask openingThe proximity of the off axis asymmetry was used to demonstrate 3D effects on
three-plane corners is commensurably higher for thedd4  the etch profiles of finite length trenches. To systematically
wide trench than for the 0.am wide trench. The narrower examine the consequences of the angular distribution on the
aspect ratio trench has both a smaller etch rate and clears thgolution of these finite length trenches, an angularly sym-
trench bottom for smaller a fraction of its length along themetric IEAD from an unperturbed location on the substrate
long axis. It is also more sensitive to the side-to-side asymwas used as a base distribution. The IEAD, in addition to
metry in the IEAD. having a symmetric angular distribution, has a slightly higher
An extreme case of proximity of 3D plane corners is amaximum energy of 100 eV but still retains the3° angular

(b)
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Fic. 6. 2D profiles perpendicular to the long axis of a Af6X0.8um  Fg. 7. 2D profiles perpendicular to the long axis of a RBx0.8 um

trench at locations 4, 5, and 6 as noted in Fig) 2or a sticking coefficient  trench at locations 4, 5, and 6 as noted in Fig) Zor a sticking coefficient

of 0.10 for redeposited Si¢l The angular spreads of the IEADs a®  of 0.30 for redeposited Sigl The angular spreads of the IEADs a@a

*£15° (b) £3°, and(c) +6°. The shading on the walls of the trench +15° (b) =3°, and(c) =6°. For the narrow IEAD, sidewall tapering

indicates chlorinated surfacés.g., SiCl) or passivation. leads to a decrease in the etch rate as large as 20% near the ends of the

feature. The shading on the walls of the trench indicates chlorinated surfaces
(e.g., SiC}) or passivation.

spread. The effects of a narrowing or broadening the angular

spread of the IEAD on the 3D etch profile were examined bytween the center and edge of the trenches become more pro-

adjusting this IEAD to have an angular spreadtdf.5° and  nounced. In the most severely broadened dasé®), the

+6°. These three IEADs were then used with the MC-FPMprofile is significantly undercut in the center of the trench.

to simulate the etching of a 08nx 0.8 um feature. Results However, as the endwall is approached, the undercutting

will be discussed for two values of the sticking probability lessens and the etch rate decreases. In this case, shadowing in

for redeposition of the SiGletch product, 0.1 and 023 the three-plane corners of reactants having large angular
Etch profiles perpendicular to the long axis of the trenchspread is beneficial by intercepting large angle ions which

[locations 4, 5, and 6 of Fig.(8)] are shown in Fig. 6 for the lead to undercutting.

+1.5° *+3° and =6° IEADs. The sticking coefficient for Etch profiles perpendicular to the long axis of the trench

SiCl, is 0.1. Etching was performed until initial contact with [locations 4, 5, and 6 of Fig.(8)] are shown in Fig. 7 for the

the oxide layer. The intuitive results are that as the IEAD=*1.5°, +3°, and +6° IEADs when the sticking coefficient

becomes more narrow, the sidewall slope should becomfor the SiC}, etch product is 0.3. Etch profiles in the center of

more shallow, and the three-plane corners should becontie trench aligned with the long axis for this case are shown

less rounded. In the extreme case of an IEAD with zeran Fig. 8. For thex1.5° IEAD, there is a large variation in

angular spread and for an ion activated etch process, ortee transverse profiles shape and etch rate between the center

would expect little, if any, variation in the transverse etchof the feature and locations near the end of the trench. In

profile along the axis of a finite length trench. To some de-particular, the sidewalls have a significant inward slope

gree, this intuition is confirmed by the results in Fig. 6. Forwhich worsens near the endwalls. As the IEAD broadens to

the narrow IEAD (+1.5°, the profiles are fairly uniform =*=3°, the walls straighten and the etch rate becomes more

along the trench with a slight inward slope. The etch rate isuniform. For the=6° IEAD, the distribution is sufficiently

smaller near the wall due to shadowing of the reactive fluxeshroad that undercutting has started; however the profiles are

with some additional rounding in the three-plane corners. Adairly uniform along the length of the trench.

the IEAD broadens, the differences in transverse profiles be- These results are somewhat counterintuitive, in that a

J. Vac. Sci. Technol. A, Vol. 16, No. 6, Nov/Dec 1998
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© Fic. 9. Time evolution of the trench depth at the three transverse locations

(profiles 4, 5, and pfor the conditions of Figs. 7 and 8. The angular spreads
Fic. 8. 2D profiles parallel to the long axis of the trench and centered alongf the IEADs are(a) = 1.5°, (b) =3°, and(c) = 6°. Locations far from the
the short axis of the featufgrofile 1 in Fig. Za)] for a sticking coefficient  endwalls(profiles 4 and 5show nearly linear etch rates with time. Loca-
of 0.30 for redeposited Si¢l The angular spreads of the IEADs d@® tions near the wal(profile 6) have a lower etch rate. The overall etch rate
+1.5°, (b) £3°, and(c) =6°. can also be seen to be inversely dependent on the angular spread of the
incoming IEAD. Aspect ratio dependent etch becomes more significant as
the angular spread increases.

broader IEAD actually results in a more uniform, more an-
isotropic etch profile along the trench one which is less sentor in profiles far from three-plane corngr3he same varia-
sitive to three-plane corners. This trend is a consequence &bn in sticking coefficients may produce significant changes
the redeposition of etch products on the sidewalls. The,SiClin etch profiles and etch rates near three-plane corners. This
etch products are isotropically and diffusively emitted fromtrend results in overetch times being a function of wafer
the etched surface. The etch products reflect off the side- anémperature. Similarly, the bias voltage is often varied dur-
endwalls in leaving the trench. Some of the Si@deposits ing a process which, in turn, produces small variations in the
on the sidewalls, endwalls, and in the corners. These etcangular spread of the IEAD. These variations in IEAD do not
products are, to some degree, passivation which slows tha&gnificantly change 2D etch profiles but may produce sig-
etch and must be removed from the surface by ions for etchaificant changes in profiles and etch rates near three-plane
ing to continue. This cleansing requires some breadth to theorners.
IEAD. The sidewall(endwal) slope can be attributed to this Etch depths as a function of time for different angular
passivation since the flux of the passivation to the walls isspreads in the IEAD and position in the trench are shown in
higher at the bottom of the trench. The effect is more sever&ig. 9 for the case where the sticking coefficient for Sifsl
in the three-plane corners due to there being more shadowir@3. Etch depths are shown for transverse etch profiles at
of the IEAD, thereby allowing more passivation to accumu-locations 4, 5, and fsee Fig. 2a)]. As the angular distribu-
late on the sidewalléendwalls. tion is broadened, the etch rate decreases. For example, the
The demonstrated sensitivity of etch profiles in 3D struc-+6° IEAD feature requires=190 s to reach the depth of the
tures to the breadth of the IEAD and the redeposition of etctoxide while the =1.5° IEAD feature only requires only
products may lend some insight into requirements for scaling=120 s. This dependence of etch rate on breadth of the
processes developed for 2D structures to 3D structures. FOEAD is due to the greater shadowing of the6° IEAD as
example, sticking coefficients on sidewallsndwallg for  the trench depth increases. Note also that the narrow IEADs
etch products are sensitive functions of temperature. Smallave, at least in the middle of the feature, nearly linear etch
excursions in wafer temperature which change these coeffrates while the broad IEADs have a significant aspect ratio
cients may result in only small changes in 2D etch profilesdependent etch raté.e., an etch rate that decreases with
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depth. The variation in the etch rate along the trench variesnot encroach on the feature and a more uniform etch rate is
inversely with the breadth of the distribution due to the citedmaintained across the bottom of the feature. This result was
need to remove passivation from the sidew&fiadwall3.  dependent on the rate of redeposition of §i@ls this stick-
The =1.5° IEAD has a 20% variation in etch rate betweening coefficient was lowered, the angular spread could be re-
the middle of the trench and near the endwall, whereas thduced without inducing the inward taper of sidewalls and
+6° feature has only a 5% variation. For these conditionsendwalls. These results indicate that the sidewall slope and
the =3° IEAD maintains the best balance between overallcorner curvature as well as the differential etch rate over the
feature conformity and etch rate, requiring 140 s to reach théeature bottom are dependent on the three-dimensional as-
oxide with a minimum amount of overetch required. pect ratio of the feature as well as on the angular spread of
the IEAD and the redeposition rate of etch species.
V. CONCLUDING REMARKS
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