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BACKGROUND Technical Field 5The present invention relates generally to
fabrication of nmetal oxide sem conductor field effect transistors and other -
silicon-based devices. Mre specifically, the present invention relates to .
processes Wer208¢15ed0i vel y etching siligon for use in s BERUHYREE| ar

devi ces. Background 10Silicon wet etch'is an inportant process in
integrated circuit pplication for selective
silicon WBEt ch |§£B€&'ﬁ$mgﬂléﬁé@$%{)¢§§% for gate formation in the
Front End of Line (FEOL) process of transistor construction. Gate oxide,
silicon oxide, silicon nitride, pglysili and other filns nmay be
deposited on silicon to formthe pﬁﬁﬁ@g&m%ate structures through
successi \fg?rq,ﬁwﬁjéwon patterning 15and etching steps. During this process,

t hrough sel'ective masking, the silicon surface is dOIFIEd wi th boron,
phdsphor us, afkenteseot invention raletes 9eneraly tdabricalien of et RXFasi ng el enent s.

The sili %%II]IIC%HP{J&SFfIéla eﬁ@&’lr&ﬂ%@hﬁgn 8 o‘iﬁ"nér‘c‘fﬁlcbh-‘bagecﬂ’ﬁéhéeé m&etsgémﬁd:éll con.

The nmonoCrystalline silicon et che creat e channel s between the
gat es fothepx‘esemtu&v&nt!depdatetsﬁoerQﬁesae%qu§Bi¢ct'\fﬁmeich@gsﬁ'”0pﬁ6?( l&eliﬁﬁu%ch as
silicon- ge&man um 2@}@%; It has been found that some anount of strain is
benefici & |H"%F8 g m)blllty of carriers in, e.g., a MOS transi stor

channel BagkgroundVi |l e a number of processes have been disclosed for such
strain introduction r.ovenent ' apd

coft rol I abl y gﬁ' N?EG{EB&EHQEF’?'%"@ p\%hc{égﬁﬂfﬁtégg?@ccgﬁﬁgh%ﬁbfa\éﬁ{r?ﬁg A
deposi t edpadific bgplicatien ﬂj‘rberet:tnwi;lyccandemm isoibt adl:rb;iuctmaafstratm fangatappl y to
t he channels a 25bdes ai n [ esired can
bo i {11 damatio TR End EDbe (EERL] Hegeen e eotbribiol Belt oL To,
many di slepat sifdsn d»ﬂdé *bﬁilo@hmhaé |pdr5fslli%bhuaﬁdmher ﬁlmmay be ddpssiedaini ons
relieve strain and/or do not enerate SHE éiwent st.r ai \/\/f}teﬂrjl_I de osi ted.
SUMMARY 3t & forg the FERSSIeF 63 {5 Struciurg ey Wﬁ‘:@ﬁs'?’r%&'e%‘?,% %rB"@axu al
fijgrs wh Hdtet&ﬁuﬁd ¥t%b§| D"Elhﬁ@mlﬁﬁrcﬁégslftﬁﬁﬁlgh%e@cﬁvelﬁfaeﬁinbetﬁéls;ﬂleo@%uﬂfaml '
envi ronnental ch uri gr owt e. s rface r.oughnes The
defects aa@omdawm @fﬂnz@fdpié'oflﬁeaf%‘ic Qrf%{hert Y%BT BeY 'OBE'LSQ)\%%W pl anes
on either, 1e?ﬁ&lﬂs°frhé*%ﬁioéﬁéﬁﬁécé §tl'il£H h@at@@'té 8file Sleyfopahtstin@nees allicem VRSt or
for the rrater|a1 uestion. For instance, for nmaterials in whlch t he

35cryst almtgm@thalhna sikicanyis thereteled farreatecdiaanalg hedveeningantes 1kcki ng
st acki ng 3 EAUEAE deposition of a strain inducing silicon afloy such as silicon-germanium

20 (SiGe). It has been found that some amount of strain is beneficial in improving mobility
of carriers in, e.g., @ 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 afloy 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 disiocations 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 films 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



WD 20111053470- 2- PCl YUS20101052856 ABCABC, where A, B and C are distinct
stacki ng sites between which the crystal translation vector is (1/2)[110].
’7-_-7 A st acki ng sequence of ABCAB//ABC contains a fault between planes "B" and

" "A" indicated by "lII" and is ternmed an intrinsic stacki ng f aul tsz%nd can be
" thought of WOMHE4®npval of a crystal oplane ("C' in t RFYUSHIYYSEH,
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as Si Ge di sproportionately faster on the 15(110) surface relative to
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(110) andiscopitiuitiasdhes stackingfayls f’bhﬁ PPE fA1 D9FEOV &Y snoot h
surface rgsiftitigah mvbcak:an@ﬁpméwgtﬁa sthutturd bﬁtherde@bgwcemmrénﬁmcm&ﬂ:g)smod (100)
pl anes are etched at approxi mately the sane ratgla |S§%ébve to each ot her,

but 30t haliey. gnditeat byruseRfar Pepss and GorBPeHiRn 3% greith &g Prghnedsane.
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and not excessive ectivity provides an inproved silicon surface for
s 2k equenatfaide tarbtgin iﬂ'@;ﬁ%l"@@ Gfﬂ%’ﬂt af sfegininthe squahtiiradn indueingd §ePesit-such as

silicon gL REnfS A8 At b#@&ﬁachfﬁ’é%ﬁibo%ttﬂoh%rue‘ééﬁﬁéﬂ@erél@ﬁU| ting

fromthe processes in accordance wt ments of the present
35i nvent ffarruserioetaing thersilisphainceases ingionghngsssyid beavoided easrgﬂ@ﬁbeher nor e

regul ar g"\,g?fea&&du%ég%%éﬁ %ﬁﬁ%@’ Rﬁ%ﬁ?&r $tdiin mg&e&sy b 4ihin lcBRGCS i nto

Wmchth I'n-produci ng’silicon sto taX|aI ep sited. As
not ed abailiepn atloy soutdbe bettéf cantaled.o ef f ectively epitaxially dep05| t the

o, R8BSR CRL L PR (et e elol e,
abi lity icompobision terselatiogly etehimpsiticon are! gre\dd@uhsln lthé efchingi procass; tiel oy;
whi ch-is Sllllrcgr? ?srée gétwtel(g)/ e%ﬁ acJ tﬁg (ﬁo‘}e%'dr(‘? 8(5:) prlmnes ré?atwe to the (111) plane,
and a very 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 alioy 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



strain. The process of the present invention, in one enbodi nent,

enpl oys a conposition conprising a quaternary oni um hydroxi de and an
unsymmet ri cal quaternary phosphoniumsalt. In one enbodi nent, the

conposi ti f conprises a 10gl ycol ether. PEMEs2010bs2RE
enbodinen?@ot éhﬁgé%ent I nvention provgdes a process for etch?hg a silicon
| ayer di sposed on a substrate, including: anisotropically etching a first
trench ig, 8 iStHd #&HENES YRS which the strain-prB8UGAE EMEdY alvyiis & boBpitaxtatly et ching
silicon surfaces in the first trench, the met_lSetchlqg conprjgkg%ﬁﬁxp03|ng
the silideppsitadf Assotadabovealisepre Glispbl eifestively epitaxidiyfleogsit Re

tri (1 owep hglikylsi; . SN HffacNthaieior8 SESRIdol, dbgligt r aal ky!
quaterna@éa%ﬁ%ggﬁgﬁ%ﬁﬁggg¥ﬁsagﬂg¥£¥nlthe wet etching etches the (110) and
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of4g €. 0. ;yggl:éh@pd (110)1(100) etch rates of 2:1 or nore for sinple _

t et ramet Ayl anmoni um hydr oxi de etches. So, whjle thgggresent ﬁ@\@gﬂf' on is an

ani sot ropi ¢ wERUSeircene embegiest.dn¢ Prssepl BYSHIRR RIOY|CeRHe RIICEFS SH8r opi ¢

etches iQiii&&?kg%ﬁdiéﬁos%ﬁ%%‘z?ﬁ&ﬂd@té{ ABLERA! Opi ¢ wet 30etch. The sel ectivity

of the anisotropic etch of the present invention is controllable and

provi des an urpisebepienltyceiching edestdrenchin & SERNI®XET el ati ve etch rates for
the respectiveep {i\%v)ganigérlgcgﬁﬁuépgtcﬁ%@iﬂcﬁn'sﬂrfﬁéé’sﬂhftihéﬁf'éi trén@iTad wer et ched

|
surfaces. The |rr8r ness 1s-inportant to subsequently deposited
stf&i n i etthdigrepniprisingeexpasing fhe sii@rosiares 82170 PCTERUSXPIINSERE56 - 4- | n one
enbodi nent Fgﬁ process in accordance with the present invention provides
et ched s$P¥RY _sg'vvhi ch are very snooth and defect free. Thus, in one
embodi ment , t ke avomatigeifowesatkyl Guaténndesordwpdydxidd, @88n sur f aces having a

reacured by acevarirae (S RRGEE e RR OB o o he en ar ged
trench i ncl udeghepgindisedet etching etches the (110) and (100) planes of the silicon layer at
20 about equal rates and preferentially to the (111) plane to form an enlarged trench
having a sidewall in the (111) plane. The wet etching is a selectively anisotropic etch,
in that while it preferentially etches the (110) and (100) planes of the silicon layer
relative to the (111) plane by a factor in the range from about 1.4:1 to about 2.3:1, or in
one embodiment, by a factor of about 2:1, it shows little sele_ctivity 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 pianes and results in significantly smoother efched surfaces. The
improved smoothness is important to subsequently deposited strain inducing silicon

alioy.



silicon surfaces having a roughness Rrns in the range from about 0.430 nm
to about 0.550 nm when neasured by atom c force m croscopy (AFM. In one

-. enbodi ment, the enlarged trench includes exposed silicon surfaces having a

- roughness RmMi' in the range fromabout 4.9 nmto about g\{p asur ed
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untreate ne si n surface. | n another enbodi nent, the silicon
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35magni tque,ngv\g g@ngyn‘oer of stack| ng faults or d| sI ocations that would be
obt ai ned by

011/ 053470PCT/ US2010/ 05 ? 05| tin H]li?‘ sane trai n
i nduci ng si | i bopneaembgdigien the gniagged ttﬁﬁcﬁ'e(g"t %'Beeﬂ% %’quﬁg% 8(5‘59336‘ face.
That is, j@hn&%ﬁ%ﬁoﬁs ekf)os%osélll'c%nnsdr@ééfrh%n@b@rmé‘}dugﬁneé‘s dﬂa@arédetﬁ!r on an

untreated crysta ne silicon surface would result | n ahout

di20 ocat AGM thetris sglsigailieantlyinereased 1o/ teapuanngse AL §‘|‘?’1‘J‘@B|Wﬁ?t‘3dt he number
of di s OGREORRGhdb, 2rils! fH SheSUAEBELIERE tié SMdorflaieie! gestaicting had ace

etched in accordance w t resent invention would be no nore than about
107 di s| Ruatrougkngss: meqauned byehiWnwitiein abeot@érarpater thandhaliggbimiee that the
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25 a similar, untreated crystalline silicon surface. In another embodiment, the silicon
surface, post-etching has a Rms 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 & Rmms 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 fauits 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 sirain characteristics in selected locations. The
composition of the present invention enables the silicon layer to be eiched 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



15constructi on. BRI EF DESCRI PTI ON OF THE DRAW NGS FIG 1is a
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FIG. 3 is a schematic cross-sectlonal view of a nascent transistor illustrating

important aspects of embodiments of the present invention.
FIGS. 4A and 4B are schematic cross-sectional views depicting the deposition of

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 fo 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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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 alioy 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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in the aromat belectively mmtmwptqtg ingsiligen syrfpess 1ﬁ3}hﬁ fisst ench, the wet

etching comprising exposing the silicon surfaces to an agqueous 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 egual 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}) efch
rates ranges from about 0.8:1 to about 1.2:1, and in cne 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 embodime-nt, 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
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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)alky! 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{flower)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 benzy! 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 o about 4
carbon atoms. These compounds are described in more detail in the following

description of onium compounds.
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al koxypropyl oxybuty etc I's specifical contenpl ated” t hat any
conbi natfoumutaf(l): he foregoi ng al kyl , hydroxyal kyl and al koxyal kyl groups nmay
be used. In one enbodi nent, the quaternary ammoni um hydr oxi de whi ch can be
used in 15accordance with the process of the present invention may include,
for exanpl e, phenyltrinethyl anmoA{Qi)hydroxi de, phenyl tr(l)et hyl anmoni um
hydr oxi de, benzyltri net hyl ammoni um hydr oxi de, and benzyl tri et hyl ammoni um
hydr oxi de, or m xtures of any of these. I n one enbodi ment, the

ungy et wheddin U@ Arivanarghasebortainingsaiits grbiehnd x is an integer equal to the
valence of A. Most often A is an onium ion having a single positive charge, i.e., a
valence of +1, but onium ions having multiple positive charges, €.g., 2 to 4 positive
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 ] @
Ré—A—R? OH@ (1)
R3
25 wherein in formula (I1), A is a nitrogen or phosphorus atom, R' is an aromatic-

containing group, and RZ, 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 o about 4
carbon atoms and the alkoxyalkyl groups contain from 2 to about 5 carbon atoms.

30 In formula (I1), the aromatic-containing group may be an aryl group or a
hydroxyaryl group. Examples of suitable aryl and hydroxyaryl groups include phenyl,
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In one embodiment, the unsymmetrical quaternary phosphonium salts which

20 can be employed in accordance with the present invention are characterized by the
formula (lli):
i R5 -®
R4—||3—R2 XY (I
RS
. JdY

wherein in formula (lll), 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 (1), 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 C1¢-Cy; alkyl group, and in
one embodiment R® is a C4-C1s alkyl group.
Examples of quaternary phosphonium salts representative of formula (111} which
30 can be employed in accordance with the present invention include
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employed in the wet etching composition. in one embodiment, the aromatic
tri{lower)alkyl onium hydroxide concentration is in a range from about 0.5 wi% to about
15 wt%, and in another embediment, the aromatic tri(lower)alkyl onium hydroxide
concentration is in a range from about 2 wt% to about 10 wi%, and in another

30 embodiment, the aromatic tri(lower)alky! 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 phosphenium salt in the compositions of

35 the present invention may range from 0.1 wt% to about 20 wt% of the wet etching
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the sili BBesAhgpm salt, and optionally further mclu es a glycol, an alcohol, a glycol etner 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)aiky}
onium hydroxide and from about 2 to about 10 wt% of the unsymmetrical phosphonium
salt, and optionally further includes a glycol, an alcohal, a glycot 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 wi% 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



t hrough the openings anisotropically etching a first trench in the silicon
| ayer; 30sel ectively anisotropic wet etching silicon surfaces in the first
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In one embodiment, t

stress into a silicon layer. As discussed in the background, the introduction of stress
20 into a silicon layer has been used for enhancing mobility of electrons and holes in
semiconductor materials and particularly in the channel region of MOS transistors. The

Re present invention relates to a process for introducing

composition of the present invention, when used in the process described above, is
particularly useful for forming cavities into which silicon alloys can be deposited to
create stress-producing structures. In accordance with this embodiment, the process for
25 introducing 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 trilower)alkyl quaternary onium hydroxide, and
an unsymmetrical tetraalkyl quaternary phosphonium sait;
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for sel egttheedniarged Beid i owswsr, 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



etching the silicon |ayer ranges from about 30C to about 90C, and in
anot her 30enbodi nent, the bath or solution tenperature ranges from about

.- 50C to about 80C, and in another enbodi nent the bath or sol ution

© tenperature ranges from about 60C to about 75C, and in
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( A’(dn n) Et sgz&1 Ifdr%%sEn%t’BH, 4 sTr‘ﬁBié p%tl(e}rpg? circles with diameters from about 1 mm fo

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

15 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.

20 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,

25 the thickness of the silicon layer to be etched, concentrations of ammonium and/or
phosphonium hydroxide and/or sait, 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

30 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.

35
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ETCH SELECTIVITY
In one embodiment, the selectivity obtained by using the wet etching
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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

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 equai rates (as defined above), and in one
embodiment the etch rate ratio for (100)/(110) and for (110)/(100) are both within the
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
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% BzTMAH

1.5% TDTBPC 90 965 982 438 2.20 2.24 0.98
9% BzTMAH

1.5% TDTBPCI 55 | 173 | 184 | 80 | 216 2.30 0.94
1% DPGMBE

BzTMAH = Benzyitrimethyl ammonium hydroxide

TDTBPCI = Tetradecyltributyl phosphonium chloride

DPGMBE = Dipropylene glycol monobutyl ether

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)
132 wt% TBAH 70 576 | 1470 | 382 1.51 3.85 0.39
34.5 wt% TBPH 70 512 775 296 173 262 0.66

55

70 270 293 195 1.38 1.50



965 982 438 2.20 2.24 0.98 9% BzTMAH 1. 5% TDTBPCI 1% DPGVBE 55 173 184 80
~2.16 2.30 0.94 BzTMAH = Benzyl trinethyl amoni um hydroxi de TDTBPCl =
- Tetradecyl tributyl phosphonium chloride DPGVBE = Di propyl ene gl ycol

" nmonobutyl ether 20 The foregoing etch rates for the in ' ants are
~ deter mi nedM3PHGHPonetry or SEM Theqgol | owi ng corrpa\régill}dég(ﬁgg#ggzi s for
sinpl e quaternary oni um hydroxi des not I n accordance with the present

i nventionpay, J—':'Ee%?abw gﬁmﬁ?‘(id'ﬂ-\%dl%ﬁé Ratios Formula Tenp C
TBPH = tetrabutyl phosphonium hydroxide

The foregoing etch rates for the prior art etchants are determined from weight loss by
5 applying the etchants to (100), {110) and (111) unprocessed silicon surfaces.

As is apparent from the above data, compositions in accordance with
embodiments of the present invention obtain silicon etch rates that are substantially
lower than the silicon etch rates obtained 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 improvéd, 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)j>(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 foliowing 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 Ra 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 Rps 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 Ry in the range from about 0.43 nm to about 0.455 nm,
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when measured by AFM. In one embodiment, the enlarged trench includes exposed
silicon surfaces having a roughness Rms in the range from about 0.13 nm to about 0.5
nm, when measured by AFM. In one embodiment, the enlarged trench includes
exposed silicon surfaces having a roughness Rus in the range from about 0.14 nm {o
about 0.25 nm, when measured by AFM.

In one embodiment, the enlarged trench includes exposed silicon surfaces
having a roughness Rmax in the range from about 1.4 nm to about 6 nm, when
measured by AFM. In one embodiment, the enlarged trench includes exposed silicon

- surfaces having a roughness Rmax in the range from about 4.9 nm to about 6 nm, when

measured by AFM. In one embodiment, the enlarged trench includes exposed silicon
surfaces having a roughness Rmax in the range from about 1.5 nm to about 2.2 nm,
when measured by AFM.

The improved smoothness of the surfaces resulting from the present invention
may be expressed in other ways. Thus, in one embodiment, the enlarged trench
obtained in accordance with the present invention includes sidewalls and other exposed
silicon surfaces having a Rms roughness, measured by AFM, that is not significantly
increased from the roughness of a similar, untreated, silicon surface. Thus, in one such
embodiment, the silicon surface, post-etching has a Rmys roughness, measured by
AFM, within about 6% greater than that of a similar, untreated crystalline silicon
surface. In another embodiment, the silicon surface, post-etching has a Rins
roughness, measured by AFM, within about 10% greater than that of a similar,
untreated crystalline silicon surface. In another embodiment, the silicon surface, post-
etching has a Ryys roughness, measured by AFM, within about 25% greater than that of
a similar, untreated crystalline siticon surface. In another embodiment, the silicon
surface, post-etching has a Ryns roughness, measured by AFM, within about 90%
greater than that of a similar, untreated crystalline silicon 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
magnitude of the number of stacking faults or dislocations that would be obtained by
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
centimeter (10%cm?), in one embodiment, the number of dislocations in a strain
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Rrms in turﬂﬁrd’c%gg& LilidR APHughindsh MBLésteRTeAtY foP sfficon surfaces after treatment
of the silicon surfaces in accordance with two embodiments of the present invention. In
25 the table, "1" is 3% benzylirimethyl ammonium hydroxide and 1.5% tetradecyltributyl
phosphonium chloride, and *2" is 0.2% benzyltrimethyl ammonium hydroxide, 0.5%
hexadecyitributyl phosphonium chloride and 0.5% dipropylenegiycol monobutyl ether.

Sample Description / Conditions Ra, nm Rrms, M Rmax, M
1 Unprocessed Si 0.339 0.430 4931
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 Rms 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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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
25 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 eiching partially
30 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
35 important aspects of embodiments of the present invention. FIG. 3 illustrates some
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326 secopeistrafizBTSsirable depth is attained in the etch process. In the etching process in
accordance with the present invention, the (100) and (110) planes are selectively
etched, relative to the (111) plane. Thus, there is an increase in the trench depth (b),
while the neck at (a) is being formed.
Item (c) in FIG. 3 refers generally to the sidewall and trench bottom roughness.
20 In accordance with embodiments of the present invention, when the selectively
anisotropic wet etching is carried out, exceptionally smooth surfaces are attained. It is
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.
ltem (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 efched 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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incorporated during deposition. By incorporating boron during deposition, a higher
active dopant concentration can be obtained than with implantation techniques. The
alloy is epitaxially deposited on the layer of silicon. The alloy thus has a lattice having
the same crystal structure as the crystal structure of the lattice of the layer of silicon.

5 However, due to the inclusion of the germanium replacing some of the silicon atoms,
the lattice of the alloy has a larger spacing than the spacing of the lattice of the layer of
silicon. The larger spacing creates a stress in a channel of the transistor between the
source and drain films. The stress, together with reduced resistivity due to the higher
active dopant concentration, increases lpsat and lpun of the transistor. An NMOS

10 transistor can be manufactured in a similar manner by including carbon instead of
germanium as the alloying atom, which thereby creates a tensile stress. The present
invention will be described with respect to the formation of a PMOS fransistor. Cne
skilled in the art will appreciate that an NMOS transistor may be manufactured in a
similar manner, except that doping conductivity types and lattice spacing will be

15 reversed.

According to an embodiment of the present invention, because a silicon alloy
layer, which may have a predetermined conductivity obtained by selected doping of the
silicon alloy, is'epitaxially grown adjacent to the channel region, a stress is induced in
the channe! region, and this improves greatly the mobility of carriers through the

20 channel region.

For example, when the semiconductor device is a p-channel MOS transistor, the
silicon alloy layer is formed from a SiGe alloy, and a compressive stress is applied from
the SiGe alloy layer on the two sides of the channel region to the channel region along
a moving direction of holes. In an embodiment in which the SiGe alloy layer has been

25 formed in a Z-shape (sigma-shape), the extended portion of the SiGe alloy layer, the
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 alioy 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 regioh.

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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151 ndugiheg, et sddceht trahsistoe shbivni ih FIGs 4Biis fsabjeated to epitaxidl depositionsf a as
depicted in FIG 1, when a selectijve

: d _ _ _ I a]ni sotropic wet et{:htg'bn avf:)&ordance
wi th t siticenedewin theeprniog obtaingg by & selechively anisofopiq wet ¢ihing tofarm
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etcheqa surrace I n I C e sili1con n e (, anes r S
depi ct §Banﬂelﬁﬁ§0n1'?et!ﬁlﬁ&“itae@HPE‘W @%{'ﬁ‘ir né%@é@s%@aﬁﬁﬁg@r}@t h. The
bot { omyaknEAfinbs e farf@IREGION Ih FIB.14ts. (100) plane, as will be

under st 00 s a schematic cross-sectional view depicting a
sel ecti vel y FAGBs 64 6Bi, 6Cand 6Ddlustrate schennaticallywm ProcassdnBeaeRaRee ¥ith he

present .inventjon. schematical |.y_ 25f LLushr akhednAi en. &
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150 accQHaRfefcWidws bhBomibAs ofl ridd¢ent semiconduetar devickel 0 illGSratanpstepd Of a

pl anes are selectively etched at conparabl e, about equal, rates

A ¢ . €Q nd
pr ef er prodeds of fabricating thesemicenductengdeyies J0s inglpding P&ﬁ?séﬁﬁcﬂ'i %@“f‘%@et S

primarily in_the d ' ik i [ , the
Cel et iey Tavroatd B oM BRAind R sRisBh Tyt 4T Berfrity 2 o ZRRFHTRE

pl ural itﬁehcﬁfresmﬁngrwmm@e&mdge acobriiieth émbodimendsiof tsepreseat givestien. s in
the (111) plane. This is _shown also i As indicated and

) n F . 1,. 3 .and 5C
descri bed i FlfoBé, é@h%ﬁnﬁﬁ%'lwafé%tﬁ@&m%{%@ ggle SR 2 di¥BBEFHEAR both
Qfﬁs the d grcnzétgleé'l*@éJnSs Y2itd 395h thd H?\t/iEQ 101 Hhe 8hgReerystal silicon substratg! G 3
a sc¢ t1°C Cross-sectional view of a nascent transistor illustrating
35i mport4ainds agpeo) arystal phanedisie priscipil placepridsedevica ¢ 6 duither. includes @

i |l ustrat : 2011/.053470- 22- PCT/ US2010/ 052856, .Cr | t-ixCak: di -
1t he davRIOIg) 14 GECTeiboRRY the SBaHREDonFogRaS JpeBbich FRIDEC o,
are apphy éﬁ%ﬁle B9t feBftioh! SARHES! THe fviee 30iitcighena salirce ighge14S

fol |l owi ng appliéation o process in accordance with the present
i nvent iand a drainmegion BD.cTheigede stiueture i1 3irclades 8gate swiading; fim: Hagd i ce

2a§ e | degnatttie feileec(liro%se édew lctq %ay g }0n14ec<') b)?BgttéﬁQng a SION film and a poly-silicon
film, which have been uniformly formed on the silicon substrate 14, by various known
processes. The gate structure 12 further includes sidewall insulating films 22A and
22B. The device 10 further includes a source extension region 14SE and a drain
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 148 and 14D,
respectively, which form a source region 14S and a drain region 14D 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 as

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




S5tem(a) in FIG 3 indicates the neck dinension, which is the smallest or
shortest path through the channel region between what wll becone the
source and drain of the transistor. Thgsneck results fromthe preferential
etching of the (100) and (110) planes, relative to the (111) plane, in

accor dapegndvsidawagndl I%Etrﬂ&\ﬁﬁiﬁ {riop SABAN):Whe delize 10 a§ancladié fatures

subsequently I's deposited in the source anh drain regions, results in a 10
st rongeucbamoelsm aad dram@oasketereguor@s §ddt§IOB§| léQi@l“D@dﬁYQiS,tﬁé @wdshewn).egi on.
As a result

the sili conl\gqxltdQ %3 po er E@%c?é] ?ﬂ%?'&g&ﬁ%%gﬁam rFé ?FH(;éd: \r/]?ngn

capabi |sbhi9beolfeg'idiﬁ14$ Jndithé Qlfraln region 14D @éMhidevide fddion 34Anﬂemwmeesthtamde-
trench depth, which is desirably controlled during the etch process  in

&ccor davalldnsilating filsei234 and 278 apgd the elament; isolatien 6pgioss 1Bnigranisotropically
15
cont é?%{eg:g ggtgs?% ﬂ&: Stcﬂg'gjfﬁ % 'asdeﬁ%ﬁ %F] 16% 6D ﬁrﬁ CtoFoi lﬂflgpﬁéﬁché(s%édi)‘ﬁg% g

etchin cor ce w present’ 1 nvention, the
(110) pesnePhalntial tletchey 26 @icCPEB are elbﬁned/byﬁlme shle gurfabe mbamucmsus

bot ng opRGaalY Bamees G dhe BiReier HOguRENg e siiee Sibstals ¥ an
{1 ench shoLdAIRUIRIBINIES SdPITLBRERIERD parael b AHEPGHABAE00] plehe dpies ent

i nvention, when the sélectively aniso pic wet etchingis carrled out,
1@xcept |sdmahlspbshataMsurfaces are attained. It is not known with certai nty
exactly wha

t tribut d th he.
surfaces et i ?J‘%é nﬁ‘?ﬂwﬂ @"ﬁff‘ﬂ %Qea %F%%eseréﬁﬁn F‘ﬁgﬂ?ﬁ?ﬁﬁﬂgﬁ%’ﬁ%w'%@ﬁ%mﬁwd to
be congjrged g%s;énﬁ RRRhDSH |§‘Qﬁpl|€€f fo SURBLIVAIY Anfudtiopiestchishited IRYhe(100) it
sel ective 25etchants used f t he sane general purpose. Thus, item
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gat o omcaBianey i WRPas inyontion 1iF BpEHLS ahlsbiromis pEhBbreefRs 17, "Ny

&5 ched (py0} &1 CIOM PRArdPAabB R @qual rRe adanesiereritially e tng et iplaneeint | on.
Thus, in enbodinents of the present invention, the gate "?E ucture

30i ncl @gcaanse Wit an erikpsiment PHMGQ@I@F/'BYG'H!%W%'J'E‘P yer 1A evnGns as
k

n'"one s Rfrafy L6t SuTERS, 1 Rhith ple HRpBLEARTolche BBLRRBECCC. for

manuf acixpbsing the siiliaﬂ:mcba’qwL RiiRg seisatapicatlyetchedfist, dhitial, tmheséﬁAatZ@B

Cenoc! indhe ailoorIaves dyouBh the,apenigs, 8 nerl MAIG SN of (e RPeess e iles 2,
) ! oy %felédtubégoéh&scgﬁ‘dﬁ@ﬂ}eg tﬁﬁgobmeoauc&psl%@aaésqa?tﬁawe.@/nw@?qaéwc%a%fs
te eposi

-23- incorpor uri ng ion. By incorporating boron durin
deposi t264y 268. Hlnghrsrerabodrmertlpimemeleciwebmmuao’ur@mcMset atehing ingludes ex;mm th

| d | f
S1T1 corthe HigohRapRetondas strads e BBy 5 7 e cGFBST: SEMaBRIbHE L BT e ac
the cr Xﬁélab|n§terﬁ1§ﬁdﬁi§n@fh(|bh@r)law tqﬁéte@ﬁalﬁ/ftﬁ'uumw%{dr@ildélémd:@ﬁ unsylemeatacal due

to the i ncluSion of germani um repl acing some of the silicon atons, the
latti céetnaawleqwatemmabospmmg@rsaétpatae@r Aace with the Asesant ivantien] Asace

t he e nnel
b roRY g gk s o1 ob LR ARG R LSS Bl Siader el
wi th refiecgchbrf iegublidiys thie are higherthghtie eichlngera@ﬂmmu eqnreftrenttdllyrio)
i ncreases | DSAT and IDLIN of the transistor. NMOS
the (111) plane to form an enlarged trench having S|dewails 14d and 14f in the (111)
plane.
As shown in FIG. 5C, in the p-channel MOS transistor in the device 10, each of
30 the enlarged trenches 26AE and 26BE in the silicon substrate 14 includes the botfom
surface 14¢, which is substantially parallel to the principal plane of the silicon substrate
14, the side surface 14d which is formed from the facet in the Si (111) plane at an angle
of about 56° relative to the bottom surface 14c, and extiends inwardly, and a side
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




10t ransi stor can be manufactured in a simlar manner by including carbon '

i nstead of germaniumas the alloying atom which thereby creates a tensile

- stress. The present invention will be described with respect to the

- formation of a P transistor. One skilled in the artp®ik Il ate that
pé/bk208R0RE

~an NMOS t r¥HPY ?‘r‘ay be manuf acturedeg-n a sim | ar manner, except that

dopi ng conductivity types and lattice spacing wll be 15reversed
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al l oy | ayer, predet erm ned conductivity obtai ned 1y
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| nproves rner e 200 anne regi on.
For exarmﬂmneh@mrt,hedsante:bndﬂ@tﬁ@ device is a p-channel MOS transistor,

the silicon er I | . ressive
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enbodi nent in | a a S en shape
(si gma- SWEFREY, enak ﬁ”%ié"gﬂigﬂ"aﬁﬁppf ﬁ}? ‘8%53%%‘ péﬁt?%@oﬁg g’PI rwﬁ«!fl’zext eP\ded
portion Qﬁw:ibhétcﬁln@ﬁlalﬂhdﬁgﬁ Wingveaty diffrert @d’n@g ahmm&y)smrMnlsmmtdnehapés con
crystal in the channel region. As a result, ossi bl e eff tively

SPoly L ha% bR 88 Fahe PhEs G TLPORERRRSI N HERR oM UCHET I AL e
o |1 t Yp@én frdfe BRIt 6 Bolah i3 caRBARRNIE SRt tRIQIME himeaitiainingioth when

the sem conductor device Is an n-channel MOS transistor, the silicon alloy
| ayer i sthiealasired plane seletighaand e Ry SEoeth eicked fyTases skevided Phllifced on the

channel E)I%%b Pi @% Re the noving direction of electrons, whi ch i ncreases the
nobi Iity~of "el'ectrons in the channel region. FI GS. 4A, 4B
and 4C i || ust inaune erobrdiment dhe prespet inverigdi Wghartindedas epifaially 4apositig3sand

aC are SENGIEN afiof P a6 d BHish Bhe¥nifigRl E@Héh@sfzimaﬁ&%eet iRBskStor in

a -24- 8 &VT ce nascent transistor
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bj ect ed to(ﬁ i taxi al de osition of a silicon alloy in the opening
i nedrefgrre §%F‘«§éﬁ’?§/§ MP%ni sotropi ¢ wet etching to formstructures such

as a source apgr é’xéi’ﬁ;ﬂérlnloﬂetdﬂﬁbdmﬁéﬁtnhsﬁlruatraleﬂtlmIFIGJ’@'er~typeIB|Ge rdied As 10
descri bed above, the epitaxial oSiti o a Slll%(‘ﬁ)’ﬁ ‘Jgégéults in
stress i Aryskalavesn @A aF‘@&?@rﬁ”ﬁ@f RPEFEa @'di]meee'aﬁ@ ngpeg AOAF Bfst r at ed

schemat | %EEMO ke tﬁeb@nlg %Hch@@%AE drideaBIaNAg|s Kre@indn thevaftlafd abGriefly
FI'GS. 5A illustrate schemati cal I%%Snprocess in accordance

with an dewmr@weoﬁuq fecthp epdaxiel graviihandhe gt igggen; [atlice PalAelRn 4r e
Crass- Seg% fq%r@be]éfﬁgleé@&drﬁpé’rbﬁ‘fé t pEeISiicAREaI 0% cOMPRESRBLOEREN SGNIREGH O

device 1 | ustr ste rocess of fabricating the sem conductor
devi ce 1@e stmﬂturesragquot:festbe&(%mé@d:mﬁ@' teysis 2&pand 458+ SiRtartte theyot h

et chi ng 81 Eﬁghﬁm %ig[] n Bied sEPig 'irﬂ%sﬁltlﬁgbﬁ Eﬁéﬂ:t‘%lnh&y gi&ﬂ td8cridrRatetlly

resultin I ng,” according to e ments o e present
i nvent i odepiEte@ bybihe dasheddinés ml thg cepheltregienenent s of a gate structure 12

di sposed on aIn the SiGe mixed crystal layers 28A and 28B, an inner point 14g of the wedge,
30 which is the intersection line of the side surface 14d and the side surface 14f, is formed
at an inside position relative to the outer surface of the second side wall insulating films
24A or 24B, and the SiGe mixed crystal layers 28A and 28B are near the channel
region just below the gate electrode 20. Thus, the channel region between the SiGe
=neze 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



20singl e crystal silicon substrate 14 in the device 10. The single crystal
silicon substrate 14 has a (100) crystal plane as a principal plane. The

device 10 further includes a device region 14A, which is defined by the :
el ement |s~gbalf,1 R%4hEgi ons 16, which nay be, for exanpl ger/fshbrologides i sol ation
structures e device 10 includes a stfurce region 14S and a drain region
14D. The gate structure 12 includes a gate insulating film 18 and a 25gate
el ect r odghatPel mkmhtdgeshebw:thcm@etaewrepattmgrfmnnmeap&aﬂauyr gromnayittoa alloy,

| | fil h h b f m
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i ncl udesig{-gpwualrp-iyps thith tiedadprbpratd dficamelicddB. The device 10 further

i ncl udes a source éextension region 14SE and a drai nﬂ%ééenm on region 14DE.
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devi ce 1ggn b@meced indhe champel segier thaadhess indiior agiroehanneEMeRtrangistensai n
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ot her p- using the ctro e as a nas ddi ti onal
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region 1é;5?tdxibl§hﬁvtﬁ%\ﬁu¢|¢e diefgre, Merbéﬂh@ﬁﬁrdd@emfdﬂe Siwtystal asul at i ng
films 22A and 22B and the el enent Ii‘ge) ati on re@q{gg i.S_ani otrﬁ{mcally
et ched, eorgpareghio 18Pwe Srhgialidtensiepiressds appediodRe ﬁm'cq‘"{?sf Mhi% i al
trenc hes}h%%C%ﬂ&e@@%staﬂ@e@%A ahd BBNEHES SROA tﬁ@@al;&@rﬁia%ﬁ Tief fensite by t he
side surtface 14b i's substantjally perpendicular to . the principal

(160) pl atfessoestlisdn #1qreassd @%EQMEPE"'%W“&H prves iRFCWIR E¥NG 4c, which is
Subst ant b P @feBbodding RorNhBQUIDR) rdrb@rspl ane of the 10si 11 con

substr at he step shown in FIG a process in
accor dance vmlftbiioa&iﬂge'iﬁﬁmfﬁﬂ@ﬁtﬁ%ﬁs Q%@qﬁrmﬁtw'ihrf%?ﬁqtﬁf: |GS.gfhPPelle to

sel ect | V?%%;c?ﬁb&c{fﬁ %Q)&ﬁ £ fily Dl il drBcddagg J%Qé)aorme(vmms@ | anes,

relative ane, orm en arged trenches 26AE and ZGBE. I n
accordanpmceddmes&hewpmeﬁmrartl nventl on, the selective anisotropic etching

S 1 et el g sy 41

Ehit ance I ment present
i nvent i othe dibslosdd rianges blaxymtloﬂsma)am ogmbied s areplegrned toynabideglt e

t t . which th |
Cavor hiekgnig afs Sfiu SOSERBR MBI Tt IR RASINE L 1T SLELOON,
t hel Sld| [ §p§c2|1g@ﬂféﬁlsbbswghngéteofop$m 1g§o, 10-heo aadﬁOdﬂOraretiepmeﬁ t¢ be withnces's
i ncl udes a 20se

ti ani sotrqpi c wet etching, of the_silicon rfaces in
the firsthe$QPEC gch ‘¥‘ %%‘H@sasz%rﬁ Qggewpﬂlngppqggr%%%a?%mdhe[ Wgreg@l“ecti vel y
a”Zf otr Oﬁllj@eﬂ@é[ C\i’gt]l.%b iang dberabd ¢E Be pratedied @y tthemidifier ltabgsltl’r whether oenat. , t he
surfaces a an c, to an aqueous conposjtion.includi an aroma
tri (I owethistery is gpegiisaiy siateh 'H?M@f@ggﬂgfe %@ﬁ’%ﬁ&ﬂﬁﬁpﬁ?@ﬁﬁe”{%ﬁ aal kyI
quat er nagyy BB%BH&% 4re §édrhed I b@GRAMARE &EopH biithé h%c@fs@ﬁe? MhetHey @RhbON.
25result, the selective wet etching etches (110) and 100glppl arr}1 of the

silicon Bageficaliy manioaed, sisetit iBaehPossledo ERENEERQ YRy RO Hefchi ng
oL el BermBEIFS P pdte!, Thudis ChRdeshans o skt atoRles oed
30 recognize that each and every comb:nat[on 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
-.-patticular embodiments, and are provided for purposes of illustration, it-is fo be

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



As shown in FIG 5C, in the p-channel MOS transistor in the device 10, each
of 30the enlarged trenches 26AE and 26BE in the silicon substrate 14

i ncl udes the bottom surface 14c, which is substantially parallel to the
principal plane of the silicon substrat e 14, the side which is
~formed froWPPABFHt in the Si (111) .giane at an anglﬁghﬁg&guu?gg

relative to the bottom surface 14c, and extends inwardly, and a side
surface Jdf f aSfdatibR. Fneterérblitls 1 R \Ihddist8d Bghie of about
124 relé%é @Hdgigﬁﬁhgg%€?%n1suP ace C. &é33|de surface 14f extends

i nwar dl yinfrentiont disclssed areind$ intéreledio ceeenwBInodiictions ssdalbwimpdns - 26-

Subst rat S00% AITE eeencleldlrs” e Rabe RelrEl el ) RRAREH Mo o

surface dilearmimghe side surface 14f intersect at a point 14g, thereby
form ng a wedge shape facing inwardly, toward the channel region, as
depicted in FIG 5C. 5In accordance with the invention, the selective

et ching obtai ned by the conpositions disclosed herein provides rapid and
controlled etching of the silicon, thereby enabling facile formation of the
wedge shape depicted in FIG 5C Wile simlar etching (although using very
different etching chem stry) to obtain simlar shapes has been done in the
past, the known processes have been | ess successful and it has 10been nore
difficult to obtain the desired profile, while at the sane tinme obtaining
both the desired plane selectivity and the very snooth etched surfaces
provi ded by the present invention. I n one enbodi nent, the present
invention further includes epitaxially depositing a silicon alloy into at

| east a portion of the enlarged trenches 26AE and 26BE. I n one

15enbodi ment, the silicon alloy is a silicon-germanium (SiGe) alloy, and in
anot her enbodi nent, the silicon alloy is a silicon-carbon alloy (SiC. The
silicon alloy can be doped appropriately, either by co-deposition of a
dopant or by subsequent inplantation of a dopant, as is known in the art
and which is not further described herein for brevity. The wedge shape
trench, when filled, provides a structure having a shape that may be

20referred to as a signma shape. For exanple, in one enbodi nent, as
illustrated in FIG 5D, p-type SiGe m xed crystal |ayers 28A and 28B are
grown epitaxially in the enlarged trenches 26AE and 26BE to fill the

enl arged trenches 26AE and 26BE. As is known in the art and as briefly
descri bed above, due to the epitaxial growth and the different, |arger,
l'attice paraneter 25o0f the SiGe crystal as conpared to the pure Si crystal,
a conpressive force is applied to the structures adjacent to the Si Ge m xed
crystal layers 28A and 28B. Simlar to the depictionin FIG 2, in FIG 5D
the strain resulting in the channel region is schematically depicted by the
dashed lines in the channel region. In the SiGe m xed crystal |ayers 28A
and 28B, an inner point 14g of the wedge, 30which is the intersection line
of the side surface 14d and the side surface 14f, is forned at an inside
position relative to the outer surface of the second si de wal | i nsul ati ng
films 24A or 24B, and the SiGe m xed crystal |ayers 28A and 28B are near

t he channel region just below the gate el ectrode 20. Thus, the channel
regi on between the Si Ge m xed crystal l|layers 28A and 28B is snaller than
that in the prior art in which the source 35and drain have nore vertica
wal s aligned with the gate structure 12. The snaller



WD 2011/ 053470- 27- PCT/ US2010/ 052856 channel region, together with the
stress resulting fromthe epitaxially grown silicon alloy, enhances
nobility of charges noving fromsource to drain, whether the channel region
is Ntype or P-type (with the appropria®e silicon alloy). Due to the wedge
shape of the enlarged trench 26A and 26B, and to the E- 5shape of the SiGe
m xed crystal glapmrss 28A and 28B, a stronger conpressive stress can be

i nduced in the channel region than those in prior art p-channel MOS

transi stors having a standard sidewall profile. Thus, it is possible to

i ncrease 1t he hopacedtror etohing AdilicoP (2yeedis pesedun £aibstaiey ctvgprisimabi | i ty of
the p-channel MOS transistor in the device 10. In an enbodi nent havi ng
opposi te dopi ng. | i Llic 1 pitaxially applied to
fill the wedge%g"ssﬁgg%'hge‘m%}?rgi%gF‘%éﬁ%#@gzhgﬁlcﬁ%é IS SiC, atensile stress
results. As is known in the art and as _brief]y described above, due to the
epi t axi al gr oRElecHYRY amgotipig welstiehing sifigqnesurfapeg 'f‘itE%f'ﬁElV%Fg‘té}e%?t the SIC

crystal gScHrBhsiebi B&ing WessilfRion &uMEéaY to o dq@iBsiid EoniddsRBA comphsiRgl ed to
the structures acfjﬁg'cﬁgrﬁxtpto tghe Si C m xed crystégla | ayers 28A and 28B, when

SICis the silicon al.loy.,. .Ih il t resyults in increased

el ect ron nobi |qnte§/r? ?‘8%“?'%5&3‘5@%@°§:‘@ﬁ‘r'ﬁ)ﬁ’?&é&r“r§ﬁﬁg capability of
correspondi ng n-channel MOS transistors. Fol | owi ng the process steps
out | i ned abovanynsimmelrsatietraglk|qugternaty phosphesiugesaltonduct or devi ce 10 may
be further processed in accordance with usual procedures known in the art.
201t is noted wHenéin thdwetkghiting efches siies afd C0) planesiof thé ailicen layéreat mbowlr i cal

limts of the disclosed ranges rati.os may be conbined and are deened
Lo nel udeual AU R A P L0 Piteds Tt S SaRH Venibpaiin JBwEF °1- 100
and 10- 5Gn ¢ex1$Mpslad.cal | y di scl osed, ranges of 1-10, 1-50, 10-100 and
50-100 are deened to be within the scope of the disclosure, as are the
intervening integral values. Furthernore, all 25nunerical values are deened

to be prexededrHeyprotesmddiaim @ whepdlo the' siliovheyee has thenadn 4 hiuslityesfm i s

specifically stated. Finally, all possible, cogbinations of discl

P enent o SEe iR O eale priningd Baopand e Aot FyeCany e shiggiioBRa

di scl osuregchitidetdagtedasut rbughpideiopesiagd.y nmentioned, since it is not possible
to enunerate every possible conbination and/or pernutation of ingredients.
Thus, it is considered and the skilled person will 30recogni ze that each

and ever y3. conbrheairbcassafdlafre Craleddin the sdledtively @nsotrosie ehefrefchiag padialieach

el ement of the disclaosed inyention.is within the o) of the disclosure in
coor dandidgiti sahgt ecpR Y sfletghs Aol enpoed iREn Sapb e B vent | on
have beersigwlliginde (1)mpddration to certain particul ar enbodi nents, and are
provi ded for purposes of illustration, it,is to be 35understood that
various nodifications thereof will becone apparent to those skilled in WO
2011/ 05344/ OPCTYHdSt0d4xs @b 2B8H 1 wherein the aromatic-containing quaternary onium

hydroxide comprises an ammonium or a phosphonium or a combination of any two or

more thereof.

5. The process of claim 1 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.

6. The process of claim 1 wherein the aromatic-containing quaternary onium
hydroxide is an aromatic tri(lower)alkyl quaternary onium hydroxide, in which the aromatic

group is a benzyl or a phenyl group, and each lower alky! is independently methyl or ethyl.



-28- the art upon reading the specification. Therefore, it is to be
understood that the invention disclosed herein is intended to cover such
nodi fications as fall within the scope of the appended clains. The scope of
the invention is limted only by the scope of the clains. 29 CLAIM5S 1. A
process for etching a silicon layer di3Posed on a substrate, conprising:
anisotropically etching a first trench in the silicon |ayer;

sel ecti vel.y aniheqroegsisof alaim &twiiereiy the dnsymmedtical tetr@slkyimuatesndryr st t r ench,

t he wet i ; LSd j 4L us
compos PR SRR boh e AR PGl el ORI SRR oSl th AIER S e,
and an uratgmsend furthler carnpriseslope onmare lower glkpharewrsontepandantly, containing wher ei n
t he wet q?&#ﬁ@@a@éﬁa%%rm%ménd (100) planes of the silicon |layer at about
equal rates and preferentially to (111) plane to forman enlarged trench
having a sidewall in the (111) plane. 2. The process of claim1l wherein
the silicpn | r t : i F i Create
openi ngs(%)(e?xpogilsﬂrfle ’Pﬁ%‘“’é‘? ﬁ{a@@ﬂ vﬁ‘aegée'ﬁ?@aﬁ@?rﬁéw?&ldﬁ)bﬁggggkﬁgﬁﬁf %g is
carri ed cwnceniratiogin thhsangedfrimgbout (31 wife tpakmt 88 whf %cérd theZualeerasy n t he
sel ectl Vﬁlh% &ﬂrﬁ%.%&?ls rd&nt ?f}&@é ntPAtidn iﬁ‘tﬂé’raﬂ@g%ﬁ%%u‘?&q%P%té%ot .
pluralit orrstructur as and e enlarged trench¥conprises two sidewalls in
the (111)200afke. 4. The process of claim 1l wherein the aromatic-containing
guat ernary oni um hydr oxi de conpri ses an amoni um or a phosphoni umor a
conmbi nation of any two or nore thereof. 5. The process of claim1l wherein
the arondl.i c- clwtprbeasspf glaim drwhersin dhe aguehysl compotitiandophérsoprises addi ti on
to the ar [ j [ m1l to about 4
car bon g e s hIEEENEH SHECorh IREREMER] e GORLRIrebE ™ ont i ni g
quaternary onium hydroxide is an aromatic tri(lower)al kyl quaternary onium

hydr oxi de,s I N i i I | , and
ehch 1 onel? ol 10e 7o ot SRR BfErslh Mol ol bR ol el fils sl 20t

cl ai m 1 vd@raonpenttation np yorakeoutiSorl %:. et r aal kyl . quat er nary phosphoni um sal t
conprises an al kyl group having from about eight to about 18 carbon atons
and further conprises one or nore | ower al kyl groups independently

cont ai ni . f r ofhelproeessind glaing 1o¢heiein the entarged gendtheorpprises sxpesfedsiligpm 1
wherein t : i A i i ion in the
Fange 1 o PR o BRLAE ) el o EREDigaB P ARG AT RS
phosphoniwhangaéasuired by atosie foste micoassopntATM) on in the range from about 0.1
w. %to about 20 wt. % 9. The process of claim1l wherein the agueous
conposition further conprises a glycol, an alcohol, a glycol ether or a
conbi nat i'éh of Thenyroeass ab claive  evhenein dsf anisat®@picTetehipg iscedry etghing- ai m 9 wherei n
the glycol, alcohol, and/or glycol ether is present at a concentration up
to about 5 wt. % 11. The process of claim1l wherein the enlarged trench
conpr i sesl3expdspipcesy for introdueing sleesshateiamlican layegaeewisiRg: i n t he range from
about 0.340 nmto about 0.450 nm when neasured by atom c force m croscopy
(tAFr'Y'D . 12. ThRownging @Aiceh idetispdsedtv £sdbstraR, & SiRoh et hgligang is a dry
et chi ng.

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;

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{fower)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 (111) plane to form an enlarged trench having sidewalls

in the (111} plane; and



13. A process for introducing stress into a silicon |ayer, conprising:
providing a silicon |layer disposed on a substrate, the silicon |ayer having
a plurality of spacer features di sposed thereon so as to create openings to
the silicon layer; through the opening3lanisotropically etching a first
trench in the silicon |ayer; sel ectively anisotropic wet etching
silicon surfacpgatisllylde®oéitifigh slit@nglidby dnfea Biéores ifics ¢h 1083t aPoRgbnax posi ng
the silicon surfaces to an aqueous conposition conprising: an aronatic
tri(Iomeﬁ?%?%?@eaﬂgﬂanary oni um hydroxi de, and an unsymetrical tetraal kyl

guat er nary phosphoni um sal t; wherein the wet etching etches (110)
and (100) planes of the_silicon |ayer at. about .equal rates .and

pr ef er entltal | yfhePreeess pf Hf‘“éi'hig WBeT%T{kPmeéH'CE’hPEQVdB@O‘ﬁ’rCQﬁé e?‘?’d%r?é least@wal | s
in the ( bbionf#iesilicdRdayedl epitaxially depositing a silicon alloy

onto a silicon surface in at |least a portion of the enlarged trench. 14.
The process of claim 13 wherein the silicon alloy introduces stress into at

| east a pelti OTheQiroddds of tlhint 0B whaiii the siifoon &gy qhaeises siiforcgerimanilih wher ei n
the silicgn all oy conprises silicon-germaniumor silicon-carbon. 16. The

process GINCRN-5PPA3 wherein the sel ectively anisotropic wet etching
partially undercuts each of the plurality of spacer features and the

enl arged tren conpri ses t sidewalls in.the ((111) plane. . 17. The

T oceas 0. ol de PSR SY R {ABS e e LR AN SRRYR! SedPartl oni um
hydr oxi deingersts ik ofthediNivality W5 Seiced feaNeH Badihereniirged temdhi dvaipriess o any
two or nore thereof. #8 The process of claim 13 wherein the aromatic

tri (1 owerSj9§ '?"H’H%tﬂéﬁ QWeoni um hydr oxi de conprises, in addition-to the
aromatic group, three groups independently contain from1l to about 4 carbon
atoms. 19. The process_of. claim13 wherein.in, the matjc tri (Il ower)alkyl
quat er nary- oni ¥ RIQeRSSf glaim f'ﬁ@’ hﬁ%ﬁgi %O'BPME('P\&G%&B@ Hk'?{e”?ﬂry QS'HWe nyl
group, angdexide doarisefbk ¥nichiunh 88 RekNohim@tydmisinatinif lany twdor The

process of claim13 wherein the unsymetrical tetraal kyl quaternary
more thereof.

18.  The process of claim 13 wherein the aromatic tri(lower)alkyl quaternary onium
hydroxide comprises, in addition to the aromatic group, three groups independently

contain from 1 to about 4 carbon atoms.

19.  The process of claim 13 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.

20. The process of claim 13 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.

21. The process of claim 13 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. %.



phosphoni um salt conprises an al kyl group having from about eight to about
18 carbon atons and further conprises one or nore | ower al kyl groups

i ndependently containing from1 to about 4 carbon atons. 21. The process
of cltaim 13 wherein the quaternary oniipm hydroxide is present at a
concentration in the range fromabout 0.1 wt. %to about 20 wt. % and the
quat er napy ph BtibRturdar tdmpriesmange from
about O. ?Wt ) ﬁ.gagdye oul'?&y(.gI 138wp(%%§‘e[né a&&e@s%gﬁ%r ocess of cl %I m 13 wherein
t he aqueglysolcamploshali glytelethesor 8 saproingéien af gwiwgior mare figefol . a gl ycol
ether or a conbination of any two or nore thereof. 23. The process of
claim22 wherein the glycol, alcohol, and/or glycol ether resent at a
concent raen on Tlhp pracead oliclaig 22 whegein the Q'YFﬁ'ea’ﬁP%e%@/Qﬁguﬂ%?tﬁ?l‘\?. PEFEPLi n t he
enl ar ged dysilicon surfaces having a roughness R in
t he rang roma W%é%sﬁj?ngt%@ about 0. 450 nm when neasured by atomc
force mcroscopy (AFM. 25. The process of claim 13 wherein the

ani sotrogy,c et‘[‘fmgiprpgceiﬁ of iy 18 0RBidtPthe enlarged french 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).

25. . The process of claim 13 wherein the anisotropic etching is a dry etching.



