- 1 - WET ETCH SU TABLE FOR CREATI NG SQUARE CUTS | & SI AND RESULTI NG
STRUCTURES 5TECHNI CAL FI ELD The present invention relates generally

t o net hodwofoe7/u4Bider cutting single crystal silicon usingcras2@ronants. Mre
particularly, the present invention relates to nethods for creating square
undercuts in single crystal silicon and resulting structures. 10BACKGROUND
State of the Art: Hi gher performance, |ower cost, increased mniaturization
of sem conductor conponents, and greater packagi ng density of integrated
circuits are ongoing goals of the conputer industry. One way to reduce the
overal|l cost of a sem conductor conponent js to reduce the manufacturing
cost of that conponent. Lower 15 manufacturing costs can be aghi eved

t hrough faster produMETRTeE STHTARKE FOR CREATING SQUARE RSN It
materials used in fabricating AMND RERHHNESTRUEIHIIEENt. In recent years,

the sem conductor industry has greatly expanded its enphasis in devel opnent
and production of electro-optical conponents,. such as, for exanple,
char ge- coupl ed devices (CCDs) and, TECHNKEAINFIELDCMOS i nagers. As with

ot her sem conduct conponent 20, there | ti.nue pve.to igher
per f or mance par arrg.i"g rpg‘%g’ﬁtdnﬁ?@gperf la%/qseqeagraaY ?Oev&%?’- %\lﬁoerﬁmg%tc;ﬁgqng éé%g chYsf
M cr o- el ect r gileemasihg alet stieharrsrsMord/paiicylaily, thepichant inventiowradgys toanethvdsfyr a
great deal of attention in many industries, includi tﬁg el ectronics
Pndustry. VRS SRR wdsreeTghetER Gvealicon and ultfl SHEGHIES cal
conponents on the sane substrate, for 25 exanple, a silicon substrate,
using mcrofabrication technologies to formextrenely small apparat uses.
The el ecl®ical conponents may be fabr]?%(é{(gﬂ“a% integrated circuit

fabrication ("I C ki QFaS A Mithe? Per@®riBrddaivied! cosQTRGBABY niffurbation of
fabricated using m cronmachi ning processes that are conpatible with the
i ntegrated ciseifopdycigsr FREPINSALSp AHE cFrSUET PREkagingo AeNsiyt o integratgd pFiEsaits e

makes it pos%hg&ﬁ%tgomsnamé BShPREL InddsBy. 3Onf APy tArENRR BBLdVeRll cost of a

m crom ni ature”systemon a chip using conventional manufacturing processes.
However, t hesemicendictorraamponéensris trovednessthi maswufasturing cpator| thattdomponent. Lower

technot ogl e e binllchsd N1 bY RERcARF )RR Tullr MEMRAERTRII S BBdhcion in

assenbl i €s abri cate nvention
processi ng f dre BRAMt off tatepialbcesd onsfabetatingathe semrqoeduedtyr pemparentd lorre¢ehd0)

silicon. Potassi hydr oxi de an H may .be used.t.o creat.e.vertical etches
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tures are not al wa
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: ever-lower costs. ‘

Micro-electromechanical systems (“MEMS”) is another technology receiving a

great deal of attention in many industﬁes, including the electronics industry. MEMS

integrate microminiature electrical and mechanical components on the same substrate, for

25 - example, a silicon substrate, using microfabrication technologies to form extremely small

apparatuses. The electrical components may be fabricated using integrated circuit

fabrication (“IC”) processes, while the mechanical components may be fabricated using

microfnachining processes that are compatible with the integrated circuit fabrication

processes. This combination of approaches makes it possible, in many instances, to

30 fabricate an entire microminiature system on a chip using conventional manufacturing

processes. However, there remain many shortcomings in existing fabrication technologies

which limit the types and sizes of MEMS componeﬁts and assemblies_which may be

fabricated.



Various conventional chem stries have been used to etch silicon: For
exanpl e, both single crystal and polycrystalline silicon are typically wet
et ched i woizenmsw2of nitric 10 acid (HNG3) and hydr of | romius2@aiot290HF) .
Wth use of such etchants, the etching is generally isotropic. The reaction
Is initiated by the HNG3, which forns a | ayer of silicon dioxide on the
silicon, and the HF dissolves the silicon oxide away. |In sone cases, water
is used to dilute the etchant, with acetic acid (CH3COOH) being a preferred
buffering agent. 15In sonme applications, it is useful to etch silicon nore
rapidly along one or nore crystal planes rglative to others. For exanple,
in the dianond |attice of silicon, general?y the (111) plane is nore

densel y packed t h§envénsionalod§ plosessingafer DIRAM; Helcerrpcassarss elgf agel cujrently

orientated SBE%%%?@”%{ il(ﬁéps[?ﬁ; fd b ]a&ﬁhnlx %&ﬁ %xgeékg%%& H?bg HV\fnta? b to. Greate

ori entations lon o nes al so contribut es
to etchant setmicili etchys tia (IZIGD) emhm@ypluamgs(llmeSLéstManWafdnatoremmsmg ghe

such orientation- onsi,sts of ture-of.. KOH

and i sopr opyf®© Qfséagﬁ%t’onlf’gl th%)?ﬁ ‘ieo %ﬁ@ﬁs erﬁ’v?feﬁr‘% hﬁa?/ae(tltlsﬁ)crgé | origrgation.

E; Sdr edd(ﬂOOHﬁtwena@ tﬁgsé@ntaﬁl ﬁﬂ@t(r&é)eae potasieays kiasiraloagd (il intjodace sostly,
roxi de etchants and TTV1AH nma used to te a vertical undercu in

(100) s i coRteRpRs Procesting 316oh i Frasetitesio bt Fupepe Ao 1 HefFet

et chant sol UbkgsigndnBe dédcdot h the st andard SI I icon orientation (FIG 1A and

FIG 2A) and 45 rotation (FIG 1B and FIG in the standard
orientation, a maMarpys spnvsRtenal cHeRgistres }@l’id’ﬁe’ﬂl‘lﬁ‘%fq g5k silerp. (For eramplnes

define the s bgﬁvﬂélcscr\y@ﬂap%@ﬁ(ﬁy&&é?ﬁﬁge §1[196H ﬁrlz ically @ GetehRl ADmixnl¥ek Bf hit€c 45

rotation, the mask Is al ong irection. In FIG 1, the

St ?:hant s GWFiLKtIﬂ\Imw gpfé‘lOﬂé@“ataCIE'6(Hf)anaVl|ﬂh upg of SQCh etrhanss.cthsgtchipg is
Ilute TMAH a . at di.f f
selectivity, & ﬂFyuﬁgté?%lﬁT ﬁéeag ?rf gdﬂﬁlf@%ﬁgg ?@;@% "Y)e * S alﬁ%‘/"?r ?9icon

chanfers 12. sReiNGV@RESHiBAIRD HRUFIBsRLES B GikdR dxde S laaeinwagésowateand
may |imt the spacing of conponents on the integrated circuit. - 3 -
is used to dilute the etchant, with acetic acid (CH3COOH) being a preferred buﬂ'ermg

agent. A

15 In some applications, it is useful to etch silicon more rapidly. along one or more
crystal planes relative to others. For example, in the diamond lattice of silicon, generally
the (111) plane is more densely packed than the (100) plane, and thus the etch rates of
(111) orientated surfaces are expected to be lower than those with (100) orientations.
Boriding orientation of the different planes also contributes to etchant selectivity to
20 - exposed planes. One etchant that exhibits such orientation-dependent etching properties
| consists of a mixture-of KOH and isopropyl alcohol. For example, such a mixture may

etch about one hundred ( 1 00) times faster along (100) planes than along (111) planes.
Hydroxide etchants and TMAH may be used to create a vertical undercut in (100)
silicon. FIGs. 1 and 2 show a silicon etch performed with different etchant solutions in
25  both the standard silicon orientation (FIG. 1A and FIG. 2A) and 45° rotation (FIG. IB and
FIG. 2B). In the standard orientation, a mask is.aligned along the <110> directions. The
{111} planes define the sidewalls which are sloped from (100) surface plane. With the
45° rotation, the mask is aligned along the <100> direction. In FIG. 1, the etchant was
dilute NH4OH applied at 26° C and in FIG. 2, the etchant was dilute TMAH applied at

30 26°C. While the two etchants display different selectivity, both undercut the silicon 10
and create beveled edges or chamfers 12. The beveled edges may be undesirable for.some

applications and may limit the spacing of components on the integrated circuit.



Accordingly, it would be desirable to create square undercuts in (100)
silicon without bevel ed edges, or chanfers and/or to manipul ate the shape
of the umstereatis3®@arther, it woul d be desirable to creareTast@rmimbs shel f
in (100) silicon using wet etch chem stry. 5 BRI EF DESCRI PTI ON OF DRAW NGS
In the drawi ngs, which illustrate what is currently considered to be the
best node for carrying out the invention: FIG TAis a
cross-sectional view of single crystal silicon nasked al ong the <110> 10
direction and undercut with NHAOH applied at 26 C. FIG 1B shows of single
crystal silicon masked al ong the <100> dirgction and undercut w th NH4CH
applied at 26C FIG 2A is a cross-sectional view of single crystal
silicon masked al evwgordingly; 1it Grould becdesuablartd areatie square windercus| int @ 0GVsiticon
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3A i s a crosyufh&i itowahldvbedesifablei tagtreate ray kiteahl shelf i inof100R sitieon akimggweéthetch
<110> direction and undercut with a buffered fluoride etch solution of the
‘present i nvERTSWYapplied at 23C. FIG 38 shows si ngl e crystal silicon
masked al9®ng the <100> direction and undercut wth a buffered fl.uoride etch

solution of the present invention l§$l ied at 2023 FIGs. 4-11 show
a single crystal silicon waf HRIEF L) WJI%BEQMWJN%H cation process

according to one W%ddrgﬁmgsO&hkﬂ@lh&%{%e@ﬁat'1@!&%&19%nfh§ed%bé thetbdil Mdde
view, of single crystal silicon wafer according to an enbodi ment of the
present inve ITWHBIQBJMSHY@UQHCWSS sectional view of the sane single

crystal silicon V\@'fI(?rlA"ﬂ(QQro Pohdl%w épsm%lgfcrﬁﬁill_'gﬁcoﬁﬁiasked alongd thE<196> i s

a plan view of single crysta Icon wafer according to an enbodi nent of
t he prestht ldnverm:md uridetgut §5th| NHaOtY applied @t 2006 al Fi(3. d B ghfowsif %@gie ceistay| e

t al | f t ak | -5B G 6A
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300f the present igpuesnt ;O okl % t1§§al'v§ev90f|§1ﬂ§§ cé?sfatl 'sfPi@@tl) rﬁéhl?éﬁ a@(fmé e <51"11@9

single crystal silicon wafer en al ong
~ direction and undercut w1th dilute TMAH applied at 26° C FIG 1B shows -of single

crystal silicon masked along the <100> direction and undercut with dilute TMAH. applied
15 at26°C. | ' ‘

FIG. 3A is a cross-sectional view of single crystal silicon masked a]bng the <110>
direction and undercut with a buffered fluoride etéh solution of the ‘present invention
applied at 23° C. FIG. 3B shows single crystal silicon masked along the <100> direction
and undercut with a buffered fluoride etch solution of the present invention applied at

20 23°C. .

FIGs. 4-11 show a single crystal silicon wafer at various stages in a fabrication
process according to one embodiment of the present invention. FIG. 4A is a plan view of
single crystal silicon wafer.according to an .embodiment of the present invention. FIG. 4B
is a cross-sectional view of the same single crystal silicon wafer taken along line‘—4B —of

25 FIG.4A. v '

- FIG. 5A is a plan view of single crystal silicon wafer according to an embodiment
of the present invention. FIG. 5B is a cross-sectional view of the same single crystal
silicon wafer taken along line —5B — of FIG. 5A. .

FIG. 6A is a plan view of single crystal silicon wafer according to an embodiment

30  of the present invention. FIG. 6B is a cross-sectional view of the same single crystal

silicon wafer taken along line —6B — of FIG. 6A.



- 4 - FIG 7A is a plan view of single crystal silicon wafer
according to an enbodi nent of the present invention. FIG 78 is a

Ccr oss- secwoanat14vi7ew of the same single crystal siliconpeaftseowrakmns al ong
line -7B - of FIG 7A FIG 8A is a plan View of single crystal
silicon wafer according to an enbodinent 5 of the present invention. FIG
8B is a cross-sectional view of the sane single crystal silicon wafer taken
along line -8B - of FIG 8A FIG 9A is a plan view of single
crystal silicon wafer according to an enbodi nent of the present invention.
FIG 9B is a cross-sectional view of the sgame single crystal silicon wafer
taken along line -98-- of FIG 9A. 10FIG 10A is a plan view of single
crystal silicon wil@r7Aaicopniiew of singlesnstil stisen yater jecqsdivgde an erbedimesh.
FIG 10B is 0SS.: i hew-of - t 5] : ickd Bryd@f er
t aken al ong ?If?llfi‘e 3%6%‘?9%\fe9ﬂ% \@J%A?%FPC? %rfg%:gﬁﬁgﬂ%bg\gg%g%? :Mggaslmg?/‘?ew o1i

t he singl e csyisvmivati kdkeoalongfliae @B FfEIGIDA. t aken al ong |ine -10CG of FIG

10A. 15FIG 11A i an vj ew.of si.ngle ¢ ke f I to
an embodi nent of ? h(g %éss%ﬂ inven ?'Sgl.e cﬁsggﬁf%é“ ?’ékéé%g&g}sﬁ\@_ggégﬁ %%ﬁé lnf/lz“]%ew
of the sasre of figd presdny Shwdntioh| iIRIGN 8Bafsed ciod-settiahalngewiofethe kife safgld-kiSistal

11A. FIG 11C.is a ¢ross-sectional_vie f _the single crystal silicon wafer
of FIG 11A fhgemnwafestakepa é‘g-l-‘i‘fC-SBo’foﬁl'—i%Ié_s 1A. FIG 11Dis a |

cross-sectional Virgw oA id Hplasivih f Sinyletcayst isilice® Waldrfaeor@ing26 bth embbdifnent
taken along line -11D- of FIG 11A. . F1Gs. 12A- Eéghtgw a progressiv
under cut et cBf gre BreseRt dnyegntion o FIG: 9B:isa GEosprgecionis Yigy £ SEF SUElg CRYst

solution of tiie,PhafeMkehRBlneLoBIREFIGChes are in the <100> direction
on-(100) silicon. FI Gs. 13A-D show a Er ogressi ve undercut etch

of singl & crystal FiG! il@6niudd miama views ofusingleegrystalcilicons stadey agerdingfoopn
the present | 1 0 ST . : |

<1005 G r oct FEEBAD SHUREprERIiHiRoh” FIIIEDR iy s\ ARSI EHGRE Yidlk B (R Mife
el ectron m csoghagistal| S weofer dzkenraleng haed! @Sopf BIRAM Gfec 434G $0¢ ug aress-

3OMOXDES FOR %\A@gﬂﬂ'\@em tﬂ-ﬂbgnél'é'v Al (shlicon wafer Of F Ihhq Ofkotlai(%lgg%;ﬁ/ﬁ% 3'1 d)@—d of

descri ption of  the I'nvention,“reference I's nade to the acconpa
drawi ngs whi ¢6GfrAam a part hereof, and in which is shown, by way of

Iplr ;gf ;[ Lg&g Oln;,] f Eg%ll(gl C] lgntl)so dai P a'}{[ svne!vp (‘)’ih isi%glet Qreys{.apvs?l%cjno rv]vafer;ach%?ding 1o an
embodiment of the present invention. FIG. 11B is a cross-sectional view of the same
single crystal silicon wafer taken along line —11B- of FIG. 11A. FIG. 11Cis a cross-
sectional view of the single crystal silicon wafer of FIG. 11A taken along line —11C~ of
FIG. 11A. FIG. 11D is a cross-sectional view of the single crystal silicon wafer of

.20  FIG. 11A taken along line —11D—-of FIG. 11A.

FIGs. 12A-E show a progressive undercut etch of single crystal silicon using a
buffered fluoride etch solution of the present invention. The trenches are in the <100>
direction on (100) silicon.

FIGs. 13A-D show a progressive undercut etch of single cryétal silicon using a

25  buffered fluoride etch solution of the present invention after exposure to NH4OH.  The
trenches are in the <100> direction on (100) silicon.

FIGs. 14A-B show transmission electron micrographs (TEMs) of an integrated
PSOI DRAM access stfucture.

30 MODES FOR CARRYING OUT THE INVENTION
In the following detailed description of the invention, reference is made to the
accompanying drawings which form a part hereof, and in which is shown, by way of

illustration, specific embodiments in which the invention may be practiced. In the



- 5 - drawings, like nunerals describe substantially simlar conponents

t hroughout the several views. These enbodi nents are described in sufficient
detai |l towenadtwsi’bose skilled in the art to practice tireTiusz@izns O her
enbodi ments nmay be utilized and structural, |ogical, and el ectrical changes
may be made wi thout departing fromthe scope of the present 5invention.

The ternms "wafer” and "substrate" as used in the follow ng description

i ncl ude any structure having an exposed surface with which to formthe
integrated circuit (1C) structure of the invention. The term substrate is
understood to include sem conductor wafers. The term substrate is al so used
to refer to senmiconductor structures during 10 processing, and may include

ot her | ayer sdtawangshéike nbmerals daseribesubgtantialhyeipdlar cqpapanenisfthoughaut Seyeversl o
i ncl ude doped; and wadoped, § M & ARANGEDE S in SRRt Abtafi mﬁﬁn@eﬁwgnl@yﬁ&ﬁe

supported by a base sem con%‘uct or or msuf‘at or, as wel
sem conduct oart 36 prective @& inveédtionn dthet embditiments fmayr ok ntalrfe;edglndIStructnrai Hegigalt .

The term "conductor’ s understodt e a e m
"insul ator” P¥ &L‘?’f’i’?é’h pEeH MaYyRe ghayer?ﬁ%err 4 ?‘ﬁ]atg ?Oen 2 kel
el ectricad ! yiengscti ve than the materials referred to as conductors The
follow ng detail ed descripti.on here;fore ken in a linmting
sense, and the scdp Et‘iﬂnst'ﬁ"@ "ﬁré’é‘g SRS S WY &‘ai‘ﬁl‘)ﬁ*@aggrﬁwpw ‘f’ﬁfé’de any
appended cl akfioturd! RAGngMahNedpdted WhifaceCARB Qﬁlcﬁqw Yo fHieS irfteprided Cdircait C(IC)
clainms are entitied. The term"horizontal" as _used in thi sqf?lﬁglrcatron i S

defined as astmawe 9fathglipyntiop. By teFB LBFHASG T YRdATstppd iR uieigeandygton

waf er or subsbkat e, THE §ahfl b@ntal ist {16 WdLH /by RbmidRdvAdCEmRtured BatiA@L
The term "vertical"” refers to a direction perpendicular to the horrzonta

as defind@ apmpessurg, epdsiayiintiude atherayess thehhavebepr) éabricated thereuppaeRah wafer
" hi gher, %\fgubstraf% %lu gpeg%g%do sefilddaglold khit F’ﬁ @ﬁrmcoﬁ@ucrté}Qayers

conventi onal Spbstrateiiclude 8 elng on the top surface o waf er or
substrate, r ega:mtleéby adfas¢ bemicpndustagtor mum ag Well anpber gamisensiycion stguctures

There is a nee ndu d cel r: o]
under cut ( 10(5‘5 ﬂ kr1° cotr? t:}}(s)?engtt agf l{rﬁqﬁ éf'r ﬁx,&&ﬁﬁféogrﬁg‘gg?l %5‘9? g?é
sol ution may uhxhldaesyednttamdoctest mdstlpaaerm ‘(‘mwiamS’ iaridﬁm@tteriactlu@miy\mstemd that(e)

silicon th |ca | experienced dro de etche

the ini t& geﬁftkigﬂ“ia ‘i‘f‘# %?fl"oﬁ‘g r?*ﬁ%nai g”“gff ?(ecurctgﬁs e%?}ﬁ]wm%ch
chem stry of dEtIﬁﬁecDﬂé?s‘éﬂﬁﬁoxi 1Ry eetdfore, mdyto lbe tal&ﬁdntadnﬁﬂrbglseIweeardbMeGe@etdfahe
Jrelding. - prsbemt inverktionas dehBBUPHERY BF SREMSIUBTS, ARGENT DA Bl Hape of

i ncl udes net lagatsa]eﬁmlt@w}lm saticBlamis #okntitiecans to mani pul ate the cavity shape

of a trench underlying single crystal silicon. Etch che try i.s hig
sel ective to cryst'fg‘r3 tem ebﬁrsrfpp@h asypRer 1 &k gpp! 1%8?“6%?/‘?{2&3 agjaplane Panm'gf to

orientathen FAdcRAEASIHA Plnt Br SurfkBQF 2l 4BESI Qibstrite CrRYAIEsS BRI drRftatios of
bevel ed 5corners and including a lateral shelf may be achi eved.

embodi ment ofhe: wefesrasseibstratay eFhe tsAm Tertisak'sreferprd® Hodirestiont Reppeagdiculs to 14)9)
crystal sili %Bﬂﬁcmtﬂngs %Fﬁrzéd H?&vél Wﬁfosfnlaﬂg §1ﬁﬁ £s13&91) » a@ﬁie( 3d)in 3'slde%n”

pl anes. The etch rate licon may b pr oxi’nmat el %/ - 10, 000km n
and prefer abr;ngmen S50owent fover” dind {jensegt @rnaiﬁﬁeechwrthawmeﬁpé apanvetionghplane

method may i pel Maece%&%séﬁgle tg';? sttfdck ©2thd Rafdr or substrate, regardless of the orientation

25  of the wafer or substrate.
_ There is a need in the industry, as recognized by the inventors herein, to undercut
(100) silicon using wet etch chemistry. A buﬁ'ered fluoride etch solution may be used to
create square comners and lateral shelves in (100) silicon vrrithout the typical bevel
experienced with hydroxide etches when the initial 'pattem is oriented along the <100>
30  direction. The wet etch chemistry of the present invention may be used to fabricate
devices that have previously been prohibitively expensive, complicated and/or poor

yielding.



10 buffered fluoride etch solution of the present invention. The nmethod may
further include a sinultaneous slower etch on an oxide and/or nitride

rel ati ve wo 200m14a700) sil i con. I n an enbodi nent eCTiuseoopnedent

i nvention, a square undercut in single crystal silicon may be created by
provi ding single crystal silicon including at |east one trench therein,
patterning the single crystal silicon in the <100> direction and exposing
the single 15 crystal silicon to a solution including a fluoride
conponent, an oxidi zing agent and an inorgani c acid. In an

enbodi ment of the present invention, a latgral shelf may be created by
exposing single crystal silicon to an anisotropic etchant foll owed
buffered fluori deAdt enbedimept 6h thaupresentatnvyetsn furthendag aq'estathw%@ﬂ

created by eé&ﬂé{t%luﬂoﬂg't@ Al thzféasit} ISR &pa arefnbm %hdéﬁﬁﬁg QRigfe 8fysARNT
to create a trench. An anlsotroplc et chant may pp ied to undercut 't he

silicon and ailicesi.f Bichehemisoyiighightycselessve ta @mstﬁh@qyéanappwheuu%g 690 eeystehe
corners of 1 Efaangr!) %B&Hsn \?ﬁ%{ c,’%%e Cr}%\m Ld|<%>u&g&[l ﬁo @a&xﬁ%ha?@%&%& %%6@1«1

fluoride etch solution, S Ssilicon at ere tes In
di f f er ent5 expaned apﬁm:zlingmlatdrel shslfdnayrbetdwblewtbnch wi t hout a first

ani sotropic etchant. enbodi ment resent 1 nventd on incl yde
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under cut featyiel silioen pladeciitindes slowee tha]ﬁihBC(eH))SmidC(ﬂ hi )sslﬁéomCIﬂSnesAriI‘he etch
enbodi nent of th esent invention jinclude m conduc d
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for oxidi zi ng;lsle! dt@RRtsA JoW ttehba@tuses. | TR nfdtHRdi gy IRlvdeapBsing thedgELdE®D a
structures according to the present invention shall be génera | y. descri bed

bel ow. W®h bnﬁereé@epnﬂﬁ ?tsb]scdgnw ehihg eresentlipignuey. The methed maydpitheripudes
to one skill gfhliAnbdi Wer%@ﬁtontag%xmg M&%&hé‘@dtﬂ@ t@i&ﬁl@@)@ﬂ%ht' ons

described hereln may be used i-n various applications. In other words, the
buf fered fl uori deleintemhosiaenttefohs RresgnhinvgaEqn, a sqpate Ypderaydp syigls cpptal

h b
ete r'ez ggpgﬂ,l@&'; %fgg@edﬁea@wﬁ%b UAER Qrs%'éo% mauhmge;t%as% Ak RAciR' ©

exanp e prese ent be used inthe formation of
i sol ati on st ther¢inymttefning ths single th%alf%lhmneattheoﬂ()@P dinecteqyy qtdeqa:pemg thetsingle

Fur Eher 1 L7 RO Son 105 BERRhehHE0S 00 0P XorhSo AN ShibinkbgbhiPand an

fabrication © Fran5|stor sEructures suc
si licon-on-i impatioscidlevi ces (|nclud|ng DRAM SRAN[ Fl ash, |nagers PCRAM

MRAM CAM etc.), ,FinFet t t
el cotroni ¢ mochantAh SR ShBGE S &Bhty &9l SuftF mandBe SHGL by,

one enbodi rreaiposaugbuﬁélerceﬁta‘l Isflizbhde aﬁtahlnso&ep?pomﬁanofblrbwredm@ea buffered fluoride
i to for | at.er a ves enera

undercutting le cry SI|ICO
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The f1 uopg de sRBP e Rfst ¥BiropI€ etchhrith® bieate a trench. An anisotropic etchant may be applied

to undercut the silicon and a buffered fluoride etch solution may be applied to square the
comners of the undercut ‘cavity. It .will be understood that the buffered fluoride etch
solution, which etches silicon at different rates in different exposed planes, may be used in
the trench without a first anisotropic etchant. ‘

25 An embodiment of the present invention includes a semiconductor device
including single crystal silicon having a square undercut feature. The undercut feature
includes smooth surfaces. An embodiment of the present invention includes a
semiconductor device ihcluding single crystal silicon having a lateral shelf.

Etch compositions for oxidizing silicon and etching silicon dioxide to create

30 desired structures according to the present invention shall be generally described below.
With the description as provided below, it will be readily apparent to one skilled in the art
that the buffered fluoride etch compositions described herein may be used in various

applications. In other words, the buffered fluoride etch compositions may be used



limtation, HF, HF2-, N -14F, or tetranethyl amoniumfluoride (TMAF). The
ammoni um fluoride may be formed with a m xture of amoni um hydr oxi de and
HF. The fwoanérdg3aenponent or solution is such that whemrcCrlus2e0eacionon of
the etch composition with silicon forns silicon dioxide, the fluoride
conponent or solution dissolves away the silicon 15 di oxide forned thereby.
The fluoride conponent nay be present in the anmount of 0.5- 50% by wei ght.
The oxi di zi ng agent of the buffered fluoride etch conposition may be any
oxi di zing agent such as, for exanple, hydrogen peroxi de or ozone. One
currently preferred oxidizing agent is hydfogen peroxide. 20The inorganic
acid conmponent may include at | east one acid selected from hydrofl yoric
acid (HF), ph&sRRYST Fikicer pigh it-besem perfarmed and wheesin spuprasendercyis pr lateral shelves
(HNGB) , hydr gehieds ﬁ@i&aﬁﬁﬁ}me prédeRORl et Hay BRE) in (¢ formtict &8olation
suitable inorganic acid. Tt 1s currently preferred that the inorganic acid
be H3PO4 or HAEBBes farmsearthe fabricetion of integratedcaineriy- cF urthey, famexampls, thegpgesent
concentrat ed. sqgl ut | ich. i .cal i : hLed
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comercially available as_a concentrated solution of approxinmately 29% b
wei ght i 0 ~.inorganic acid and an oxidizing agent. The fluoride component may be, withou
limitation, HF, HF,-, NH,4F, or tetramethylammonium fluoride (TMAF). The ammonium
fluoride may be formed with a mixture of ammonium hydroxide and HF. The fluoride
" component or solution is such that when the reéction of the etch composition with silicon
forms silicon dioxide, the fluoride component or solution dissolves away the silicon
15  dioxide formed thereby. The fluoride component may be present in the amount of 0.5-
50% by weight. '

The oxidizing agent of the buffered ﬂuoﬁde etch composition n;lay be any
oxidizing agent such as, for example, hydrogen peroxide or ozone. One currently
preferred oxidizing agent is hydrogen peroxide. ' ‘

20 The inorganic. acid component may include at least one acid selected from
hydrofluoric acid (HF), phosphoric acid (H3PO,), sulfuric acid (HSO,), nitric’ acid
(HNO3), hydrochloric acid (HCI), carbonic acid (H;CO3), or any other suitable inorganic
acid. It is currently preferred that the inorganic acid be H3PO4 or H;COj3. Inorganic acids

are commercially available as concentrated solutions (X) which then typically are diluted
25  to a desired concentration (H,O:X). For examj)le, commercially available concentrated
acids are available as follows: HCl is 37% by weight in deionized water; HNO; is 70% by
weight in deionized wéte'r; H,SO4 is 96% by weight in deionized. water, and H3POy, is
85% by weight in deionized water. Concentrations of etch compositions describ-ed_ herein
are given based on cémmercially available solutions. For ‘example, if the etch

30 composition has a concentration of 30% HCI, then the solution includes 30% by weight of

the commercially available HCl solution.  Hydrogen peroxide (H;O;) is also-

commercially available as a concentrated solution of approximately 29% by weight in



- 8 - deionized water. Further, amoniumfluoride is also commercially

avai l abl e as a concentrated sol ution, approxi mately 40% by wei ght in

dei oni zedwvoavevi4d®@art her, one will recogni ze that mnulti pce/useonpom®nd s of

t he solution may be provided fromconmercially avail able sol utions. For
exanple, QEIl available fromdin Mcroelectronics Materials 5 (Newal k,
Conn.) provides both NHAF (-39.4 wgand an inorganic acid (i.e., H3PO4 -0.6
w % that may be used to adjust the pH of the solution. O her exenplary
suitabl e etchants are disclosed in U S. Patent No. 7,166,539 and U.S.
Patent No. 6,391,793. The buffered fluoridgetch solution preferably has a

pH in the range of about 5 _0 to about 9.0_ Mre.preferably,.the buffered
fluoride etc e_&ﬂﬁﬁ‘}s?”lafefm Eb%s i QB%‘H{"' ?ng‘?ﬁmgré‘rlﬂtlv, a‘fafl’il@{)le as a
buf fered fl uichééhtRtedtoRMIBAOSIptdPMaleNC40%4 BY veifit iD BéidRizEOWRRACRrtheR, chelvAllge
of about 0.5 percent to about 50 percent by weight of the buffered fluoride

et ch conposi treengnizethetanultipleneprappagntsiof the, gdl‘%\‘ﬂg@ab e prpyided) framyeqmmpmprcially
about 30 per %Qﬁ%ﬁw SUEHGN  Phr Lhsnde!f GENCH af1hs10 Hore CHInCIiGEABARHidsOateRAR

an inorganic acid In the range of "about 0.1-2% by wei ght. For exanple, the
buf f er ed Pl udNesalks Gonn.) provides both NH4F (~39.4 w%)and an inorganic acid (i.e., H3PO4 ~0.6

w %) that may be used to adjust the pH of the solution.

Other exemplary suitable etchants are disclosed in U.S. Patent No. 7,166,539 and
U.S. Patent No. 6,391,793. The buffered fluoride etch solution preferably has a pH in the
range of about 5.0 to about 9.0. More preferably, the buffered fluoride etch composition

10 has a pH of about 7.8. Preferably, the buffered fluoride etch composition includes a
fluoride component in a range of about 0.5 percent to about 50 percent by weight of the
buffered fluoride etch composition, an oxidizing agent in the range of about 0.5 percent to
about 30 percent by weight of the buffered fluoride etch composition; and an inorganic
acid in the range of about 0.1-2% by weight. For example, the buffered fluoride etch

15 composition may preferably include a volumetric ratio of NH4F:QEII:H,0, of about
4:2:3.

Further, preferably, the ionic strength of the buffered fluoride etch composition is
greater than one; more preferably, the ionic strength is in the range of about 5 to about 20.
As used herein, ionic strength refers to a measure of the average electrostatic interaction

20 among ions in the composition which is equal to one-half the sum of the terms obtained by
multiplying the molality of each ion by its valence squared. Yet further, preferably, the
redox potential of the etch composition is in the range of about -0.5 to about +0.7 or
higher (vs. Standard Hydrogen Electrode (SHE)). As used herein, the redox potential is a
measure of the effectiveness of the etch composition as an oxidizing agent, i.e., the ability

25  of the etch composition to oxidize silicon for removal by the HF component of the etch
composition.

The above ranges for the buffered fluoride etch solution are particularly applicable
to the use of ammonium fluoride and hydrogen peroxide but appear to be equally
applicable to buffered fluoride etch compositions having other combinations of

30 components as described above, such as when ammonium fluoride is provided by
ammonium hydroxide and hydrofluoric acid. In other words, suitable amounts of

ammonium hydroxide and hydrofluoric acid may be mixed to provide an adequate amount



15 conposition may preferably include a volunetric ratio of NHAF: QEl I : H202
of about 4:2:3. Further, preferably, the ionic strength of the
buf f er ed Wwburoo7idao7et ch conposition is greater than one; pomDris2@reimoabl v,
the ionic strength is in the range of about 5 to about 20. As used herein,
lonic strength refers to a neasure of the average electrostatic interaction
20 anong ions in the conposition which is equal to one-half the sum of the
ternms obtained by multiplying the nolality of each ion by its val ence
squared. Yet further, preferably, the redox potential of the etch
conposition is in the range of -about -0.5 go about +0.7 or higher (vs.-
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t he et chmr at ? of an oxi de bei n? exposed to the same etch conposition,
or silicon is greater than 18 A /min. Even more preferably, the etch rate for silicon is
greater than 30-50A per minute.
Preferably, the etch composition is such that after removal of silicon using the etch
- composition the silicon surface has a desired surface roughness adequate for later
processing. Preferably, the roughness of the silicon surface following the.etch is within

15  the range of about 1.25 A RMS to about 1.30 A RMS. The silicon surface may desirably
fall within such a range for roughness after more than 180 A of silicon is removed.
Generally, for example, roughness may be determined by Atomic Force Microscopy
(AFM) which scans a surface area of about 1 um? and gives an average peak-to-valley
measurement across this I um? surface area, rms.

20 Preferably, the high selectivity to oxide as described above is a high sélectivity to
thermal oxide. For example, such thermal oxide may be formed by thermal oxidation
such as with use of a wet or dry furnace oxidation. However, such selectivity is also

~ applicable to oxides formed by chemical vapor deposition (CVD), éuch as high density
plasma oxide typically used in isolation processes, such as shallow trench isélatioh.

25 Generally, any known method may be used to expose the silicon to the buffered
fluoride etch solution. For example, the silicon may be immersed into a taﬁk of the
buffered fluoride etch solution. The solution may also be sprayed onto the wafers being
etched or may be introduced for contact with the wafer in any other manner, e.g., drip, .
spraying, vapor, etc. The etching process may be pef’formed at a temperature in the range

30 of about 10° C. to about 90° C. Preferably, the etching process occurs at a temperature
between 21° C. to about 30° C and, more preferably, between about 22° C and 25° C.



5 i.e., the selectivity between silicon and oxide is greater than 3. Mire
preferably, the selectivity between silicon and oxide using the etch
conposi t w0 2067/gs@at er than 6 conpared to <100> sili conPerals200a0e2904
Further, to achieve desired throughput of wafers, the etch rate for silicon
using the etch conposition is preferably greater than about 5 kmn. Mre
preferably, the etch rate 10 for silicon is greater than 18 A /mn. Even
nore preferably, the etch rate for silicon is greater than 30-50A per

m nut e. Preferably, the etch conposition is such that after renova

of silicon using the etch conposition the 9 licon surface has a desired

surface roughness adequate for |ater process;%g Preferably, the roughness
of the silicon suAsaevidusly described hrzeint Bigisi & apfl 2rshawthatywhenMHg@H s gﬂé@i
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P 0uSL SeaeELbs o i ing B A, B R ST it
perfor etk at skl and lack of beveled comers enables the easy creation thereon of electrical devices
such as FinFETs, Pseudo-SOI or RAD bowls in standard CMOS wafers which are
manufactured on (100) silicon. The use of the buffered fluoride etch solution also creates
concave square corners without a lateral spacer which is desirable for electronic properties
in silicon fingers of sheets which have very different properties from the adjacent material
20  having no material etched. The concave square corners depicted in FIG. 3B are also
| useful for a discrete change in device mechanical and optical properties when fabricating
MEMS. The concave comner in (100) silicon also allows simple intégration in CMOS
devices and enables MEMS mechanical and optical structures to be integrated with
CMOS processing more easily.
25 The etch rate and selectivity of the buffered fluoride etch solution depends on two
competing mechanisms — the oxidation of silicon and the etch rate of oxide. This may be

depicted in the following simplified reactions:

Si+2 H202 H2$103 + H2O SlOz + 2 H20 . (1)
30 Half-cell reduction/oxidation reactions: _
H,0, +2 H* + 2e- «» 2 H,0 E0 =+1.77V )

Si + 2 OH" > = Si(OH) 5 + 2¢" S 3)



rotation (i.e., patterned along the <100> direction) the corners of the
undercut structure have chanfers 12. (FIG | B and FIG 2B). These

resul ti ngwetznarct4so7es are undesirable for 5 many nanuf actamiusgoognomesses.
Referring to FIG 3 a silicon 10 undercut was perfornmed in both the
standard silicon orientation (i.e., patterned along the <110> direction)
and 45 rotation in (100) silicon using a buffered fluoride etch solution
(10L NH4F + 5L QEIl + 7.5L H202) at 26 C according to the present

i nvention. The buffered fluoride etch solution used in FIG 3 denonstrates
that the (100) silicon planes is the slowgtching 10 planes which allows
the creation of square undercuts if the pattern is aligned along the <100>

di rection. | M28iQy e BE —tifibstdddfdsed etch, the (111) plane is a sl@W

etch; thus, it was surprising to discover a wet etch with a slow plane etch
in (100) silicon. The buffered fluoride etch solution provides very
useful sel ecti vit The syl Relsctivigdaswesnd(100Nsilicdn apital @ienbition add tiiebd@) oxide

silicon. Referring to FI B, the.lateral 15. shelf.14 and | ack of vel ed
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manuf actured on (100) silicon. The use of the buffered fluoride etch
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have very different p erties fromthe a%jacent mat erial 20 having
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H202 +2 H+ +o2estKer*litBogldPtil . or roin-lithoiraphic methods, regardless of the presence of the
15  masking layer 128, are also contemplated. : . _
Referring to FIGs. 5A and 5B, the silicon nitride liner 112 and single crystal
silicon substrate 100 -are etched through the mask opening 132 to form at least one
trench 116 within the single crystal silicon substrate 100. The etch may be conducted
utilizing a dry anisotropic etching chemistry, with or without plasma, for example
20  comprising ammonia and at least one fluorocarbon. Masking layer 128 niay remain or
may be removed when etching into the single crystal silicon substrate 100. While a
specific method of forming trench 116 has been disclosed, it will be understood by one of
skill in the art that any method of forming trench 116 may be utilized.. ‘ .
Referring to FIGs. 6A and 6B, a nitride layer may be deposited over the silicon
25  nitride liner 112 and trench 116 followed by an etch which removes the nitride from the
bottom 126 of the trench 116, but creates nitride spacers 118 on the sidewalis 130 of

trench 116. Creation of the Si;N4 liner may be performed by conventional techniques.
The buffered fluoride etch solution of the present invention may then be applied to
undercut the single crystal silicon substrate 10. Preferably, the buffered fluoride etch
30 solution may be applied at approximately 23° C for approximately 5 minutes, depending
on the desired size of the lateral shelf 114. As shown in FIGs. 7A and 7B, the buffered

fluoride etch solution etches faster in a direction parallel to the single crystal silicon



Sis+20H ?-, =Si(OH 2 +2C - 11 - H2SIA3 +6 HF 4-? H2Si F6 +3

H20( 4) The typical selectivity between (100) silicon crystal
orientati t mal oxide - is approximately 6. Th

directi ongﬁogp@m%? approximately two and one hal f ti ng’g(r&éngfaﬁg%
than (100) silicon etch. Al t hough the buffered fluoride etch

solution may be used in various applications, FIGs. 4-11 depict a
partial process for creating a pseudo-S0l1 structure according to a

nmet hod of the present invention. In each of FIGs. 4-11, part A shows

a plan view of the structure and part B shows a cross-sectional view
of the corresponding structure taken 10-bong -- B --. FIG 4A and B
depi ct a si nQgduBstéae/ BI0As cBinbire® With kSlertafaPetdiMrouhh Fhd Hotiom 1261F tiderench 116,

liner 112 is forned_ thereover. A.masking |ayer 128, for_ ex | e,
phot or esi st, #dateralsheld 14¢ hevingp.thickpess gh glmr?’?iwa'éh 1%% 10,559 & e B grgatef] as
the art. The gpakihpigd.am®r 128 may be patterned to format | east one

trench mask opening 132. Conventional _photol]jthography or, other
l'i t hogr aphi ¢ or ndﬁ-qu‘f%g"r APAFE Tinst Hgﬁsf"a?’eb%\gﬂg%sgg‘pcﬂ“ f}ﬁeLB?cggelr?ée and
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to FIGs. 5A and 5B, .the silicon nitride liner 112 and .single,crystal
silicon substPaieerll f&’f%W@h@?'?‘ﬁ?ﬂﬁ&?‘qqéopéﬁs@&%?l’ﬁ-ggslgé ai‘éi‘r orm
at | east one trenghmhdib1 M ik dkgbsitdtPardl fagéRed byew e silsdohinitfide Eadd 112 ahdoxide
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the lateral $ e‘ft‘l“"f%ﬁ?‘s i‘;‘q}s'ﬁ%%ﬁﬁﬁ it E%@Qeg%dgﬂnﬁbi}ﬁgggtéhéﬁ%ﬁ %’e%@g number
fluoride et chfsdditidriabfubetativestepamrebe perfamed meemjuontiqrawitll he present igntion
single Cr2}53t % cr%ﬁtL: 'aﬁf@esired device.

FIGs. 12A-E depict silicon oxidation and etching using a solution of NH4F, QEII
and H,O, (provided in a tatio 0T4:2:3). The substrate was immersed in a stagnant bath of
the NH4F, QEII and H,0, solution at 23° C. FIG. 12A depicts a trench 310 in single
crystal silicon 300 with a nitride liner 320 prior to addition of the buffered fluoride etch

25  solution of the present invention. The top surface 312 of the single crystal silicon
represents the (100) plane. The trench 310 is <} 00> on the (100) plane. After 16 minutes
of exposure to the buffered fluoride etch solution at approximately 23° C, an undercut
profile is visible having a lateral shelf 314. (FIG. 12B) The etch is progressing faster
perpendicular to the (100) direction (i.e., perpendicular to the STI sidewall), than in the

30  (100) direction (i.e., perpendicular to the wafer surface) as shown in FIGs. 12C, D and E

after 22 min, 25 min and 28 min exposure, respectively. As seen in FIGs. 12A-E, the



WO 2007/ 143072PCT/ US2007/ 012904 - 12 - substrate 100 as conpared with
the vertical etch through the bottom 126 of the trench 116. A |l ateral

shel f 114 Vi hi ckness of approximtely 450 Ato e
created as‘ggﬁh@ﬂ“ﬁ# FIG 7 B. If desired, a nitride Iiﬁgﬁﬂlf%gﬁégﬁbe
deposited on the bottom 126 and 5sidewalls 130 of the trench 116 and
then the trench 116 may be filled with an oxide material 122, for
exanpl e, a spin-on-dielectric (SOD) as shown in FIGs. 8A and B.

A mask 124 is deposited and patterned over the silicon nitride |iner
112 and oxide material 122. A conventional silicon-etch having sonme .
selectivity to oxide nmay be perfornmed as-$hewn in FIGs. 9A, B and

10A, B, C. 10 tl?pftthé)@ﬁderl‘}in"g@ilﬂgn iegrt?rrpllﬂe?@mec%séﬂwﬂ’ﬁhér% o&lte to the
SOD fill .may performed as shown | Gs.” 11A, B, C and D. After

the SOD fill W@ﬁf@@“ﬂﬁe@@mﬂ‘ the structure 150 may be subj ected

to further processiathfardiOfiuBridt QchbRMBh nay BABTAIEEQY Hith GARAGSHINents in
and digit lines thereover to conplete the pseudo-S0l structure. The

structure 150camkiratigaswih| patiefanglse |t MeRUTRGRTen yericalhwally dag vegjous  ways.
about 5004 (+G. 190D depl@s HRRtchGFdPrisside of Lihpte kHiRI 5111&ﬁ1|40@|a90nﬁ1ﬁ‘§’FIG 13A),

transi stors, such as array transi stors or access transistor

overlying st rhetinfG1E3B), RarindFlshi 182 apd P ymip ARG IPQARHQ@“"&G‘%‘W@% QEI

f
Fl o110y 1 oot SRR BB ot 58 « (88 e Bnigoropie

bei ng an int eNHQOH&It&: N2BUF0 ERpbsusd. dastired esindy stagiahebatinf Thadp siudnald12 of
fabrication steps may be perforned in con; unction with the Eresen
&

i nventi on 20tthe elﬂélatcétsﬁhypﬁé*s'ie?féﬁfﬂ&éb? d80) pemms Thesneh s 4 0% 9the £100)

oxi dati Orho?“dplﬁteChtﬂ?:geakﬁ%rtﬂe %nﬁ:%ﬂiﬂe%ff&ied%de@ﬂ s@0GorH20R forms a shelf
(provided in a tatio of .. The substrate was inmersed in a

st agnant bat hengereahef the mhpon mvr- axer withogt Samifieandiy lafre%sﬂgcﬂwﬁr@ach 1depth.

depicts a trefgedtD chi beiSREH &hae i kilikors iIdgs CON pitAR, Wish htnaernmtewusﬂge crystal
liner 320 prior t6 addition of the buffered f1 uori de etch

sol ution of tsicoprBd diveomes, EMFTSABLY TRRETMD 35 SHIF f St PRBEESETS- tﬁBﬂ%.lﬁg‘M be

crystal silicoaefRBa @ﬁl@ﬂﬁlﬁg hhRofrkOpatiehrPdiles Th Gorhbigaf vAllettifantdditions of
on the (2100) HBI ane. After 16, m nutes, of exlposure to the buffered

f1 uori de 18t cHhesreset dnveationslsrioss maY Bf mapiaeturedhayifgrAEars pgefastiss By
vi si bl e havi ngaripliai@rat eehtinte shtetciahi E&mﬂtﬂﬁ)onTbﬁfe%ﬁbndefEcut proﬁles may be
DO o5l 10 1 Tl e e 1000 (L1 RO L8 et v
hydroxides, NH,OH, NH4F, TMAH or combinations ther¢of. .
The invention may further be understood by the following non-limiting examp]es..
20 EXAMPLE 1 '
FIGs. 14A and B depict two TEMs of an integrated PSOI DRAM access structure.
The profile was created by the combination of a TMAH (100:1) etch of 4 minutes 36
seconds at 25° C. A second etch using the buffered fluoride etch solution (NH4F, QEIl
and ' H,0; (provided in a ratio of 4:2:3) was run at 25° C for 6 minutes. A conventional

25  oxide spacer was used for the two wet etches and removed after the ca\;'ity creation. The
imagc‘ is shown in the <100> direction after the access transistors and bit line were
integrated along with pt)ly-silicon plugs between the transistor gates.

All documents cited herein are incorporated in their entirety as if each were
incorporated separately. This invention has been described with reference to illustrati\:re

30 embodiments and is not meant to be construed in a limiting sense. As described
previously, one skilled in the art will recognize that various other illustrative applications.

may utilize the etch compositions described herein. Various modifications of the



30(100) direction (i.e., perpendicular to the wafer surface) as shown in
FIGs. 12C, D and E after 22 mn, 25 nmand 28 m n exposure, respectively.
As seen iWOBDEBI43W2A-E, the - 13 - width of the underl ycmgisgedziocdns | eg, or
pillar, 350, decreases with increased exposure to the buffered fluoride
etch solution. The buffered fluoride etch solution maybe conbi ned
with ot her conponents in conbination with pattern angles to nmanufacture
vertical- walls in Various ways: 5FIG 13A-D depicts the etch progression
of single crystal silicon 400 at O mn (FIG 13A), 3 min (FIG 13B), 6 nm
(FIG 13C) and 9 min (FIG 13D) exposure _tg the NHAF, CQEIl and I-1202
solution (the buffered f|uoride etch sol utlon) after a flve m nut e

ani sot ropi ¢ uateaivet enbadiments, aswsH sasr additienal eedodianengs af thearysptiony ytill berne
top surface 4%% rys i S 0

The trench 4% |és?]ft t&(l}% rS%cr)l? |gsik lgg(;{loge al?u&)bﬁggfg&?%??gg;ssl %%Sgﬁﬂe&fl )\rrJ\E(ﬁ?lk)@IE}?e
buf fered fl upnefﬂzlwd@rdimdsnd:rm of)ﬂneelmshntflovmwa h@h@btterulwdmlmdthemm,tthelryﬁmqmn

Can be seon SHCAd o BT AR s BF AR, DASENREREICRR BronHhSbovd |

crystal <51 i deorigtikh, hemappmneaaianghymmfaw msstbﬂnewahom qnpmgmgsfsm the
Thus, it will be understood that using appropriate pattern angles in

conbi nati on WPHOTSCRREREre8E| ut.i ons of



| St he present invention, devices may be manufactured having vari ous
characteristics. By mani pulating the etch tinme and etchant

conbi nation, different undercut profiles may be achi eved. For

exanple, the buffered fluoride etch solution nay be conbined with
hydr oxi des, N -14011, NH4F, TMAH or pg%pinations t her eof .

The invention may further be understo by the follow ng non-limting
exanpl es. 20 EXAMPLE 1 FI Gs. 14A and B depict two TEMs of an

i ntegrated FSO1 DRAM access structure. The profile was created by the

conbi nation of aW"h\e{'t'?é"c%ﬁ 'dl%s: etch of 4 mnutes '36 seconds at 25
C. A second etchqusy ] fifered fluoride .etch .sol.utjon. { HAF,
QEl | and-|-1202_(1pfs‘\>6?%§8i Cée?é%l%&?&“aﬁ%m TGRSO RS Cstad £ or 6
m nutes. A con\ﬁéliiﬁqlbrfél_le msﬂmcaéogmtsengwas used for the two wet
etches and renovedteihery singleayystyl skt anthd kg 00sBdRetGoRREWN i N
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the <100> directiofsghtfnel ﬁé‘ﬁ%ﬁéPtﬂl jjstors and bit line were
I ntegrated al ong ' s between, the transistor

fvmt Dol y-silicon plu .
gat es. Al %EUF@&%%?‘P&% OYeEéhﬂgﬁfﬁﬂ_S&F R%@Eﬁo@é@%dlﬂpﬁrt hei r
entirety as if eacRurkce afifbespegleraystd siicorhpd sidewallawdtheon has
been described wit bt leelsenaedeeich, hileleatihge pdRieIrbdhesiigeand is
not meant to be COBMYHRALLBnRxpoiLd WithiHGHs St 1t GRS fHehRiand
previously, one ski ed 1 the art will. recggm z&) at, yas%o S ot her
i1 lustrative appPPREASHEIE Nesxnosedi partiqle odt RSl aysial isthison
descri bed herein. VdHusubembdedsi oaeitrenclowithhesolution comiprissng at i ve
Enbodi nent ts t gs \gfhlﬂtmiéé%tlggqm%%te@hmi@ﬁﬂgfg Qgeﬁthgud %\:&eﬁidrﬁifhs wi
e apparen
decch o on.unf L1 MA T O BML PO ICERGM L2, o
have been descri be@%‘e‘?éﬁ’?ﬂ“@ﬁ&eﬂ%%n‘f’?‘g% PIREAC KLY HRESEICans
herein is not |iZiThe mgthedref elaimrl,dartdier coseprisiog delectingehabove
5descri ption, _ﬁﬁorideycmla@hem frani thel @rfrg Bensieting’ 6f R9asd e
wi thout  departfigriHeOMhilifonium fluoride and tetramethylammonium
fluoride.

3. The method of claim 1, further comprising selecting the
fluoride component to be ammonium fluoride formed from
ammoniwmn and hydrofluoric acid.

4. The method of claim 1, further comprising selecting the
inorganic acid from the group consisting of hydrofluoric acid,
phosphoric acid, sulfuric acid, nitric acid, hydrochloric acid
and carbonic acid.

5. The method of claim 1, further comprising selecting the
oxidizing agent from the group consisting of hydrogen per-
oxide and ozone.

6. The method of claim 1, wherein contacting the exposed
single crystal silicon witha solution comprises immersing the
single crystal silicon in a bath comprising NH_F, H,O, and
H;PO, in a volumetric ratio of about 4:2:3.

7. The method of claim 1, wherein exposing comprises
immersing the single crystal silicon in bath including
approximately 10-35 w % NH,F, approximately 3-20 w %
H,0,, approximately 0.1-2 w % H;PO, or other acid, and
approximately 43-86.9 w % deionized water.

8. The method of claim 1, further comprising contacting
the exposed single crystal silicon with a solution at a tem-
perature of about 10° C. to about 90° C.



spirit or scope thereof. - 15 - Wat is clained is: 1. A nethod of
creating a square undercut in single crystal silicon, the method
conprising: patterning single crystal silicon in the <100> direction
to format least one trench therein; formng a structure over
unrecessed portions of an upper surfgiﬁ_of the single crystal silicon
and sidewal|s of the at |east one trench, while leaving a portlon_of
the single crystal silicon exposed within the at |east one trench;
and contacting the exposed portion of single crystal silicon within

the at |ecast one g EcheédofchAlilt | SBFAMMDLAIAY 30kl Y0Ld Hoor
conponent, an qﬁﬁ?&éé%% Nl and, ant | ot - gant ¢ 8k : e
| east one under | RSO VPPE] SHFECe Hdesing 1y
single crystal Sé]il?‘P_lédW SldeZYaliﬂ“l@fr_ﬁél%@H legfstoont tmehclf vonfymises
conpri sing sel dotinmyg the sfruoturedehileripaviet ter ARLIOE@AUI1EBRS! Sti ng
of hydrogen fI uewi istoRNaf AMehktoht Feiidtfidgmethyl ammoni um
fluoride. 10. The method of claim 1, wherein contacting the exposed
single crystal silicon with a solution comprises etching mate-
rial from a surface oriented in the ( 100) plane of the single
crystal silicon more slowly than material from a surface ori-
ented in either the (110) or the (111) plane of the single crystal
silicon.
11. A method of creating a lateral shelf in single crystal
silicon, the method comprising:
aligning a mask on a single crystal silicon along the <110>
direction, the mask having at least one opening therein,

exposing the single crystal silicon to an anisotropic etchant
through the at least one opening in the mask to form at
least one trench in the <100> direction therein;

forming a structure over unrecessed portions of an upper

surface of the single crystal silicon and sidewalls of the
at least one trench, while leaving a portion of the single
crystal silicon exposed within the at least one trench; and

contacting the exposed portion of single crystal silicon at a

bottom of the at least one trench with a solution com-
prising a fluoride component, an oxidizing agent and an
inorganic acid to form at Icast one square undercut with-
out beveled edges.

12. The method of claim 11, further comprising selecting
the fluoride component from the group consisting of hydro-
gen flueride, ammonium fluoride and tetramethylammonium
fluoride.

13. The method of claim 11, further comprising selecting
the fluoride component to be ammonium fluoride formed
from ammonium and hydrofluoric acid.

14. The method of claim 11, further comprising selecting
the inorganic acid from the group consisting of hydrofluoric
acid, phosphoric acid, sulfuric acid, nitric acid, hydrochloric
acid and carbonic acid.

15. The method of claim 11, further comprising selecting
the oxidizing agent from the group consisting of hydrogen
peroxide, ozone and ammonium perfluorate.



3. The method of claim1l, further conprising selecting the fluoride
conponent to be anunonium fluoride fornmed from amoni um and

hydr of | uori c aci d. 4. The nmethod of claim1l, further conprising
selecting the inorganic acid fromthe group consisting of hydrofl uori
c acid, phosphoric acid, sulfuric aci nitric acid, hydrochloric
acid and carbonic acid. 5. The nmetnhod of claim1, further
conprising selecting the oxidizing agent fromthe group consisting of
hydr ogen peroxi de and ozone. 6. The nethod of claim1, wherein
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22. A method of etching a single crystal sihcon wafer, The
method comprising:

etching the single crystal silicon wafer to form at least one
trench in the <100> direction;

forming a structure over unrecessed portions of an upper
surface of the single crystal silicon and sidewalls of the
at least one trench, while leaving a bo‘rtom of the at least
one trench exposed; and

contacting,an exposed portion of the single crystal silicon
wafer at the bottom of the at least one trench with a
solution that etiches the (110) and (111) planes of the
single crystal silicon faster than the (100) plane of the
single crystal silicon,



13. The method of claim 11, further conprising selecting the fluoride
conponent to be anunonium fluoride fornmed from amoni um and
hydr of | uori c aci d. 14. The method of claim 11, further conprising
selecting the inorganic acid fromthe group consisting of
hydrofluoric acid, phosphoric acid, sy¢furic acid, nitric acid,
hydrochl oric acid and carbonic acid 15. The nethod of cIa|n111
further conprising selecting the oxidizing agent fromthe group

consi sting of hydrogen peroxide,.ozo e angd anmmoni u erfl. ora

17 18, The W sotR cmprbing 4 %%ﬂpa‘éﬁ A 9 12&1 osed
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conprising sel ecgﬂngThﬁell'@ﬂl@@t P p¢]é111@t (Q?anf?" FTEH 19t 6?%'&5 an

consi sting of egposettguttianuobrihensihiglerdrgstal ssiliooni waidl abrthde, and
gmgwngy%gﬁggﬁm 5tﬁ@at{@?z &t OBé ﬂ%‘liilcﬁf Lﬁh h@béétc]ﬁﬂﬂﬁ@&uﬁﬂgg{' Z' ng
t emperature of © @b%ﬁ o ﬂ}rg 1&%@# ?%%81 piléﬁlgrﬁ %ﬂ‘l claim
11, further colasrrsiongpesmEeilicny dinxidgpsdc@nsning Batasilisi | i con
at the bottom @a‘)nt(h@xidegmcﬂhc(mhlﬂtrﬁlesol ution at a pH of about 5.8 to

about 9. 8. f he
exposed single c% s IT{E?HO& f@ﬁ%b(]%t\gm{%é%g&g{@f%%%gq%ne
trench with a S¥P9R rPQ!'Hﬁ’Br Pgégeeﬁlé}ﬁ;?} Wﬁ@(%ﬂbﬁ?np\vﬁﬁ%fé

si ngl e cryst al bettbix of theras leasivene tieashesamprisesgempMing dhetaie (111)
| anes of the G ing 14y &xom. 18&1y Ahaetthed100) eiiglieng a
gi ngl e crystal ?&Qﬁfﬁgﬁ&d%r}%&gt hj:a rretorl;gci’ corrpr|15| ng: @et C)hl riiggjfhg
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G raction, form 6. afbe ritaed of oriotik 42 é;cgaz‘agjga SBRECREapupper
surface of t heexspcmmda porfisnabf ghei sioglanuystadesiticos whiemat ahe| east
one tr gncgn dw@gbtﬁgicﬁ@gnn@ aBldet baeaindiheoaip frit%%%nﬁf\&lnbrbgﬁcﬁnal
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sol uti on that gfft?ﬁ@%T 1HEA Zand (111) pI anes of the 5| ngl e crystal
silicon faster tp%n The mkhpdpbindanh 2% sihegem cordactingi ancon,
exposed portion of the single crystal silicon wafer at the
bottom of the at least one trench comprises removing silicon
along the (100):(111) silicon planes at an etch rate ratio
greater than about 1:3.
28. The method of claim 22, wherein contacting an
exposed portion of the single crystal silicon wafer at the
bottom of the at least one trench comprises exposing the
single crystal silicon to a vapor phase of the solution.
29. A method of creating a lateral shelf in single crystal
silicon, comprising:
aligning a mask on a single crystal silicon along the <110>
direction, the mask having at least one opening therein,

exposing the single crystal silicon to an anisotropic etchant
through the at least one opening in the mask to form at
least one trench in the <100> direction therein;



- 18 - the solution conprising a fluoride conponent, an oxidizing
conponent and an inorganic acid to forman undercut cavity defined by
concave square corners. 23. The nethod of claim 22, wherein,
contacting an exposed portion of the single crystal silicon wafer at
the bottom of the at |east one trenchygonprises exposing the single
crystal silicon to a solution conprising NH4AF, H202 and H3PO4 in a
volunetric ratio of about 4:2:3. 24. The nethod of claim 22,
wherei n contacting an exposed portion of the single crystal silicon
waf er at the botﬁmmmnﬁrahmnniumeaserunﬂaxmea&mownopsl ean apphing t he
iSl ngl e crystal silggdhcé BE ou@bimil sth] silcapgnd Riddwalds BEtREr ni ng
ayer conprising' silq | r con
di )(;X| de, ngl i cog n%lﬂleﬁgpoxgéﬁ)éggﬁ él% %Mj éllqug@é H;[Agéeérsgl n
contacting an expo3d@ ﬁﬁﬁﬂﬁQ%PQﬂEdtﬁE S|ngle crystal silicon wafer at
the bottom of theomttactiagsthe@xpoisedsiiclecryst zd@hwmravﬂngbbﬁenat | east

one patt er ni ng |aY§%ﬂ{Hﬁg@n§£ wqmarspmﬁéﬁ%o%ﬂ% ¥ b6 X Sl

silicon plane.

B cgnt ing an
exposed portion of PPN ARGPEAEAE EgeL |aI”1chdjn”¥%55Plca? g‘a}ﬂeftom of
the at |east one tﬂv@rﬁ;dewa () §b§ trenadyraigail subdantally goveeed

(100): (111) sili C phenssueturan et fiink ade Urkidroutreagitgr hbaig about

1: 2. 27. The qum§]%|n122 wherei n contacting an exposed
portion of the S|ng e crys silicon wafer at the bottom of the at

| east one trench conprises renoving silicon along the (100):(111)
silicon planes at an etch rate ratio greater than about 1:3. 28.
The net hod of claim 22, wherein contacting an exposed portion of the
single crystal silicon wafer at the bottom of the at |east one trench
conprises exposing the single crystal silicon to a vapor phase of the
sol ution. 29. A nethod of creating a lateral shelf in single
crystal silicon, conprising: aligning a mask on a single crystal
silicon along the <110> direction, the mask having at |east one
openi ng therein; exposing the single crystal silicon to an

ani sotropi c etchant through the at |east one opening in the mask to
format |east one trench in the <100> direction therein; - 19 -

form ng a structure over unrecessed portions of an upper surface of
the single crystal silicon and sidewalls of the at |east one trench,
while leaving a bottomof the at | east one trench exposed; and
contacting the exposed single crystal silicon at the bottom of the
trench with a solution conmprising a fluoride conponent, an oxidizing
agent and an inorganic acid, while the sidewalls of the trench remain
substantially covered by the structure, to forman undercut cavity
havi ng square corners.



