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BACKGROUND Technical Field 5The present invention relates generally to
fabri cat iwo 20f1/058t7al oxi de sem conductor field effect tpramaisstions2sand ot her
silicon-based devices. Mre specificaltly, the present invention relates to
processes for selectively etching silicon for use in such and simlar

devi ceslITBEckgr o SELECTIVE SIhiG@N EICH RRO&ESSport ant process in
integrated circuit manufacturing. A specific application for selective
silicon wet etch is for introduction of strain for gate formation in the
Front End of Line (FEOL) process ghAdK@ROPDr construction. Gate oxide,
silicon oxide, silicon nitride, polysilicon, and other filns nay be
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The silicon surface is then heated to drive the dopants into the silicon.
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SUVMARY 30St acking faults are planar defects which may occur in epitaxial
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for the material in question. For instance, for materials in which the
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20 (SiGe). It has been found that some amount of strain is beneficial in improving mobility
of carriers in, e.g., a MOS transistor channel region. While a number of processes
have been disclosed for such strain introduction, improvements are needed to more
effectively and controllably etch the trenches into which the silicon alloy will be
deposited and to more effectively and controllably create in and apply to the channels a

25 desired amount of strain. The amount of strain desired can be difficult to obtain if the
strain inducing silicon alloy contains too many dislocations in the crystalline structure,
since the dislocations relieve strain and/or do not generate sufficient strain when
deposited.

SUMMARY

30 Stacking faults are planar defects which may occur in epitaxial flms when the
crystal stacking sequence is disrupted because of local environmental changes during
growth, e.g., by surface roughness. The defects are characterized by the fact that the
displacement between planes on either side of the defect is not a perfect crystal
translation vector for the material in question. For instance, for materials in which the

35 crystal grows in the (111) direction according to the close packing stacking sequence
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109l ycadndea ery. smooth surface is obtained. In accordance with the invention, the (110) and
(100) planes are etched at approximately the same rate relative to each other, but

30 these planes are preferentially etched relative to the (111) plane, which is etched at a
significantly lower rate. The enhanced, but controlled and not excessive selectivity
provides an improved silicon surface for subsequent epitaxial deposition of a strain
inducing silicon alloy such as silicon germanium or silicon carbon. The improved silicon
surface resulting from the processes in accordance with embodiments of the present

35 invention provides for enhanced strain introduction, and a smoother, more regular



Thus, in one enbodi nent, the present invention provides a process for
etching a silicon |layer disposed on a substrate, including: anisotropically
et chi ng awDi2osf0s847@nch in the silicon | ayer; Perastivabassan
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(AFM . ORI S nbodi ment, the enlarged trench incl udes exposed silicon
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one embodiment, by a factor of about 2:1, it shows little selectivity for the (110) plane
25 over the (100) plane. These selectivity ratios are in sharp contrast to typical quaternary
ammonium hydroxide etches that show strong orientational preference for (100)/(111)
of, e.g., 35:1 and (110)/(100) etch rates of 2:1 or more for simple tetramethylammonium
hydroxide etches. So, while the present invention is an anisotropic wet etch, it differs
from previously used alkaline anisotropic etches in that it is a selectively anisotropic wet
30 etch. The selectivity of the anisotropic etch of the present invention is controllable and
provides an unprecedented degree of control on the relative etch rates for the
respective silicon planes and results in significantly smoother etched surfaces. The
improved smoothness is important to subsequently deposited strain inducing silicon

alloy.



crystal plane orientations other than (111) and are nore easily etched than
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obt ai ned w0 2ati0584#ance with the present invention inclu@es/isSzpossmssi|icon
surfaces having a Rrms roughness, neastred by 20AFM that is not
significantly increased fromthe roughness of a simlar, untreated, silicon
sur face. Thus,onercrobedimeart, etprdcesmin, addoedaridel wit treupifesenst inpestioret chi ng

has a Rrms. roughness, .nmeasur.ed by AF wi t hin, about . 6% qreater than that of
RS o IPqpVidkS BHIREE S AR EH B vl Srpfolia T BeRe] 18dh SHEE: Platsal ment.
t _he fSi |érﬁ@éﬁiﬁi&nﬁ,ﬁﬁ@,em@bdQﬁe%hhriﬂclbéés éxyE@Sé@iﬂ éi%&hé\ﬂ%esﬁﬁh’g Q%Qghrf’e"_dgl
wi thin about 10% greater than that of 25a simlar, untreated crystalline

si | i coRsirthadcange froanabeidr0.84H o iealboutihedQ@ nim, ydrensmepadied hobgtonde chi ng

oo s RAGSAAEIE Y S FHr@0ert by BEBRREPAE8Y nene.
the sildiiom sutfdoashavirgsa r@idghness RiasinathBraRge deahapsst 0.480 3wt &slabyutAFM
wi t hin about 90% greater than that of simTlar, untreated crystalline

S 11 cord-568 g aden measurad by AlTaR e TRIRoscoRy (BFM: Joeneembodisianbitied i n
accordaé?ﬁ&ﬁgﬁﬁﬁ?b&::ﬁ%&b@é?B&%b%c%‘ﬁib&?sbr‘?&%éhédﬁé/i%ger%bhﬁeﬁ‘ﬁ OliRghe EXPOsed
a a roug at, en

silicon su ces having nhess such a’stral nm‘FXnI uci ng
si | i corraagé dnpn abdepb.Sirtne do abotuth@ ntrr, eviedn mebsudepms AFM:ont ai ns a nunber of
acking faults or dislocations that is within out one order of.
magni t ude Al ReasiiRpi o ph dracaaignt surteeenpt &estr%?fmr@rrpttm&ﬁ'%m d be
obt ai n%a@o%@%?f%%ﬂ%@ﬁ@é&ﬁé%@s réfRPRR HdraGepReppMe Strain

i nducing silicon alloy on a si , untreated crystalline silicon surface.
That i goufonessxaind08) ori¢ntadsturtaicas itmaticoiregpenddo e tyencls bddmsi t ed on an
unt r eat crystalline silicon surface uld result i.n about 108

di sl ocaAlgneSpo WErE bRfe sllioE Rsdie piseent isnliSanBBahaest o te nunber
of di sl(@48f plaRe driknfedsitiaivallSidEksddied & 58 IWértiaf eRaafitRE nisbsured{ fame
etched in accordance with the present invention would be no nore than about

197 di susieseisinee ihercrysfaline asientatian @frropg faatims on the €l e sugace adl bave t he
Fact or Ve el PRBIAERS B &R (W) Aoy Sap BRRPC B G  ons o

deposi turelerlymgyplangs.equent anneal i ng, and other factors known to the
10skill ed artisan. However, this feature may be readily determ ned by
conpari ng stiP@ne srABeCIMaNtstheiebergsd tpehdpaioed de agrerdansa ndthaheiniepgnt

i denti ga| hEi & i ; ra ol d and
ot oned Tt ARRSNELABE efBordtfphitth SLira bRy A RIR 2 HoSnriess: medBhickby?

Z0rbodi AV, tHatés potesgnificamiyeintrezmsedrfom des raughness e afsimilat, chiregtea, si | i con

| ayer di.sposed.on substrate, the silicon |ayer having thereon.a plurality
of 155 (SO TEECes (HSaln QRRSHFN PEROES oiNe A6 SYLiece ReS!-Sifnktih Be at o
create ppep [ EM i it 6% Ir Sk i
openi ng@%s gﬁ@?ﬁg@%ﬁ??@%@cﬁr%@% rggtsmt?qé%tﬁgﬁr\@t rzam;éiﬁ F’?%&A&‘Pﬁy’er ;

sel ect iwdteatethciystallingpsibcarsudachi ingarsithecembedinientethe silicdresdrfacst, ppstnch,

OS8R TP Bkt B AT B Sl TR SRR

dey dr oxigleimirRuntreated crystalline silicon surface. In another embodiment, the silicon
surface, post-etching has a Rims roughness, measured by AFM, within about 25%
greater than that of a similar, untreated crystalline silicon surface. In another
embodiment, the silicon surface, post-etching has a Rims roughness, measured by
AFM, within about 90% greater than that of a similar, untreated crystalline silicon

30 surface.

In one embodiment, the enlarged trench obtained in accordance with the present
invention includes sidewalls and other exposed silicon surfaces having a roughness
such that, when a strain inducing silicon alloy is deposited in the trench, the deposit
contains a number of stacking faults or dislocations that is within about one order of

35 magnitude of the number of stacking faults or dislocations that would be obtained by
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In another embodiment, the present invention provides a process for introducing
stress into a silicon layer, including the foregoing steps of etching a first trench and
selectively anisotropic wet etching to form an enlarged trench, and further including
epitaxially depositing a silicon alloy into at least a portion of the enlarged trench.

30 In one embodiment, the present invention enables the formation of improved
silicon layers containing desirable strain characteristics in selected locations. The
composition of the present invention enables the silicon layer to be etched in such a
way to provide a smooth, level surface, upon which the subsequently deposited silicon
alloy layer or fill can be reliably deposited epitaxially. That is, due to this smooth

35 regular silicon surface obtained by the process in accordance with the present
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25 a silicon alloy and the stress resulting in the channel of the transistor as a result of the
presence of the silicon alloy.

FIGS. 5A-5D are schematic cross-sectional views depicting a process of etching
a silicon substrate to form openings and then depositing a silicon alloy in the openings,
in accordance with another embodiment of the present invention.

30 It should be appreciated that for simplicity and clarity of illustration, elements
shown in the Figures have not necessarily been drawn to scale. For example, the
dimensions of some of the elements are exaggerated relative to each other for clarity.
Further, where considered appropriate, reference numerals have been repeated among

the Figures to indicate corresponding elements.
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i ncl udéf®YRe structures and openi ngs, the silicon etching

25 Certain of the embodiments of the invention briefly described in the foregoing
Summary are described in more detail in the following written description so as to
enable a person of skill in the art to make and use the invention.

As used herein, a silicon alloy is an alloy formed by epitaxially co-deposited
silicon and another atom having similar atomic characteristics, such as germanium or

30 carbon, or a combination of germanium and carbon. In the silicon alloy, the alloying
atoms, e.g., germanium or carbon or both, replace some number of silicon atoms in a
silicon deposit. In accordance with an embodiment of the invention, the silicon alloy
deposit is a crystalline deposit obtained by epitaxially depositing the silicon alloy onto a

single crystal silicon substrate or the surface of a single crystal silicon substrate. As will
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20hi um hprdcess idekides\at deast tiad follobeng b@pact eri zed by the formula (1): A(OH)
x(1) anisotropically etching a first trench in the silicon layer;

selectively anisotropic wet etching silicon surfaces in the first trench, the wet
etching comprising exposing the silicon surfaces to an aqueous composition
comprising:

25 an aromatic tri(lower)alkyl quaternary onium hydroxide, and

an unsymmetrical tetraalkyl quaternary phosphonium salt;

wherein the wet etching etches (110) and (100) planes of the silicon layer at
about equal rates and preferentially to the (111) plane to form an enlarged trench
having sidewalls in the (111) plane.

30 As used herein, the "about equal rates" means that the ratio of (100)/(110) etch
rates ranges from about 0.8:1 to about 1.2:1, and in one embodiment, from about 0.8:1
to about 1:1, and in another embodiment, from about 0.9:1 to about 1.1:1, and in
another embodiment, from about 0.9:1 to about 1:1. As noted above, this "about equal
rates" of the (100)/(110) etch ratio in accordance with the present invention contrasts

35 with the quite unequal ratio of the (100)/(110) etches from about 0.5:1 down to 0.1:1 or



15wherein in (1), Ais an aromatic-containing oniumgroup and x i s an

I nteger equal to the valence of A Mdst often Ais an oniumion having a
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R2 to Fﬁﬁoﬁbé%n w@ﬁﬁ@éeatéuy[aﬂ%eh&téd edtioneddkor a Sttt epat ai ning from1
to 4 carbon atons such as hydfoxyethyl and the various isoners of

Hydr oxypr opyin ong&inegimeani theatlicondrgerdianihesc@t aphgaliycisérurired R4 al so
disposed to create openings exposing the silicon layer, and the selectively anisotropic
etching is carried out through the openings.

In one embodiment, the selectively anisotropic wet etching partially undercuts
each of the plurality of structures and the enlarged trench comprises two sidewalls in

20 the (111) plane. This is shown and described in more detail in the descriptions of the
drawings.

In one embodiment, the aromatic tri(lower)alkyl quaternary onium hydroxide
comprises an ammonium or a phosphonium or a combination of any two or more
thereof. In one embodiment, in the aromatic tri(lower)alkyl quaternary onium hydroxide,

25 each of the (lower)alkyl groups independently contain from 1 to about 4 carbon atoms.
In one embodiment, in the aromatic tri(lower)alkyl quaternary onium hydroxide, the
aromatic group is a benzyl or a phenyl group, and each lower alkyl is independently
methyl or ethyl. These compounds are described in more detail in the following
description of onium compounds.

30 In one embodiment, the unsymmetrical tetraalkyl quaternary phosphonium salt
comprises an alkyl group having from about eight to about 18 carbon atoms and further
comprises one or more lower alkyl groups independently containing from 1 to about 4
carbon atoms. These compounds are described in more detail in the following

description of onium compounds.



10i ndependently may be an al koxyal kyl group containing from2 to 5 carbon
atons such as net hoxynet hyl, ethoxyethyl and the various isoners of

al koxypr opgl2o11alsBomybut yl , etc. It is specifically cont ecplist@dosisae any
conbi nation of the foregoing al kyl, hydPoxyal kyl and al koxyal kyl groups may
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accor degiger 'ﬁnﬁrﬁSQM@t@rm&ntrﬁm@NOlt@rabQUé5dﬂa/oacterl zed by the fornula
(4| 1): wherein in formula (111), R5 is a branched or unbranched
al kyl group containing fromabout 8 to about 22 carbon atonms, and R2, R3

and R4 eReANICIONIURICOMPOUNDS 25(11), X- is an anion of an acid, and y
is a nunber equal to the val ence of X. Exanpl es of anions of acids include

bi car bonat edJS&fdl rgasic onivmgRBPOYRSISHRL e p%@f‘hﬂ\é@”“%@!ﬂc&%org@&%onat es,
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quaternﬁﬂquMQBphyphoepmahUmPMEWOﬂdegtative of formula (I11) which 30can be
| oyed in accordapce with the present .invention include W)

BT 534 70RC A BT ORO OB e by RRes T SRR DS SHErICiRrAe o 1ge,

hexadeg&ﬁﬁ t hyl phosphoni um chl ori de, tetradecyltriethyl phosphoni um

chl ori ﬂex decyl tri et hyl phosphoni um chl ori de, dodecyl tri butyl phosphoni um

chl ori de, dodecyltrimethyl phosphoni um chl ori de,

oct adecyl tri but yl phosphoni um chl pri.de, octadecyltrinethyIBhosphonlum

chloride, etc., 5and the corres iMg ani ons, |nclud|ng fluori des,

broni des, iodides, sulfates, carbonates, and phosphates. In one enbodi nment ,

fluorides are not used, since fluoride may result in undesirable etching of

3 1i corwherein in (I)nAdﬁ@neammtlmqntalnmgmlumr@roup@@ﬁu>c>t$san integerdaug! thihee

ot or | LG OOAT Mos BRERR iSPARSh B BN R R Sl oSS ot her
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charges, are within the scope of the definition of A in the present invention. Examples

of onium groups include ammonium groups and phosphonium groups. The onium
20 hydroxide should be sufficiently soluble in a solution such as water, alcohol or other
organic liquid, or mixtures thereof to permit a useful wet etch rate.

In one embodiment, the quaternary onium hydroxide are characterized by the

formula (I1):
i R1 ] @
ri—A—R2 | o2 (1)
L
25 wherein in formula (Il), A is a nitrogen or phosphorus atom, R' is an aromatic-

containing group, and R?, R® and R* are each independently lower alkyl, alkoxy or
hydroxyalkyl groups. In one embodiment, the lower alkyl groups independently contain
from 1 to about 4 carbon atoms, the hydroxyalkyl groups contain from 1 to about 4
carbon atoms and the alkoxyalkyl groups contain from 2 to about 5 carbon atoms.

30 In formula (Il), the aromatic-containing group may be an aryl group or a

hydroxyaryl group. Examples of suitable aryl and hydroxyaryl groups include phenyl,



phosphoni umion | acking the | ong-chain al kyl group. The foregoi ng onium
hydr oxi des and phosphonium salts are commercially avail able, for exanple,
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tri(l 0\18?%'?@”- oni um hydroxi de and from about 0.1 to about 20 wt % of the
unsymet ri cal phosphonium salt, and optionally further includes a glycol,
an al cohol, a glycol ether ar a conbinatyjon of any two or nore thereof. In
one enbodi nent, the wet etcping cpaposit ®@n contains fromabout 0.5 to
about 15 wt % of

R4—P—R? XY (l)

R3

wherein in formula (ll1), R® is a branched or unbranched alkyl group containing
from about 8 to about 22 carbon atoms, and R?, R* and R* are as defined in Formula
25 (I, X" is an anion of an acid, and y is a number equal to the valence of X. Examples of
anions of acids include bicarbonates, halides, nitrates, formates, acetates, sulfates,
carbonates, phosphates, etc. In one embodiment, R® is a C40-Cx, alkyl group, and in
one embodiment R® is a C14-C1s alkyl group.
Examples of quaternary phosphonium salts representative of formula (lIl) which
30 can be employed in accordance with the present invention include
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ether of" co Ination of any 1 er eo e present 1 n an
20mount pgsstobe abwlishdulavbEovaithin Ispewﬁt:at&irrsrmnrtgswta’qd)@mrtumn semiconduatoral | of
t he forcf?gloiqr/lﬁ, t he concentrations of onium conpounds are independently
det er mi OhPPS!PBe discl osed ranges, and there may be nixtures of any

two or nore e &&%éﬂf{r‘éﬁueﬁ'o@'% arh&ic FRover)&eH of un@ﬂ)j?r%x\ffé‘m%éhant

conposition, 15and the etching conposition optionally turther 1ncludes a
gl ycol ccamp@eltzmmf the pgeserdlineartiion roay sangsbomald.il ovi%ofo abguit2Abwish afding

t hereof . STRESS | irent, the, pr gse
| nvent 15 SENB0SO R daewePrigle SiBage e Ot PRBLCHG TS Sl ayer
#5 di saHe e baBed bA thackacampstion SigppliBlpRLGE Ohcehtratidreassirdd witse a silicon
| ayer has been used for enhancing nmobility of electrons and holes in
employed in the wet etching composition. In one embodiment, the aromatic
trilower)alkyl onium hydroxide concentration is in a range from about 0.5 wt% to about
15 wt%, and in another embodiment, the aromatic tri(lower)alkyl onium hydroxide
concentration is in a range from about 2 wt% to about 10 wt%, and in another
30 embodiment, the aromatic tri(lower)alkyl onium hydroxide concentration is in a range
from about 3 wt% to about 8 wt%, and in one embodiment, the aromatic tri(lower)alkyl
onium hydroxide concentration is about 4 wt%, all concentrations based on the total
weight of the wet etching solution.
The concentration of the unsymmetrical phosphonium salt in the compositions of

35 the present invention may range from 0.1 wt% to about 20 wt% of the wet etching



sem conductor materials and particularly in the channel region of MOS
transi stors. The conposition of the present invention, when used in the
process deecpilnss47above, is particul arlé useful for for®RCm@Sc@viosiseés i nto
whi ch silicon alloys can be deposited-f9 create stress-producing
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channelgtggthg @@Mpdsition contains from about 3 to about 8 wt% of the aromatic tri(lower)alkyl
onium hydroxide and from about 0.1 to about 20 wt% of the unsymmetrical
phosphonium salt, and optionally further includes a glycol, an alcohol, a glycol ether or

25 a combination of any two or more thereof. In one embodiment, the wet etching
composition contains from about 0.1 to about 20 wt% of the aromatic tri(lower)alkyl
onium hydroxide and from about 0.5 to about 15 wt% of the unsymmetrical
phosphonium salt, and optionally further includes a glycol, an alcohol, a glycol ether or
a combination of any two or more thereof. In one embodiment, the wet etching

30 composition contains from about 0.1 to about 20 wt% of the aromatic tri(lower)alkyl
onium hydroxide and from about 2 to about 10 wt% of the unsymmetrical phosphonium
salt, and optionally further includes a glycol, an alcohol, a glycol ether or a combination
of any two or more thereof. In one embodiment, the wet etching composition contains
from about 0.1 to about 20 wt% of the aromatic tri(lower)alkyl onium hydroxide and from

35 about 3 to about 8 wt% of the unsymmetrical phosphonium salt, and optionally further
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20PROCESS TEMPERATURES The bath or solution tenperature for carrying out a
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2hout  8Rkeducing stress include at least the following steps:
providing a silicon layer disposed on a substrate, the silicon layer having a
plurality of spacer features disposed thereon so as to create openings to the silicon
layer;
through the openings anisotropically etching a first trench in the silicon layer;

30 selectively anisotropic wet etching silicon surfaces in the first trench, the wet
etching comprising exposing the silicon surfaces to an aqueous composition
comprising:

an aromatic tri(lower)alkyl quaternary onium hydroxide, and

an unsymmetrical tetraalkyl quaternary phosphonium salt;



and in anot her enbodi ment the bath or solution tenperature ranges from
about 60C to about 75C, and in yet another enbodi nent, the bath or solution
t emrper at Wwe 20s/@boat 70C. WO 2011/ 053470PCT/ US2010/ 052 866/US2010/0E2BSHH
SELECTI VI TY In one embodi ment, the selectivity obtained by using the
wet etching conposition in accordance with the present invention as

descri beterem theewvetr etcking diehes the (f1d0) ahe ({AQNIaptaotthersilicon legert at abbot( 111)

pl anes, ranges fraom apout,.1.4 to t 52, and for, the 1 | anes
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enbodi Ngdwalidia thgl(qm)vgaﬁéqghd ates for the (100) and (110) planes are
substantially simlar rates, e.g., about equal rates (as defined above),

and in one emiedialEsiepoRiEingtacsilicart allayaente & siicqrn swyacel b)atdeestfaportion of

1@1110)/(@8%?[? qa}ﬂgd?%lﬁquwthl n the 10range fromabout 0.8 to about 1.2.

e dat W ng table represents results which may be obt ai ned

with pr ocessamemmsmn@mcmevs||td@nearmdnnn@dw@sc§tréslsenwtﬁ@emcohnayaéﬁ ion, as
illustrated u5| ng two different compositions, the first at various

t enper at ur e |BORG eMBAdIMandthersliconcalion cAMArsesRlicosgeiBIaNiMer . As

b o By obaah e O BRI ISR 12125 T e

Rat i os For miltee Jikegn &lldylB@pitakiblly férbidd o 10O 3dadgs ¢fithe)ehldrfed trench. In

10 one embodiment, the silicon alloy includes silicon and germanium. In another
embodiment, the silicon alloy includes silicon, germanium and boron, with the boron
added as a dopant. The films can be formed in, e.g., a 200 mm chemical vapor
deposition chamber with the following processing conditions: dichlorosilane of 20 sccm
and germane of 50 sccm, at a temperature of 740°C. In an embodiment in which boron

15 is included, to these flows and temperature can be added diborane of 70 sccm at 1%
concentration, to provide the boron as dopant.

As will be understood, the silicon and the germanium form an alloy having a
lattice which has the same structure as the structure of the lattice of the silicon of the
surfaces of the enlarged trench. The lattice of the alloy of silicon and germanium,

20 however, has a larger spacing than the spacing of the lattice of the silicon of the
enlarged trench. Because the lattice of the silicon alloy has the same structure as the
silicon of the enlarged trench, the silicon alloy forms epitaxially on the silicon surfaces
of the enlarged trench. However, because of the larger spacing of the lattice of the
silicon alloy, the silicon alloy creates a compressive stress in the channel adjacent to

25 the enlarged trench. In one embodiment, the germanium is present in the combination
of the silicon and the germanium in about 15 atomic percent. It has been found that
epitaxy can be maintained with a germanium concentration of up to 20 atomic percent
of the combination of the silicon and germanium by volume. This embodiment
enhances mobility of holes in the channel.

30 In an embodiment in which boron is present, the boron concentration may be
approximately 0.5 x 10%/cm?® to about 3 x 10%°/cm®. The resulting silicon-germanium
deposit is thus doped P+.

As will be understood, when the silicon alloy is silicon carbon, similar conditions
can be used to epitaxially deposit the silicon alloy, but instead of forming a slightly

35 larger lattice, the silicon carbon alloy forms a slightly smaller lattice, and instead of a
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compressive stress being applied to the channel region, a tensile stress is applied to
the channel region. This embodiment enhances mobility of electrons in the channel.
Also, as will be understood, the silicon carbon alloy can also be doped as appropriate.
EXEMPLARY PROCESS

The following is an exemplary process for carrying out an embodiment of the
present invention, and is provided for exemplary, non-limiting purposes, to evaluate
etching rates of the (100), (110) and (111) silicon planes.

The etching experiments are performed using (100)-oriented, p-doped 4 inch
silicon wafers. A masking layer of thermal oxide of 1.2-1.5 ym is grown in a furnace
and used for passivation; a simple pattern of circles with diameters from about 1 mm to
about 3 mm is formed in the thermal oxide layer using basic photolithography. The
silicon wafers are cleaved into pieces and submerged into plastic beakers containing
100:1 HF for 2 minutes to remove surface oxide from the silicon of the circles (but not to
remove the passivation oxide), rinsed with DI Water and dried. The chips are then
processed by dipping into the etchant solutions at the temperatures shown, ranging
from 55°C to 90°C, while the silicon etching compositions are stirred. The wafer pieces
are processed for periods from 5 minutes to 30 minutes after which they are rinsed with
DI water and blown dry with nitrogen. The wafers are then examined by profilometry,
AFM or SEM.

PROCESS TEMPERATURES

The bath or solution temperature for carrying out a process of selectively
anisotropic wet etching a silicon layer in accordance with an embodiment of the present
invention may be suitably selected based on factors known to those of skill in the art,
including the identity of the specific silicon composition of the silicon layer to be etched,
the thickness of the silicon layer to be etched, concentrations of ammonium and/or
phosphonium hydroxide and/or salt, the time allotted for the etching, and similar factors
known to affect etch rates in silicon etching processes. In one embodiment, the bath or
solution temperature of the wet etching composition for selectively anisotropic wet
etching the silicon layer ranges from about 30°C to about 90°C, and in another
embodiment, the bath or solution temperature ranges from about 50°C to about 80°C,
and in another embodiment the bath or solution temperature ranges from about 60°C to
about 75°C, and in yet another embodiment, the bath or solution temperature is about
70°C.



9% BzTMAH 1.57)/0 TDTBPCl 1% DPGVBE 55 173 184 80 2.16 2.30 0.94 BzTMAH =
Benzyl tri nmet hyl ammoni um hydroxi de TDTBPClI = Tetradecyltributyl phosphonium
chl ori de \WBGVBE5347Di pr opyl ene gl ycol nonobutyl ether 20PThastawassseg et ch
rates for the inventive etchants are défernined by profilometry or SEM The

foll ow ng conparative data is for sinple quaternary onium hydroxi des not
accor ddnteHWERECA&/IgYesent i nventi on. Etch Rates (A/m n) Etch Ratios

Formil a Tem G (100) (110} {LLbledt AN of HANY k4, di0QY (110) 32
composition in accordance with the present invention as described in the process
herein, for the (100) planes relative to the (111) planes, ranges from about 1.4 to about

5 2.5, and for the (110) planes relative to the (111) planes, ranges from about 1.5 to
about 2.5.

In one embodiment, the relative etch rates for the (100) and (110) planes are
substantially similar rates, e.g., about equal rates (as defined above), and in one
embodiment the etch rate ratio for (100)/(110) and for (110)/(100) are both within the

10 range from about 0.8 to about 1.2.

The data in the following table represents results which may be obtained with
processes in accordance with embodiments of the present invention, as illustrated
using two different compositions, the first at various temperature conditions, and the

second with added glycol ether. As illustrated in the table, the process obtains higher

15 etch rates for the (100) and (110) planes than for the (111) plane.
Etch Rates (A/min) Etch Ratios
Formula Temp °C | (100) | (110) | (111) [(100)/(111)|(110)/(111)|(100)/(110)

3% BzTMAH

1 5% TDTBPCI 55 | 111 | 139 | 63 | 1.76 2.21 0.80
3% BzTMAH

1 5% TDTBPCI 70 | 270 | 293 | 195 | 1.38 1.50 0.92
3% Bzl MAH 90 | 965 | 982 | 438 | 2.20 2.24 0.98

1.5% TDTBPCI
9% BzTMAH
1.5% TDTBPCI 55 173 184 80 2.16 2.30 0.94
1% DPGMBE
BzTMAH = Benzyltrimethyl ammonium hydroxide
TDTBPCI = Tetradecyltributyl phosphonium chloride
DPGMBE = Dipropylene glycol monobutyl ether

20
The foregoing etch rates for the inventive etchants are determined by profilometry or
SEM. The following comparative data is for simple quaternary onium hydroxides not in

accordance with the present invention.

Etch Rates (A/min) Etch Ratios
Formula Temp °C | (100) | (110) | (111) [(100)/(111)[(110)/(111)|(100)/(110)
32 wt% TBAH 70 576 | 1470 | 382 1.51 3.85 0.39
34.5 wt% TBPH 70 512 | 775 | 296 1.73 2.62 0.66

in



70 576 1470 382 1.51 3.85 0.39 34.5 w/o TBPH 70 512 775 296 1.73 2.62 0.66
WO 2011/ 053470PCT/ US2010/ 052856 -18- TBAH = tetrabutyl anmoni um hydroxi de
TBPH = t ewpabutosB47phosphoni um hydr oxi de_The f oregoi ng ePch/usatiens55866 t he
prior art etchants are deternined froml@ei ght | oss by 5applying the
etchants to (100), (110) and (111) unprocessed silicon surfaces. As

i s apparBAt = tetrabuhé aaboeriudabhydrogideposi ti ons i n accordance with

enbodi MEBRH -ofettabeatyd paespiioniomemtdroxidebt ai n silicon etch rates that are
substantially | ower than the silicon etch rates obtained by conventi onal
silicon_etchants, such as shown in the conparative data. This reduced
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and > indig@t es a Fi her etch rat as co areﬂ to ttg gres entlon
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subst angjat tharsthBidiiRon &cl rate@R¥Mined by conventional silicon etchants, such as
shown in the comparative data. This reduced silicon etch rate is not only mitigated, but

10 is a benefit, in that the selectivity is significantly improved, as also shown by the
foregoing data. For the comparative data, the silicon etch rates are much higher, but
the selectivity is (110)>>(100)>(111) (where >> indicates much higher etch rate and >
indicates a higher etch rate), as compared to the present invention, in which the
selectivity is [(110)=(100)]>(111) (where = indicates substantially similar, e.g., about

15 equal, etch rates as defined above). Thus, in accordance with embodiments of the
present invention, the silicon etch rate can be used to reliably etch both the (110) and
(100) planes at rates that are substantially similar to each other, and in which both etch
rates are significantly greater than etch rate in the (111) plane, thus preferentially
leaving more silicon in the (111) plane. In addition to this benefit, the reduced overall

20 etch rates result in much smoother silicon surfaces following the etching, particularly in
the (111) plane, most likely due to the lower etch rate in the (111) plane.
ROUGHNESS OF ETCHED SILICON SURFACES

As described above, it is important for the surfaces etched by the process of the
present invention to be as smooth as possible, to enhance the epitaxial deposition of

25 the silicon alloy onto these surfaces.

In one embodiment, the enlarged trench includes exposed silicon surfaces
having a roughness R, in the range from about 0.34 nm to about 0.45 nm, when
measured by atomic force microscopy (AFM). In one embodiment, the enlarged trench
includes exposed silicon surfaces having a roughness Rj in the range from about 0.35

30 nm to about 0.43 nm, when measured by AFM. In one embodiment, the enlarged
trench includes exposed silicon surfaces having a roughness R; in the range from
about 0.35 nm to about 0.36 nm, when measured by AFM.

In one embodiment, the enlarged trench includes exposed silicon surfaces
having a roughness R in the range from about 0.43 nm to about 0.55 nm, when

35 measured by AFM. In one embodiment, the enlarged trench includes exposed silicon
surfaces having a roughness Ris in the range from about 0.43 nm to about 0.455 nm,
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30 contains a number of stacking faults or dislocations that is within about one order of
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depositing the same strain inducing silicon alloy on a similar, untreated crystalline
silicon surface. That is, for example, if a strain inducing SiGe alloy is deposited on an
untreated crystalline silicon surface would result in about 10° dislocations per square

35 centimeter (10%/cm?), in one embodiment, the number of dislocations in a strain
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Sample Description / Conditions Ra, nm Rims, NM Rmax, M
1 Unprocessed Si 0.339 0.430 4.931
1 320 seconds @ 55°C 0.355 0.455 5.886
1 420 seconds @ 55°C 0.430 0.543 5.995
2 Unprocessed Si 0.105 0.134 1.468
2 300 seconds @ 55°C 0.201 0.253 2.230

As shown in the above table, the Rims roughness of the etched silicon surface in the
420 seconds application of sample 1 is (0.543 - 0.430)/0.430 x 100 = 26.3% rougher.
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The Rms roughness of the etched silicon surface in the 320 seconds application of
sample 1 is (0.455 - 0.430)/0.430 x 100 = 5.8% rougher. The Rims roughness of the
etched silicon surface in the 300 seconds application of sample 2 is (0.253 -
0.134)/0.134 x 100 = 88.8% rougher.

DRAWINGS

FIGS. 1-3 illustrate effects of application of processes in accordance with the
present invention.

FIG. 1 is a schematic cross-sectional view of a portion of a nascent
semiconductor device comparing a prior art etch process with an etch process in
accordance with an embodiment of the present invention. As schematically illustrated
in FIG. 1, when a typical, non-selective isotropic dry etch is applied, the resulting
etching affects each of the (100), (110) and (111) planes of the silicon crystal structure
substantially equally, resulting in an etched surface that is not aligned with any of the
planes of the silicon crystal structure. Thus, if an attempt is made to deposit a stress-
inducing material, the result if unsatisfactory.

In contrast, as depicted in FIG. 1, when a selectively anisotropic wet etch in
accordance with the present invention is applied to the silicon substrate, the selective
etching results in etching the (100) and (110) planes at about equal rates and
preferentially to the (111) plane. This controlled selectivity in the selectively anisotropic
wet etching results in an etched surface in which the silicon in the (111) planes
remains, as depicted in FIG. 1, and in which the (111) surfaces are quite smooth. The
bottom of the trench is generally in the (100) plane, as will be understood.

FIG. 2 is a schematic cross-sectional view depicting a selectively anisotropic wet
etch in accordance with an embodiment of the present invention. As schematically
illustrated in FIG. 2, when a monocrystalline silicon substrate, e.g., the Si (100)
substrate, is etched in accordance with the present invention, in which the (100) and
(110) planes are selectively etched at comparable, about equal, rates and preferentially
to the (111) plane, the resulting silicon exhibits facets primarily in the (111) plane. As
shown in FIG. 2, in this embodiment, the selectively anisotropic wet etching partially
undercuts each of the plurality of structures and the enlarged trench comprises two
sidewalls in the (111) plane. This is shown also in FIGS. 1, 3 and 5C. As indicated and
described in more detail with respect to FIG. 5C, in this embodiment, both of the inner
sidewalls have facets in the (111) plane.

FIG. 3 is a schematic cross-sectional view of a nascent transistor illustrating
important aspects of embodiments of the present invention. FIG. 3 illustrates some
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20 In accordance with embodiments of the present invention, when the selectively
anisotropic wet etching is carried out, exceptionally smooth surfaces are attained. Itis
not known with certainty exactly what factors contribute to the observed smoothness,
but the surfaces etched in accordance with the present invention have been found to be
considerably smoother and more even than surfaces etched by prior art selective

25 etchants used for the same general purpose. Thus, item (c) illustrates an important and
unexpected feature of processes in accordance with the present invention.

Item (d) in FIG. 3 illustrates that the gate oxides, nitrides and/or other materials
in the gate structure, are not etched by the compositions used in accordance with the
present invention. Thus, in embodiments of the present invention, the gate structure,

30 including the gate oxides, nitrides and/or other materials, functions as a mask and/or to
define the areas that will be etched in the process.

In one embodiment, the present invention further relates to a process for
manufacturing an improved PMOS semiconductor transistor. Recesses are etched into
a layer of epitaxial silicon. Source and drain films are deposited in the recesses. The

35 source and drain films are made of an alloy of silicon, germanium, and boron
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and drain filnms are nmade of an a of silicon, germanium and boron
extended portion of the SiGe mixed crystal layer generates a stress in the silicon crystal
in the channel region. As a result, it is possible to effectively apply the compressive
stress on the channel region, which increases the mobility of the carriers in the channel
region.

30 On the other hand, when the semiconductor device is an n-channel MOS
transistor, the silicon alloy layer is formed from a SiC alloy, and a stretching stress is
induced on the channel region along the moving direction of electrons, which increases
the mobility of electrons in the channel region.

FIGS. 4A, 4B and 4C illustrate schematically the foregoing effects. FIGS. 4A, 4B

35 and 4C are schematic cross-section views of portions of a nascent transistor in a
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epi taxi al deposition of a_silicon alloy results in
extension region 14DE. The source extension region 14SE and drain extension region

30 14DE are of p-type, and in contact with p-type diffusion regions 11S and 11D,
respectively, which form a source region 11S and a drain region 11D of the device 10,
respectively. The source extension region 14SE and the drain extension region 14DE
have been formed, for example, by implanting boron or other p-type impurities, using
the gate electrode 20 as a mask. Additional features may be added to the device 10

35 as is known in the art. For example, the gate structure 12 may comprise both first and



stress in the channel region between the source and the drain, illustrated
schematically by the dashed lines in the channel region in FIG 40.
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surface 14f formed from a facet in a Si (111) plane at an angle of about 124° relative to

35 the bottom surface 14c. The side surface 14f extends inwardly from the surface of the
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at an inside position relative to the outer surface of the second side wall insulating films
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region just below the gate electrode 20. Thus, the channel region between the SiGe
mixed crystal layers 28A and 28B is smaller than that in the prior art in which the source

35 and drain have more vertical walls aligned with the gate structure 12. The smaller
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25 numerical values are deemed to be preceded by the modifier “about”, whether or not
this term is specifically stated. Finally, all possible combinations of disclosed elements
and components are deemed to be within the scope of the disclosure, whether or not
specifically mentioned, since it is not possible to enumerate every possible combination
and/or permutation of ingredients. Thus, it is considered and the skilled person will

30 recognize that each and every combination and permutation of the disclosed members
of each element of the disclosed invention is within the scope of the disclosure in
accordance with, e.g., EPC 123(2).

While the principles of the invention have been explained in relation to certain

particular embodiments, and are provided for purposes of illustration, it is to be

35 understood that various modifications thereof will become apparent to those skilled in



WO 2011/ 053470PCT/ US2010/ 052856 -29- CLAIMS 1A process for etching a
silicon | ayer disposed on a substrate, conprising: anisotropically etching
a first tweneoh/isss7ohe silicon | ayer; 5sel ectively an i seCrapseeonsisset chi ng
silicon surfaces in the first trench, -2&e wet etching conprising exposing
the silicon surfaces to an aqueous conposition conprising: an

ar omat ithe @mmmmieagiimgjﬂiteespmiﬁcadoh urhhieyefoossiitde, to aediratersiosd rinatt the c al

(110)  dRtEn ) SHPEL bBE e BRdRR fova SRS diisialons Fairsh StbERR, "
pr ef er ejtbpaldfthé le)b@ﬁ‘dédLél%l)m§| FRe sh@;la_é@‘f Mehventieh gathté®BaI Biahetope
sidewall 1 n the 11) pl ane he process of claim1l wherein t

S|I|coﬁﬁﬂ@?§B"ﬁas thereon a plurality of structures disposed to create
openi ngs exposing the silicon |ayer, and the 15anisotropically etching is
carried out through the openings. 3. The process of claim2 wherein the
sel ectively anisotropic wet etching partially undercuts each of the
plurality of structures and the enlarged trench conprises two sidewalls in
the (111) plane. 4. The process of any precedi ng claimwherein the
aromati c- cont ai ni ng quaternary 20o0ni um hydr oxi de conpri ses an amoni um or a
phosphoni um or a conbi nation of any two or nore thereof. 5. The process of
any preceding claimwherein the aromatic-contai ning quaternary oni um

hydr oxi de conprises, in addition to the aromatic group, three groups

i ndependently contain from1 to about 4 carbon atons. 256. The process of
any preceding claimwherein in the aromatic tri(lower)al kyl quaternary

oni um hydr oxi de, the aromatic group is a benzyl or a phenyl group, and each
| ower al kyl is independently nethyl or ethyl. 7. The process of any
precedi ng cl ai mwherein the unsymetrical tetraal kyl quaternary phosphoni um
salt conprises an al kyl group having from about eight to 30about 18 carbon
atons and further conprises one or nore | ower al kyl groups independently
containing from1l to about 4 carbon atons. 8. The process of any preceding
cl ai mwherein the quaternary onium hydroxide is present at a concentration
in the range fromabout 0.1 w.%to about 20 w.% and the quaternary
phosphonium salt is present at a concentration in the range from about 0.1



35wt . % to about 20 wt.% WD 2011/ 053470PCT/ US2010/ 052856 -30- 9. The
process of any preceding clai mwherein the aqueous conposition further
conpri seswa?2glysei7’p an al cohol, a glycol ether or a conpCmatSzan/08885@ny two
or more thereof. 10. The process of cP& m 9 wherein the glycol, alcohol,
and/or glycol ether is present 5at a concentration up to about 5 wt.% 11.
The process of any preceding claim wikA#MS t he enl arged trench conpri ses
exposed silicon surfaces having a roughness Ra in the range from about
0.340 nmto about 0.450 nm when neasured by atomic force m croscopy (AFM.
12. Theq pr 0GR srodss 36 eteh RGeS 5MBos | AlefdidpRisel bt & SuBstrats OlcbRiprisirRf:chi ng i's
a dry 10et chi ng. 13. A process for “introducing stress into a silicon

| ayer, conprardsafeppically ethmﬂg\ﬂ fﬂ‘ﬁh@e@CVSlﬂ iheslliqoayiayerdi sposed on a substrate,

22 to or oar OBANPRGIPEHFHE v Ridsto Rl S6aet T BLYR TaChSRERTIR R °n =
ani sot reaphingldoynpisaiy expasig i S|I|d5(ﬁﬂ§lh‘rfadesttbearﬁadt]um ¢agdsition
sel ectively an isotropic wet etching silicon surfaces in the first trench,

t he vvetCOé‘ﬂFéﬂFﬁ"?ﬂg conpri sing exposing the silicon surfaces to an aqueous

conposi tion é??gfgf(shétic”&nté‘i’ﬁl | cthfae%rolnq ‘P@BP&'}J loguat ernary oni um

hydr oxi de, and an uns raa qua érnary phosphoni um sal t;
wherein the a/neunamrimetrg:aeteﬂ'mm loeatetadny pimkphbﬁmj)n phlgnes of the silicon

er at about equ rates and pref nt| to the 1 ane to form an
et ged tréﬂ&@feﬂ"a&en‘ﬁets‘?tﬂﬁ\ﬂélqt TR ana 11 J0}piahes o i siifon Byet ot

epi t axi I | east a
por 1 or e BB A By & B o A e R IR i 1t he
si | i cormaalingg sudetwaibinctbe(t‘[‘r)e;zlane nto at |east a portion of the SI licon

| ) 4 wh i
i oy onpr | CECPEIOBRE BheBUp AaTEiRo eCsTvalb s Rs Herdat 8 AE B Bhess of

cl ai m Igryshaesidisgdiedss lcresa dp@hﬂgs@@dsn@rm@rsmowmyéﬂ lahi tﬁé st ructures
di sposed to create openings exposing the silicon |ayer, and t

Hni sot ra:rmqimplgelbftetnhlng i$ sagdrowdhioughithe &@gnindse openi ngs. 17 The process
A e e o R e
conpr i 98Rler@wts each of the plurality of structures and the enlarged trench comprises two
sidewalls in the (111) plane.
4. The process of any preceding claim wherein the aromatic-containing quaternary

20 onium hydroxide comprises an ammonium or a phosphonium or a combination of any
two or more thereof.

5. The process of any preceding claim wherein the aromatic-containing quaternary
onium hydroxide comprises, in addition to the aromatic group, three groups
independently contain from 1 to about 4 carbon atoms.

25 6. The process of any preceding claim wherein in the aromatic tri(lower)alkyl
quaternary onium hydroxide, the aromatic group is a benzyl or a phenyl group, and
each lower alkyl is independently methyl or ethyl.

7. The process of any preceding claim wherein the unsymmetrical tetraalkyl
quaternary phosphonium salt comprises an alkyl group having from about eight to

30 about 18 carbon atoms and further comprises one or more lower alkyl groups

independently containing from 1 to about 4 carbon atoms.
8. The process of any preceding claim wherein the quaternary onium hydroxide is
present at a concentration in the range from about 0.1 wt.% to about 20 wt.%, and the
quaternary phosphonium salt is present at a concentration in the range from about 0.1

35 wt.% to about 20 wt.%.
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The process of any of clains 13-17 wherein the aronmatic-contai ning

guat er narwoaniunss4r9dr oxi de conpri ses an_anmoni um or a pROTAISINOMSSE a
conbi nation of any two or nore thereof30-19. The process of any of clains
13-18 wherein the aromatic-contai ni ng quat ernary 5oni um hydr oxi de

conpri sks, iepaicessof oy phecegingraliaine vwreveip, thelageeoys copyasidegartient | y
contain from1l to about arbon at . 20. The rocess of any of clains
1515 meaaaes Sael 2h aladel 7 ByEbOeHes af Romtnfi St reh R WPt oxi de.
t he arqpafdgs. group is a benzyl or a phenyl group, and each [ower alkyl is
i ndependent|ly methyl or ethyl. 1021.The process of any of clainms 13-20
wher ei rlQ.he pineess ot aleinn & whareiy thegglacels algppol Rod(sH@hycoretisrts peggent ses

al ky. o) havi f.ra t. £ight to about 18 carbon atons and further
(a:%rrpri S tsag%%%%gpr%}n/'%agplt8\/@§9%g$&§tr%groups I ndependently containing from1l to
about 4 1car brie pitoe@ss of any precedifteclpirm egfsteidfthamnirged lt@neh cbnptsegher ei n
the quaternary_onium hydroxide is 15 present at a concentration in the

range fqmqaﬁggédi[coo_syrf@%l:_es/dmging@)[qugm%ﬁ Ripin fhgirange f@!ﬁt@%&@ﬁ%@@ﬁﬁoni um
[t i [ N t 0.1 . %
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agqueous! Z:onpdss picees$ of bhg pressding slaim avhg@rgindhe amiscitapihelching iglaydryl et her

m a conbination of any two or nore 20thereof. 24. The process of claim23
erei r?tPWBQQI ycol, al cohol, and/or glycol ether is present at a

concentqyati ML i i ~@ny of clains
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13-24 erein e enlarge conpri ses exposed silicon surfaces having
a roughness fraviding aesilicandgyelr dsposiedan @ sGasiraie the siicdrolayeoha8og@m when
measur e %%%p
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layer;

15 through the openings anisotropically etching a first trench in the silicon layer;

selectively anisotropic wet etching silicon surfaces in the first trench, the wet
etching comprising exposing the silicon surfaces to an aqueous composition
comprising:

an aromatic tri(lower)alkyl quaternary onium hydroxide, and

20 an unsymmetrical tetraalkyl quaternary phosphonium salt;
wherein the wet etching etches the (110) and (100) planes of the silicon layer at about
equal rates and preferentially to the (111) plane to form an enlarged trench having
sidewalls in the (111) plane; and

epitaxially depositing a silicon alloy onto a silicon surface in at least a portion of

25 the enlarged trench.

14.  The process of claim 13 wherein the silicon alloy introduces stress into at least a
portion of the silicon layer.

15.  The process of either of claims 13 or 14 wherein the silicon alloy comprises
silicon-germanium or silicon-carbon.

30 16.  The process of claim 13 wherein the silicon layer has thereon a plurality of
structures disposed to create openings exposing the silicon layer, and the
anisotropically etching is carried out through the openings.

17.  The process of claim 16 wherein the selectively anisotropic wet etching partially
undercuts each of the plurality of structures and the enlarged trench comprises two

35 sidewalls in the (111) plane.
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18.  The process of any of claims 13-17 wherein the aromatic-containing quaternary
onium hydroxide comprises an ammonium or a phosphonium or a combination of any
two or more thereof.

19.  The process of any of claims 13-18 wherein the aromatic-containing quaternary
onium hydroxide comprises, in addition to the aromatic group, three groups
independently contain from 1 to about 4 carbon atoms.

20. The process of any of claims 13-19 wherein in the aromatic tri(lower)alkyl
quaternary onium hydroxide, the aromatic group is a benzyl or a phenyl group, and
each lower alkyl is independently methyl or ethyl.

21.  The process of any of claims 13-20 wherein the unsymmetrical tetraalkyl
quaternary phosphonium salt comprises an alkyl group having from about eight to
about 18 carbon atoms and further comprises one or more lower alkyl groups
independently containing from 1 to about 4 carbon atoms.

22.  The process of any of claims 13-21 wherein the quaternary onium hydroxide is
present at a concentration in the range from about 0.1 wt.% to about 20 wt.%, and the
quaternary phosphonium salt is present at a concentration in the range from about 0.1
wt.% to about 20 wt.%.

23. The process of any of claims 13-22 wherein the aqueous composition further
comprises a glycol, an alcohol, a glycol ether or a combination of any two or more
thereof.

24. The process of claim 23 wherein the glycol, alcohol, and/or glycol ether is
present at a concentration up to about 5 wt.%

25.  The process of any of claims 13-24 wherein the enlarged trench comprises
exposed silicon surfaces having a roughness R, in the range from about 0.340 nm to
about 0.450 nm, when measured by atomic force microscopy (AFM).

26. The process of any of claims 13-25 wherein the anisotropic etching is a dry
etching.



