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SHALLOW TRENCH | SOLATI ON OF MOSFETS W TH REDUCED CORNER | GyourRI®

PARASI TI C CURRENTS . BACKGROUND OF THE | NVENTI ON

(1) Field of the Invention - : The invention relates to process®d for
t he manufacture of sem conductor devices and nore particularly to
processes for formng field isolation. (2) Description of prior art

The formation of integrated circuit devices on silicon substrates requires
that a means be provided to electrically isolate the various circuit
conponents fromeach other. To this end gegions of field insulation,
typically of silicon oxide, are formed adjacent to the circuit conponents.

SHALLOW TRENCH ISOLATION OF MOSFE TH REDUCED CORNER
PARASITIC CURRENTS

BACKGROUND OF THE INVENTION

(1) Field of the Invention

The invention relates to processes for the manufacture of semiconductor

devices and more particularly to processes for forming field isolation.
- (2) Descripticn of prior art

The formation of integrated circuit devices on silicon substrates requires
that a means be provided to electrically isolate the various circuit components
from each other. To this end regions of field insulation, typically of silicon oxide,

-

| are formed adjacent to the circuit components.

The weil known method of local oxidation of silicon(LOCOS) to form field
oxide isolation around semiconductive devices built into the surface of silicon

wafers has been practiced for over twenty-five years and has served well to
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The wel |l known net hod of |ocal oxidation of silicon(LOCOS) to formfield
oxi de isolation around sem conductive devices built into the surface of
silicon wafers has been practiced for over twenty-five years and has
served well to -2- provide

field isolation for many applications. Over the years many problens with
LOCOS have surfaced which have been addressed in a great variety of ways.
Most notable are the problens which deal with the growmh of oxidée under the
har dmask used to define the oxide regions and the resultant uneven surface

t opol ogy over t.he . figeld oxide. The oxi.de. e Lon under the '
comonty 1 o PEYige felss6iafion 5, mudy SRR DURLEyodrS Fhaty BroBits NIty e
aggravated as the technol ogy tends towards snmaller, shallower devices at
hi gh densi {iQGOS have surfacadphich hiang begpl addsassad noa greatasristyePEWaYs-de
i sol ati on has been found '
Most notable are the problems which deal with the growth of oxide under the
hardmask used to define the oxide regions and the resultant uneven surface
topology over the field oxide. The oxide penetration under the mask is
commonly referred to as birdsbeak. These problems still persist and become

aggravated as the technology tends towards smaller, shallower devices at high

densities.

A promising replacement for LOCOS field oxide isolation has been found
in trench isolation. Although deep trench isolation(DT!) has been used nearly
as Jong as LOCOS for bipolar transistor isolation, it has not been widely
practiced in the man;.xfacture of CMOS {complimentary metal oxide silicon)
integrated circuits. More recently, however, as device densities increase and
isolation widths become smaller, shallow trench isolation(STl) is gaining favor
over LOCOS in CMOS technology. The Treﬁches ar;e formed in the silicon
around the semiconductor devices by reactive ion etching. They are then filled
either entirely with silicon oxide or lined with thermal silicon oxide and filled with
another material such as polysilicon. The thin (<200A) thermal .silicon oxide

liner is included even when the trench filler material is an insulator.



i'n trench isolation. Although deep trench isolation(DTl) has been used
nearly as long as LOCOS for bipolar transistor isolation, it has not been
wi dely practiced in the manufacture of CMOS (conplinmentary netal oxide
silicon) integrated circuits. Mre recently, however, as device densities
I ncrease and isolation w dths becone smaller, shallow trench

I solation(STI) is gaining favor over LOCOS in CMOS technol ogy. The
Trenches are formed in the silicon around the sem conductor devices by
reactive ion etching. They are then filled either entirely with silicon
oxide or lined with thermal silicon oxide and.¥klled with another materia

such as pol ysilicop. ' 0 rr mal .sil|con lLde liner js
i ncl uded even V\henejmggmcﬁu@ﬁ 'ﬁf‘ﬁsgiﬁmﬁ']f l‘ﬁ Q&‘F‘Ehﬁ#eﬁkwsﬁéf ﬁr'ﬂ are genera(fy
Unli ke LOCOS field isolation, the geonetric features of STl are generally
more abrupt, PI5E@bruptypeasenting shaer cormersat bothitbe top and dottom ofthef t he

trenches. The sharp features, although wel coned by the snmaller and denser

ci rcuit desi gtrenchesir Thesharfefeaturepealthoughneelconrddsy thel srhalidraard désser

related. |In particular, major problens are encountered when STl is used in
GMOS circuit designs, aggravate device performance issues which are stress related.
S | In particular, major problems are encountered when ST1 is used’in CMOS

technology that are caused by electric field crowding at the edges of the active
device regions. These problems include anomalous sub-threshold conduction
and poor gate oxide integrity. In addition, tensile stresses are induced in the
deviceé themselves by shrinkage of the trench filling oxide through densificatior

of the oxide during subsequent annealing.

A recent innovation in STI technology has been the incorporation of a
silicon nitride liner over the thin thermal silicon oxide liner. The silicon nitride
liner acts as an oxidation barrier during a pyrogenic oxide anneal which enables
improved densification of the filler oxide. Such a technique was intreduced by
Fahey, et.al. USS,447,884 wherein a silicon nitride liner less than 5 nm. thick
was deposited over the thermal oxide. A pyrogenic anneal(wet oxidation
conditions) permitted densification of the oxide filler at lower temperatures than
the conventional.argon anneal. In addition the wet oxidation step removed

fluorine which was not the case with an argon anneal. Ho, et.al., US5,643,823
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technol ogy that are caused by electric field crowding at the edges of the
active device regions. These problens include anonmal ous sub-threshol d
conduction and poor gate oxide integrity. In addition, tensile stresses
are induced in the devices thenselves by shrinkage of the trench filling
oxi de through densificatior of the oxide during subsequent annealing.

A recent innovation in STl technol ogy has been the incorporation of a
silicon nitride Iiner over the thin thermal silicon oxide liner. The
silicon nitride liner acts as an oxidation Qarrier during a pyrogenic.
oxi de anneal which enables inproved densification of the filler oxide.
Such a technicrystallized the amdephenistas deposited siliconl nitridediners bygapishbeenal a
silicon nitride liner less than 5 nm thick was deposited over the thernmal

oxi de. A pyr 8%?5%%?%&%9 Ipléﬁ'hﬂﬁﬁg fe usooithidken eilicer nitridediters without

densification o e oxide filler at lower tenperatures than the
conventi onal ,argan _anneal ...1n_addi ti | |
luor i ne whi (e ii8e FBRER g ol Wk bictes i e BELE R Hiflowd Bbedilgs
US5, 643, 823 . . . . -
layer used as the RIE(reactive ion etching) hardmask for etching the silicon
trench. Bose, et.al., US5,492,858 also introduced a silicon nitride liner in an
STI process wherein the liner served not only as an oxidati&n barrier during
steam densification of the filler oxide, but also provided a more receptive surface

than the thermal oxide to form a more durable bond with the conformal dielectric

filler material.

After the filler oxide has been deposited and densified by pyrogehic
annealing as taught by the prior art, the silicon nitride hardmask used for the
trench RIE and the accompanying pad. oxide are removed by wet etching,
leaving a structure which is shown in a cross section of the wafer 10 in Fig. 1.
The trench 20 has been filled with LPCVD silicon oxide and densified by
annealing. The pad oxide 12 and the silicon nitride liner 14 remain under the
filler oxide 16. Also shown in Fig. 1 is a slight undercut of the pad oxide
adjacent to the sharp upper silicon corner 18, which is likely to occur since the

pad oxide is removed a wet etch.



«4- crystallized the anorphous as deposited silicon nitride liners by rapid
thermal anneal (RTA), thereby permtting the use of thicker silicon
nitride liners without incurring undercutting by wet etches which are used
to renove a pad nitride |ayer used as the R E(reactive ion etching)
hardmask for etching the silicon trench. Bose, et.al., USS 492,858 al so

I ntroduced a silicon nitride liner in an STl process wherein the |iner
served not only as an oxidation barrier during steamdensification of the
filler oxide, but also provided a nore-r®ceptive surface than the thernal
oxide to forma_nore durable bond with the conformal dielectric filler

mat eri al . The sharp cprrer &, whieh isnotaddrassad by thrpaer @@dsand densi fi ed
by pyrogenic annealing as taught by the prior art, the silicon nitride

har dmask ugedvémtioridily ighoredcdnd-h igatendxitle @2qs growarvien the efposddisilicsre
renoved by wet etching, |leaving a structure which is shown in a cross

section of g} r 30, Lo Fl : : 0} |1 L5 h
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silicon nitride liner 14 remain under the filler oxide 16. Al so shown in

Fi,g. 1 is &verthsplapacesgion. Hhiscreatgs @ gate axideimtegrityirisk @long thehadgesipber

silicon corner 18, which is likely to occur since the pad oxide is renoved
<8 wet et chthe active channel region. In addition, the tensile stresses in the defisified filler

oxide extend stresses into the channel region, thereby causing crystalline
distortions and defects in the channel region which result in anomalous currents

and leakages in subsequently formed MOSFETSs.

Péoli, et.al., US5,641,704 shows a method for forming ST1 using trench
-liners and planarization but does not address problems related to the abrupt

corners at the edges of channel regions of MOSFETSs encountered in the

process.

The application of spacers along the edge of the filler oxide may_be used
to 6ffset the edge of the channel region from the sharp corner, however, the
dimensions of these spacers would be comparable with the widths of narrow
chanr_1el devices and woula consequently reduce the drive current capabilities of

these devices.
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v 5- The sharp corner 18, which is not addressed by the prior art, is
conventionally ignored and a gate oxide 22 is grown over the exposed
silicon active area. The gate oxide thus forned is thinner at the sharp
corner 18 than over the planar region. This creates a gate oxide integrity
ri sk along the edges of the active channel region. In addition, the
tensile stresses in the densified filler oxide extend stresses into the
channel region, thereby causing crystalline distortions and defects in the
channel region which result in anomal ous currents and | eakages in . -
subsequently fornmed MOSFETs. Paoli~ et.al., US5,641, 704 shows a

met hod for form ng STI using SUMMARYIORTHE INVENTION | zati on but does not
address problens related to the abrupt corners at the edges of channel

regi ons of MOSFETs encountered in the process. The application of

spacers along the edge of the filler oxide my be used to offset the edge
of the channel region fromthe sharp cqrner,, howe

. . dh .
It'is an object of this invention to provide a m\éﬁ'\rod ror ?mprovmg the
electrical characteristics of MOSFETS with channel regions defined and isolated -

by shallow trench isolation.

It is another object of this invention to provide a method for attenuating
the effects of tensile stresses in insulative filler materials in shallow trenches on

active channel regions adjacent te said trenches.

It is yet another abject of this invention to provide a method for forming a
MOSFET isolated by STI with reduced mechanical stress, improved gate oxide

integrity, and reduced electric field crowding at channel edges.

These objects are accdmplished by farming a liner consisting of silicon
nitride over a pad oxide in said trenches prior to the deposition of a trench filler
material. Then after depositing, densifying, and planarizing the filler material,
exposing the upper outside corners of said trenches to an oxidation wherein the
outside corners are oxidized and rounded. A vertical oxide birdsbeak is formed

under the silicon nitride trench liner. The vertical birdsbeak introduces a
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di frensi ons of ‘these spacers woul d be conparable with “The widths of narrow

channel devices and woul d consequently reduce the drive current
capabilities of these devices.

- 6- SUMVARY OF THE | NVENTI ON It is an
object of this invention to provide a nethod for inproving the electrical
characteristics of MOSFETs with channel regions defined and isolated by
shal | ow trench isol ation. It is another object of this invention
to provide a nethod for attenuating the effects of tensile stresses i.n
insulative filler materials in shallow tréenchAes on active channel regions
adj acent t o comptiedsivasiness which counteratts the temsilecstrasses afthe Gitlemdxidei s

i nvention to provide a nmethod for formng a
The oxide is etched away over the planar regions adjacent to the outside corner
leaving small pockets in the corner regions. A gate oxide is then grown in a
. conventional fashion and a MOSFET is formed by patterning a gate electrode

ST - over the gate oxide and forming source/drain regions-in the silicon by well kndwr

customary procedures.

It is yet another object of this invention to provide a method for specifically

and exclusively oxidizing a region at an outside corner of a silicon structure.

it is yet another object of this invention to provide a method for rounding

off an outside silicon corner of a silicon structure.

These objects are accomplished by providing an oxidation hardmask
which selectively exposes only the outside corners of the silicon structures to an

oxidation process, whereby the corners are rounded by birdsbeak formation.



FOBEET Tsol ated by STI with reduced mechanical stress, inproved gate oxide

integrity, and reduced electric field crowdi ng at channel edges.

These objects are acconplished by formng a liner consisting of silicon
nitride over a pad oxide in said trenches prior to the deposition of a
trench filler material. Then after depositing, densifying, and planarizing
the filler material, exposing the upper outside corners of said trenches
to an oxidation wherein the outside corners are oxidized and rounded. A
vertical oxide birdsbeak is forned under_tge silicon nitride trench liner.
The vertical birdsbeak introduces a

-7- conpressive stress whi GRIEFDESCRIPTIONOF THE DRAWINGSes of the filler
oxide. The oxide is etched away over the planar regions adjacent to the
outside corner |eaving snmall pockets in the corner regions. -A gate oxide
is then grown in a conventional fashion and a MOSFET is forned by

patterning a gate el ectrode over_the te oxjde,and form ource/drain
regions in the silFigoil DR GOFS SREURN Oﬁgng&rMMPéEaHgW%mm ine

with oxide/nitride layers and filled with a insulator. ¢

Fig. 2 is a cross section of silicon wafer showing an oxide filled shallow
trench lined with oxide/nitride layers and provided with a gate oxide formed

according to a conventional process.

Fig. 3A through Fig. 3E are cross sections of a wafer showing the

processing steps of a first embodiment of this invention.

Fig. 4A through Fig. 4G are cross sections of a wafer showing the

processing steps of a second embodiment of this invention.

-

Fig. 5A through Fig. SE are crosé sections of a wafer showing the

processing steps of a third embodiment of this invention.
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I't is yet another object of this invention to provide a method for
specifically and exclusively oxidizing a region at an outside corner of a

silicon structure. It is yet another object of this invention to
provide a nethod for rounding off an outside silicon corner of a silicon
structure. These objects are acconplished by providing an

oxi dati on hardmask which selectively exposes only the outside corners of
the silicon structures to an oxidation process, whereby the corners are
rounded by birdsbeak formation.

-8-. BRI EF DESCRI PTI ON OF %TFHE DRAW NGS Fig. 1is
a cross section of si | DESG@RIRTION O THEPREFERRER EMBQDIMENES with
oxide/nitride Tayers-and filled wi.th a insul at,or.
In a first embodiment of this invention a <100> ariented monocrystalline
p-type silicon wafer is provided. Referring to Fig. 3A, there is shown a cross.
f section of the silicon wafer 30. A layer of silic-;_qn oxide(pad oxide) 32 _i-séqtgpg;maﬂy
grown on the wafer 30 toa thickness of between about 10 and 30 nm. by
subjecting the wafer fo a clean dry oxidizing ambient in a furnace at 800°C or
thereabout. 'A first silicor'i'nitride layer (pad nitride) 34 between about 100 and
300 nm. tﬁick 'is then depo.sited on the pad oxide layer 32, preferably by low

pressure chemical vapar deposition (LFCVD).

An opening 40 is next patterned in the pad nitride layer 34 and the pad
oxide Iéyer 32'by conventional photolithographic methods well known to those in
the art, thereby forming a hardmask. The opening 40 in the hardmask is then
exteﬁded to a depth of between about 270 and 450 nm into the silicen substrate
30 by RIE. The practice of etching essentially vertical walled trenches into
silicon substrates is a well developed art and is typically accomplished by the

use of etchant gases containing chlorine or SF,.
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Fig. 27i's a cross section of silicon wafer showing an oxide filled shallow

trench lined wwth oxide/nitride |ayers and provided with a gate oxide

formed according to a conventional process. Fig. 3A through Fig.
3E are cross sections of a wafer showing the processing steps of a first
enbodi ment of this invention. Fig. 4A through Fig. 4G are cross
sections of a wafer showi ng the processing steps of a second enbodi nent of
this invention. Fig. 5A through Fig. 5E are cross sections of a
waf er showi ng the processing steps of a third enbodi nent of this

i nventi on. - 9- DESCRI®TFON OF THE PREFERRED

EMBODI MENTS

Refernng now to Fig. 3B, a layer of silicon oxide 36 is next grown on the
exposed trench surfaces. The silicon oxide layer 36 is grown in a clean dry
oxfdizing ambient in a furnace at between about 850 and 950°C to a thickness of |
between about 10 and 20 nm. A silicon nitride layer.38 between about 20 and -

- .60 nm. thick is then deposited conformauymoven; the-wafer, preferébiy by LPCVE:
The nitride layer 38 serves to protect the clean oxide trench liner 36 from
contamination in further processing and also acts as an oxidation barrier to
prevent oxidation of the silicon trench walls during subsequent densification of
the trench filler cxide. In addition, as will later become clear, the nitride layer 38

also controls oxidation of the trench sidewalls at the active trench upper corner.

A layer of silicon oxide 42 is next deposited, preferably by LPCVD, filling
the trench opening 50. The trench oxide, is preferably deposited by the thermal
decomposition of tetraethoxy orthcsilicate(TEOS) which is conformal and may be
accomplished at temperatures between 650 and 800°C. Optionally, ofher
preéursors, for example, SiH, and O, may be used to form the filler oxide 42.
The trench filler material m:ay also consist of a substance other than silicon
oxide, for example a silicate glass or polysilicon. The deposition procedures for

these various materials is well understood by those practicing the art.
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In a flrst enbodlnent of thls |nvent|on 'a <100> ori ent ed nDnocrystalllne
p-type silicon wafer is provided. Referring to Fig. 3A there is shown a
cross section of the silicon wafer 30. A layer of silicon oxide(pad oxide)
32 is thermally grown on the wafer 30 to a thickness of between about 10
and 30 nm by subjecting the wafer to a clean dry oxidizing anbient in a
furnace at 800[err] C or thereabout. A first silicon nitride |ayer (pad
nitride) 34 between about 100 and 300 nm thick is then deposited on the

- pad oxide layer 32, preferably by low pressure chenical vapor deposition
(LPCVD) . An opening 40 is next patilerned in the pad nitride |ayer

34 and the pad oxAfter depesitioa, thy fillenaxideid2is|depisified by Sulgjecting thewafer39
wel |l known to those in the art, thereby form ng a hardmask. The openi ng 40

in the hardnma | : 50
nminto the sﬁlﬁenﬁds%sqf%%%nws%@mrﬁ Pgﬁtl ce W a{éré‘é‘ﬂolﬂ
essentiall'yv rtical, | ed t n(;hes | C ubstrates. is
devel oped art oér?dp?réo %)!?,%H'tl @Mﬁ%“ ﬁé& ﬂ%g" H@iercﬁ @tbﬁaﬁf‘b&éﬁ%
containing chlorine or SF[err]

: to a planarization process preferably chemical mechanical polishing (CMP)

g

i The CMP removes the extraneous filler material over the planar regions ef the
wafer and is accomplished until the surface of the wafer is polished into the pad
nitride layer 34. The final wafer surface after CMP is represented in Fig. 3B by
the dashed line 43. Alternative methods of planarization such as reactive ion
etchback may also be employed. CMP and other blanarization methods are well
known and widefy practiced. The ﬁllef oxide densification step may alternately

_- be performed after the planarization step. Stress considerations which depend
upon the filler material used may influence the preferred sequence of these two

steps.

The remeining pad nitride 34 is next removed, preferably by.wet etching
in hot H,PO,. Selective removal of silicon nitride layers by dissolution in hot
H,PO, is well known in the art and is widely practiced. Alternatively, a plasma
etching technique may be employed whereby the pad oxide 36 is used as an
etch stop. The resultant cross section is shown in Fig 3C. The pad oxide 36 is

preferably left in place at this point to be removed after the subsequent oxidation
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- 10 - Referrlng now t o F|g 3B, a Iayer of silicon oxide 36 i s next
grown on the exposed trench surfaces. The silicon oxide |layer 36 is grown
in a clean dry oxidizing anbient in a furnace at between about 850 and
950[err]C to a thickness of between about 10 and 20 nm A silicon nitride
| ayer 38 between about 20 and 60 nm thick is then deposited conformally
over the wafer, preferably by LPCVD. The nitride |ayer 38 serves to
protect the clean oxide trench Iiner 36 from contam nation in further
processing and also acts as an oxidation_hgrrier to prevent oxidation .of
the silicon trench walls during subsequent densification of the trench

filler oxide.step. #@rhately it Amayvibe terhoverd atithisjurctarewith dilute MR ri de | ayer 38
al so controls oxidation of the trench sidewalls at the active trench upper

corner. A layer of silicon oxide 42 is next deposited, preferably
by LPCVD, filling the trench openi ng 50. The trench oxide, is preferabl'y

deposited by the thernal deco n of t raet hoxy ort hosi.l |cate TEQS)
whi ch is confornal Rsfﬁmnwow«éo %brpq%ﬁs‘ﬁsfﬂr ig §H?J§Féddpeaﬁ exdafiens and
800[err] C. Optionally, other pr ecursors, for exanple, SiHerr] and Jerr]

- may be used twhémimatdserificial oxidemeisg#é\moﬁrtbetexposéd sllicbarsurfater Thie may
al so consi'st of a substaricé other than silicon oxide, for exanple a

.silicate gl asgaMadiflokided 468 hciddés (st &kige ﬁ‘iﬁﬁ%{ﬁ&_ﬂr@_‘gpusw removed.

The oxidation is preferably performed in dry oxygen at a tembéf;a'ture of between
about 850 and 950°C. A silicon oxide film 46 between about 20 and 50 nm. in
thickness is grown on the silicon surface. In addition to the oxide film 46 grown
over the planar porticns of the exposed silicon, the oxidizing species also
penetrate the exposed edge of the pad oxide 36. This causes the sharp corners
44 to be oxidized in both the vertical and horizontal direction. The process is
znalagous to the familiar birdsbeak formation which is common observed in
LOCOS and has been hereinbefore cited. Indeed, the process as applied in this
invention may be referred to as vertical birdsbeak.

In the LOCOS process, birdsbeak is generally an undesirable
cansequence and is minimized. However, as applied in the current invention, the
formation of a vertical birds beak at the trench comers has two significant
advantages. Firstly, the comers are rpunded. thereby diffusing associated

stress patterns. Secondly, the grth of oxide between the silicon at the cormner
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these various materials is well understood by those practicing the
-11- After deposition, the filler oxide 42 is densified by subjecting
the wafer 30 to an anbient of wet oxygen or steam at a tenperature of
800[err]C or thereabout for a period of about 30 m nutes. The surface of
the wafer 30 is then subjected to a planarization process, preferably

chem cal nechanical polishing (CWP). The CWP renoves the extraneous filler
mat eri al over the -planar regions of the wafer and is acconplished until
the surface of the wafer is polished into the pad nitride |layer 34. The
final wafer surface after CMP is representet83 -n Fig. 3B by the dashed line

43. Alternati t hpds. of . nardgatl : r t] ' et ehback may
al so be enpl oﬁ%{ﬁeec{lﬁp%ﬁ'%$%gpg{)#§%a+&zaa |g‘r'r1b&r}§¥ ﬁﬁg@u@%ge’{ﬁgﬂ?'c’ﬁl?govm and
wi dely practiced. The filler oxide_densification step may alternate]| be
perforned af tapprokievgielyrafacion of The pressuregxerteshsndae &!"F’(ﬂ%oﬁ/mﬁ@ﬂ"%@p‘e nd
upon the filler material used may influence the preferred sequence of these

two steps. nitride liner 38 by the volume increase pushes the edge of the liner into the fille

oxide and thereby compensates the tensile stréss in the densified filler oxide 41

The silicon oxide film 46 is too thick to be used as a ga_'ié:bxide and must
therefore be removed. Referring ﬁow to Fnig;.' 3E, the sacrificial oxide film 46 is
removed from the planar regions of the silicon surface by etching with a
calibrated wet etchant containing HF. Because the film is uniform(by virtue of
being formed by oxidation), a calibrated dilute HF etchant can be controllably
applied to etch only the planar portions of the oxide while leaving the deeper
tirdsbeak portions 49 intact. Suitable wet etchants having stable etch rates are
widely used in the semiconductor i.ndustry and their means of calibration and
utilization are well understood. After n;emoval of the oxide film 46, a gate oxide
48 for the MOSFET devices is grown in the conventional manner. The gate
oxide 48 adjoins the residual pocket- 49 of the sacrificial oxide 46 in an
essentially smooth transition. The height of the birdsbeak HBB_ is only about 50
nm. which constitutes é negligible consumption of active area, even at the

narrowest of channel widths.



The remaining pad nitride 34 is next renoved, preferably by wet etching in
hot Herr]PJerr]. Selective renoval of silicon nitride |ayers by
dissolution in hot Herr]PJerr] is well known in the art and is wdely
practiced. Alternatively, a plasma etching techni que my be enpl oyed
whereby the pad oxide 36 is used as an etch stop. The resultant cross
section is shown in Fig 3C. The pad oxide 36 is preferably left in place
at this point to be renoved after the subsequent oxidation

- 12 - step. Alternately it may be renoved at this juncture with dilute HF.
Referring nowto Fig. 3D, the wafer 30 iLsjgubjected to an oxidation step

Sacr i 1icral oxi de SPLaVNERadamhaich il Sove B%s8 4 ShcRreT i rfesi60a

renoved. The oxidation is preferably perforned in dry oxygen at a
t enper at ure oPalemirRg:a Q%GFﬁC trodle qven thisgateroxidecds pand forpting seume/dnainn 46
bet ween about 20 and 50 nm in thickness is grown on the silicon surface.

In addition tregioms iihessilicdrby el kpown customary procedures.

S . In a second embodiment a dual birdsbeak is formed to achieve comer’
rounding and stress compensation at the edge of the channel a;ctive area.
In this embodiment the planar active surface is not oxidized during the
birdsbeak formaticn and thus there is no additional consumption of silicon by

sacrificial oxide over the main portion of the active area.

A <100> ariented monocrystalline p-type silicon wafer is provided.
Referring to Fig. 4A, there is shown a cross section of the silicon wafer 60. A
layer of silicon oxide{pad oxide) 62 is thermally grown on the Qafer 60toa
thickness of between about 10 and 20 nm. by subjecting the wafer to a clean dry
oxidizing ambient in a furnace at between about 850 and 950°C. A first silicon
nitride layer (thin nitride) 64 between about 50 and 100 nm. thick is then
_dgposited on the pad oxide layer 62, prefer_ably by low pressure chemical vapor

deposition (LPCVD).

An etch stop layer 66 of silicon oxide is then deposited on the thin nitride
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:over the planar portions of the exposed silicon, t he OXIdIZIng speC|es also
penetrate the exposed edge of the pad oxide 36. This causes the sharp
corners 44 to be oxidized in both the vertical and horizontal direction.
The process is analogous to the famliar birdsbeak formation which is
common observed in LOCOS and has been hereinbefore cited. |ndeed, the
process as applied in this invention my be referred to as vertical

bi r dsbeak. In the LOCOS process, birdsbeak is generally an
undesi rabl e consequence and i-s m ni m zeth -However, as applied in the.
current invention, the formation of a vertical birds beak at the trench
corner s haslayeo 6dipyeferabigity LROGVDrtbapthickness <f 29, nrh.her thereabotit.aFhe etchnded,
t her eby di ffusing associated stress patterns. Secondly, the growth of

oxi de bet weggynt :
35" e Hp SRS IR R B S oL aneler ey o el
jﬁ;ng S't ﬁg SLp§y§ ;fr:rc{.x | etrnaalte met§1 a5 o d deposmon man}3 erzlgg%uereemeé?/etd,ef%r %Qartnrﬁ?e end
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plasma enhanced chemical vapor deposition(PECVD). A second layer of slhcon

o _nitride (thick nitride) 68 is then deposited on the etchstop layer 66. The thick .- - -

- e

nitride layer 68 is deposited preferably by LPCVD to a thickness of between

about 100 and 300 nm.

An opening 80 is next patterned in the thiek nitride Iayef 69, the etch step
layer 66, the thin nitride layer 64 and the pad oxid_é layer 62 by conventional
photolitnographic methods well known to those in the .art'., thereby forming a
composite hardmask. The opening 80 in the hardmask is then extended to a
depth of between about 270 and 450 nm into the silicon substrate 60 by RIE.
The practice of etching essenti_ally vertical walled trenches into silicon substrates

is a well developed art and is typically accomplished by the use of etchant gases

' containing chlorine or SFg.

Referring now to Fig. 4B, a layer of silicon oxide 70 is next grown on the

exposed trench surfaces. The silicon oxide layer 70 is grown in a clean dry

oxidizing ambient in a furnace at about between about 850 and 950°C to a



nitride liner 38 by the volunme increase pushes the edge of the liner into
the fille oxide and thereby conpensates the tensile stress in the
densified filler oxide 42. The silicon oxide film46 is too thick
to be used as a gate oxide and nust therefore be renoved. Referring now to
Fig. 3E, the sacrificial oxide film46 is renoved fromthe planar regions
of the silicon surface by etching wwth a calibrated wet etchant containing
HF. Because the filmis uniform by virtue of being forned by oxidation), a
calibrated dilute HF etchant can be controllably applied to etch only the
pl anar portions of the oxide while IeaviHQIQHE deeper birdsbeak portions

49 intact. i - ' bl @fd% ' used
in the sem (S:ttl)qul uctsgrdﬁkgﬁéﬁgggﬁtd{?ﬁgq?Omnsﬁgﬁ&gglrlﬁ raﬁlagéfézngbg@éh
utilization are well understood. After, renmpval qof the oxide film 46, a gate
oxide 48 fogb?‘llfezwgﬁ W@vﬁh!%slsiﬂée'bgﬁﬂﬂsq&da‘fﬁoeﬁﬁ&éﬂﬁrdhﬁlwqﬁhner. The
gate oxide 48 adjoins the residual pocket 49 of the sacrificial oxide 46

in an essenprefétablypbpPCVD.aThetnilide Idyer TRseves b protechbihedsibambxideerr] is
only about 50 nm which constitutes a negligible consunption of active

area, even ajrehBRinBAT6 FERS borbrfitiatiith AitAb Brocessing and also acts as an -

oxidation barrier to prevent oxidation of the-silicon trench walls during .. .

subsequent densification of the trench filler oxide.

Referring next to Fig. 4C, a layer of silicon oxide 74 is next depasited,
preferably by LPCVD, filling the trench opening 80. The trenbh oxide, is
preferably deposited by the thermal decomposition of tetraethoxy

orthosilicate(TEOS) which is conformal and may be accomplished at
temperatures between 650 and 800°C. Optionally, other precursors, for
example, SiH, and O, may beé used to form the filler oxide 74. The trench filler
material may also consist of a substance other than silicon oxide, for example &
- silicate glass or polysilicon. The deposition procedures for these various

materials is well understood by those practicing the art,

After deposition, the filler oxide 74, is densified by subjecting the wafer 60
to an ambient of wet oxygen or steam at a temperature of 800°C or thereabout

for a period of about 30 minutes. The surface of the wafer 60 is next subjected



- 14 - Fol | owi ng the for nmat ion of t—He"gate‘ oxi de 48,  WOSFET g

formed by patterning a gate el ectrode over the gate oxide 48, and form ng
source/drain regions in the silicon by well known custonary procedures.

In a second enbodi ment a dual birdsbeak is formed to achi eve corner
roundi ng and stress conpensation at the edge of the channel active area.

In this enbodi nent the planar active surface is not oxidized during the

bi rdsbeak formation and thus there is no additional consunption of silicon
by sacrificial oxide over the main portion of the-active area. A
<100> oriented nonocrystalline p-type silircbh-wafer is provided. Referring

to Fig. 4A tt@ar;ﬂad\eriﬁm?racess;aﬁemw ehemical ntechanical polisiiag (CMP)A
| ayer of silicon oxide(pad oxide) 62 is thermally grown on the wafer 60 tq

a thi ckness)—(,qa%l zml 3 Ee&ﬂ’aﬁ Jugfilé hatdYiaf BYbCHE Qnéh‘?g‘l@'iseéf the 2

clean dry in a urnace at between a out
950[err] C AfII’St L1 icon Ltr t, t
50 and 100 niereand s abcHiuplingtl st b Slrecatr Ryl pcipai B e P
prefer abI y by low pressure chenical vapor deposition (LPCVD)
nitride layer 68. The final wafer surface after CMP is represented in F|g ABby
the dashed line 75. Altematnve method_s of plananzat:on such as reactive ion
etchback may also be employed. CMP and other planarization methods are well
known and widely practiced. The filler oxide densification step may alternately
be performed after the pianarization step. Stress considerations which depend

upon the filler material used may influence the preferred order of these two

steps.

The remaining thick nitride 68 is next removed, preferably by wet etching
in hot H,PO,. The etch stop layer 66 protects the thin nitride layer 64. However,
an amount of undercut 76 is permitied to occur thereby exposing the corner
region 78.. The resultant cross sectioh_ ie shown in Fig 4D. Care must be
exercised in perfoi'ming the wet etching steps to insure proper undercutting of
the nitride and layers at their ihtersection in the region adjacent to the upper
trench corner 78. The etch rate of SisN, in hot H,PO, is controllable te the extent

that the amount of undercutting may be adequately managed.



An etch stop layer 66 of silicon oxide is then deposited on the thin
nitride - 15 - layer 64
preferably by LPCVD to a thickness of 20 nm or thereabout. The etch stop
| ayer 66 may alternatively be fornmed of another material, for exanple,
polysilicon. Alternate nethods of deposition may al so be enployed, for
exanpl e plasma enhanced chenical vapor deposition(PECVD). A second |ayer
of silicon nitride (thick nitride) 68 is then deposited on the etch stop

| ayer 66. The thick nitride |layer 68 is dgpasited preferably by LPCVD to-a
t hi ckness of between _about 100 and 300 nm An opening 80 is next
patterned in t heRefercingmaw taiEig. 4fe thevafen B0 4s subjected to) a,[y@xldggon 8i@® t hin
nitride |ayer 64 and the.pad oxide |ayer 62 by conventi onal

phot ol i t hogiwniehéin I18%iHEBR $RYrbwii 2R e bRpdsEESIlicon toMer! therdieéARIng tHe Ny a
conposite hardnmask. The opening 80 in the hardmask is then éxtended to a
corner to round off. The oxidation is preferably performed in dry oxygen at a
temperature of between about 850 and 950°C. The formation of birdsbeak_;
proceeds in both the horizontal and vertical directions from the corned 78. The
growth process in the horizontal direction can be independently varied by
- changing the thickness of the thin nitride layer 64. The oxidation time and
temperature may be determined and optimized by experiment to provide suitéble
corner rounding. It is found that an oxidation process that would normally grow

between about 50 and 100 nm of silicon oxide on a planar <100> silicon surface

“ provides a sufficient birdsbeak.

The growth of oxide between the silicon at the comer and the silicon
nitride liner 72 is accompanied by a volume expansion of approximately a factor
of 2. The pressure exerted on the end 84 of the silicon nitride liner 72 by the
volume increase pushes the edge of the liner into the filler oxide 74 and théreby

compensates for the tensile stress in the densified filler oxide 74 in the comner

region.

~ After the dual birdsbeak oxide 82 is grown, the residual etch stop layer 66



dept h of between about 270 and 450 nminto the silicon substrate 60 by R E
The practice of etching essentially vertical walled trenches into silicon
substrates is a well developed art and is typically acconplished by the
use of etchant gases containing chlorine or SF[err]. Referring
now to Fig. 4B, a layer of silicon oxide 70 is next grown on the exposed
trench surfaces The silicon oxide layer 70 is grown in a clean dry
oxidizing anbient in a furnace at about between about 850 and 950C to a

- 16 - thickness of between about 10 and 20,,im A silicon nitride |ayer 72
between about 20 and 60 nm thick is then deposited conformally over the
waf er, pref d8 aempvey by R@t@tching witht a calibratgdetchant dow examplepact@:d ilute:
clean oxide trench liner 70 from contam nation in further processing and

al so acts as HP soRiffoR2ICAR Mast befake téfa%iiﬂévé%téﬁhg%’y e wieeteh! sgnable

trench walls during subsequent densification of thetrench filler oxid
wet etchants having stable etch rates are widely used in the semiconductor
industry and their means of calibfation and utilizatipn are well understood. .
Alternately a plasma etch may be used to remove the residual etch stop layer
66. Next the thin nitride layer 64 is removed by etching in hot H;PO,.
Selective removal of silicon nitride layers by dissolution in hot HyPO, is well -

known in the art and is widely practiced. Alternatively, a plasma etching

techinique may be employéd whereby the pad oxide 62 is used as an etch stop.

The residual etch stop layer 66 may alternately be removed prior to the -
oxidation step wherein a oxide 82 is grown. In this instance, the portions of the
trench oxide liner 70 and the pad oxide 62 exposed at the corner 78 are also

removed.

-

The pad oxide 62 itself is then removed by wet etching in dilute HF. The
resultant cross section is shown in Fig 4F. Care must again be exercised in
performing the wet etching steps to avoid excessive removal of the birdsbeak
oxide 82. A calibrated dilute HF etchant is preferably applied to etch only the

planar portions of the oxide while leaving the deeper birdsbeak portions 82



Referring next to Fig. 4C, a layer of silicon oxide 74 is next deposited,
preferably by LPCVD, filling the trench opening 80. The trench oxide, is
preferably deposited by the thermal deconposition of tetraethoxy
orthosilicate(TEOCS) which is conformal and nay be acconplished at

tenper atures between 650 and 800[err]C. Optionally, other precursors, for
exanple, SiHerr] and Jerr] may be used to formthe filler oxide 74. The
trench filler material may al so consist of a substance other than silicon
oxi de, for exanple a silicate glass or pﬁﬂ%%Tlicon. The deposition _
procedures for these various materials is well understood by those
practici ng t h&tagt Suitable wet etchants hanipg stabie gich rates are widebx used tnthe s
densified by subjecting the wafer 60 to an anbient of wet oxygen or steam

at a tenper at gemictndSRRSF industhyearmiireit mebns oficalibraien ahd Ukfizhticars well es.
The surface of the wafer 60 is next subjected _ _ o
(o | 1O 2 PLABBIGSL." AePreRTSR of Behad BRIGY MR, Phal R BE Rr RE' ' O 1O

MOSFET devices is grown in the conventional manner. The gate oxide 86

adjoins the residual pocket 82 in an essentially smooth transition.

Fallowing the formation of the gate oxide 86, a MOSFET is formed by
patterning a gate electrode over the gate oxide 86, and forming source/drain

regions in the silicon by well known customary procedures.

In a variaticn of the second embodimént, the etch stop oxide layer 66
shown in Fig. 4D is removed by wet etching with a calibrated HF etchant before
the birdsbeak oxide 82 is grown. Referring to Fig. 4G, the wet etch removes all
or part cf the pad oxide 70 exposed in the comer region 78. An advantage of
this variation of the second embodiment is that the subsequently grown

birdsbeak oxide 82 is not exposed to the etch stop oxide 66 removal process.

In a third embodiment of this invention a sidewail spacer is used to define
a region wherein a dual birdsbeak oxidation is performed which provides the

corner rounding and stress relief benefits offered by this invention. A <100>-



The CWP renpves the extraneous filler material over the planar regions of =~ =~

the wafer and is acconplished until the surface of the wafer is polished
into the pad nitride |ayer 68. The final wafer surface after CWP is
represented in Fig. 4B by the dashed |line 75. Alternative nethods of

pl anari zation such as reactive ion etchback may also be enployed. CW and
ot her planarization nethods are well known and w dely practiced. The
filler oxide densification step nay alternately be perfornmed after the

pl anari zation step. Stress considerations which depend wupon the filler
material used may influence the preferred drder of these two steps.

The remai ni ngiddiia g a3 1 a teet gi Ng
' hot o or 1T e etderkHEYRE o-frpBed W fe piviadd.  Reteibhd Bir G; 2.

| ayer 64. However, . an anount of, undfe cut, 76 is rmtted to gccur thereby
exposi ng t hell@FP Heshown §;Gsass;sectipo rtéglﬂllcgﬁtwifﬁggg- folayenal siicamown in Fig
4D. Care nust be exercised in performng the wet etching steps to insure

proper under gxitie{pad ®ide) I2isthermaiy grow on thie wafert 9Bt a tiitkiegdtéfi on in the
regi on adjacent to the upper trench corner 78. The etch rate of

Siferr] N errg r | L al . Lhat the
arount  of - uneeiBsSedlk e ARG, Sy EEting 8 yeltef f & SR briaie
R ambient in a furnace at between about 850 and 950°C. . A silicon.nitride.layer

(pad nitridé) 94 between about 150 and 200 nm. thick is then deposited on the

pad oxide layer 92, preferébly by low pressure chemical vapor deposition

(LPCVD).

An cpening 110 is next patterned in the pad nitride layer 94 and the pad’
oxide Iayér 92 by conventional ghotolithographic methods well known to those in
the an}, thereby forming a hardmask. A siliccn oxide sidewall 96 is:then formed
along the edges of the hardmask. Procedures for sidewall formation are well
known in the art. The procedure consists of depositing a conformal layer of
silicon oxide, preferably by LPCVD, over a surface having vertical features like
the edges of the current hardmask. The thickness of the layer determines the
width of the sidewall. Next the conformal silicon oxide layer is etched back
anisotropically, for example by RIE, leaving oxide sidewall alongside the vertical
edges. The silicon oxide sidewall structure in the current application will

subsequently provide oxidation access for the formation of a dual birdsbeak



- 18 - Referring now to Fig. 4E, the wafer 60 is subjected to an
oxi dation step wherein a oxide 82 is grown at the exposed silicon corner,
t hereby causing the corner to round off. The oxidation is preferably
performed in dry oxygen at a tenperature of between about 850 and
950[err]C. The formation of birdsbeak proceeds in both the horizontal and
vertical directions fromthe corned 78. The growth process in the

hori zontal direction can be independently varied by changing the thickness
of the thin nitride |ayer 64. The oxidation,tinme and tenperature nay be
~determ ned and optim zed by experinment to provide suitable corner
roundi ng. |t gtaucherend that an oxidation process that would normally grow
bet ween about 50 and 100 nm of silicon oxide on a planar <100> silicon
surface provides a sufficient birdsbeak. The growt h of oxide
between the silicon at the corner and the silicon nitride liner 72 is

acconpani ed by a vl une expansj on, of approximately a factor . The .

pressure exerted oﬁ"? Reeging g@ E‘fr&hﬁ her @P‘F?‘&aﬁ%ﬁﬂ‘ f%‘% qaq ined bygkﬁjc‘f'ﬁ'éﬁp of
vol ume increase pushes the edge of the liner into the filler oxide 74 and
thereby conpihesodide sidewall88, ienextl extendetsto a deptheofdmtweén abbott 27@anddSde

74 in the corner )
nm into the silicon substrate 90 by RIE forming a shallow trench. The practice of
etching essentially vertical walled trenches into silicon substrates is a well

. developed art and is typically accomplished by the use of etchant gases

containing chlorine or SF,.

Referring now to Fig. 5B, a layer of silicon oxide 98 is next grown on the
" exposed surfaces within the trench. The silicon oxide layer 98 is grown in a
clean dry oxidizing ambieat in a furnace at betwéen about 850 and 950°C to a
thickness of between about 10 and 20 nm. A silicon nitride layer 100 between
about 20 and 60 nm. thick is then deposited conformally over the wafer,
preferably by LPCVD. Thé nitride (ayer 100 serves to protect the clean oxide
trench liner 98 from contamination in further processing and also acts as an
oxidation barrier to prevent oxidation of 'the silicon trench walls during

subséquent densification of the trench filler oxide.

Referring to Fig. 5C, a layer of silicon oxide 102 is next deposited,



regi on. After the dual birdsbeak oxide 82 is grown, the residual ~
etch stop | ayer 66 ' - 19
- is renoved by wet etching with a calibrated etchant, for exanple, a 10:1
dilute HF solution. Care nust be taken to avoid over- etching by the wet

etch. Suitable wet etchants having stable etch rates are widely used in

the sem conductor industry and their neans of ‘calibration and utilization
are well understood. Alternately a plasma etch may be used to renove the
residual etch stop layer 66. Next the 3fin nitride |ayer 64 is renoved by
etching in hot Herr]PJerr]. = Selective renoval of silicon nitride |ayers

by di ssol ut i opreferabiy byLECVIEling fhei treneh dperiingwn0i The m%n%htﬂmqism&oﬁw dely
practiced. Alternatively, a plasma etching technique may be enpl oyed

otch stop | ayeRdRd OIS %Pﬁ%@%a b&%ﬁ@é@é@ﬁ'é’r%?mwlono&‘?aﬁﬁéﬁﬁﬂ?t ep

wherein a oxi d é’&@ In th| s instance, the portions of the
osullcateﬂ[ j which is conformal and may be accomplished at

temperatures between 650 and 800°C. Optionally, other precursors; for
example, SiH, and O, may be used to form the ﬁlle:_' oxide 102.. The trench filler
material 102 may also consist of a substance other than silicon oxide, for
examplé a silicate glass or palysilicon. The deposition procedures for these

various materials is well understood by those practicing the art.

After deposition, the Irench filling sificon oxide 102, is densified by
subjecting the wafer 90 to an ambient <->f wet axygen or steah_ ata .temperatur_é :
of 8Q0°C or thereabout for a period of about 30 minutes. The wafer 90 is next
subjected to a surface planarization process, preferably chemical meéhénical
polishing (CMP). The ﬁnél wafer surface after CMP is represented in Fig. 5C by
the dashed line 103. The filler oxide densification step may alternately be
performed after the planarization step. Stress considerations which depgnd
upon the filler material used may influence the preferred sequence of these two

steps.

The CMP is dispatched until the surface of the wafer is polished into the



-trench oxide liner 70 and the pad oxi de 62 exposed at the corner 78 are

al so renoved. The pad oxide 62 itself is then renoved by wet
etching in dilute H-. The resultant cross section is shown in Fig 4F. Care
must again be exercised in performng the wet etching steps to avoid
excessi ve renoval of the birdsbeak oxide 82. A calibrated dilute HF
etchant is preferably applied to etch only the planar portions of the

oxi de while | eaving the deeper birdsbeak portions 82

- 20 - intact. Suitable wet etchants hayjng stable etch rates are w dely

used in the sem conductor industry and™t feTr means of calibration and

utilization arpadwitride laydr94tthertby/dlseexpeasing the sidewall spaden96dén brdent62, a
gate oxide 86 for the MOSFET devices is grown in the conventional nanner.

The gate oxi de,fiafill ekpasd e Si8WANEE, RPRIESULRRQUBNEREASA Mptbihatamot h

transition.

half of the total pad nitride 94 should be polished away. The exposed spacer
oxide 96 is then removed by etching in aqueous HF. The spacer 96 must be

removed prior to the subsequent corner oxidation.

Referring now to Fig. 8D, the wafer 80 is subjected to an oxidation step
wherein oxidation of the exposed silicon corner 104 causes the corner to
become rounded and form the dual birdsbeak oxide structure 106. The
oxidation i_s preferably performed in dry oxygen at a temperature of betweén
about 850 and 950°C. The formation of birdsbeak proéeeds in both the
harizontal and vertical directions from the corned 104. The growth process in
the horizontal direction can be independently varied by modifying the thickness
of the pad nitride layer 94. The oxidation time and temperature may be
determined and optimized by experiment to provide suitable cornerrounding. It
i$ found that an oxidation procéss that would normally grow between about 50
and ioo. nm of silicon oxide on a planar <100> silicon surface provides a

sufficient birdsbeak.

The growth of oxide between the silicon at the corner and the silicon



Fol l owi ng the formation of the gate oxide 86, a MOSFET is fornmed by i
patterning a gate el ectrode over the gate oxide 86, and form ng
source/drain regions in the silicon by well known custonary procedures.
In a variation of the second enbodi nent, the etch stop oxide | ayer 66
shown in Fig. 4D is renoved by wet etchlng with a calibrated HF etchant
before the birdsbeak oxide 82 is grown. Referring to Fig. 4G the wet etch
renoves all or part of the pad oxide 70 exposed in the corner region 78.
An advantage of this variation of the segond enbodinent -is that the
subsequent|ly grown birdsbeak oxide 82 is not exposed to the etch stop

oxi de 66 rennitride linerctikis accompanied by aavalisneexpabsidnnafreppebxitriatalyisnvent i on
a sidewal |l spacer is used to define a region wherein a dual birdsbeak

oxi dation i Sfdéﬁirfd?mwgfé"ééu% exeA&s ohtRe ea 108 ofrtaursﬁhdw MffeSiieSRo
relief benefits offered by this i1 nvention.

¢ 02,1:i ;;. ° gke nwa thd PANas @'m&taelals'enpeué?xesxﬁg esd'ge o?me Yfﬁére*'ntd the fiifer’ |G 168 5R4" ' N9

thereby compensates for the tensile stress in the densified filler oxide 102 in thé'

corner region.

After the dual birdsbeak oxide 106 is grown, the residual pad nitride layer
94 is removed by hot H;PQ, Selective removal of silicon nitride fayers by
dissolution in het HyPO, is well known in the art and is widely practiced.
Alternatively, a plasma efching technique may be employed where_l;y the pad

oxide 92 is used as an elch stop.

The pad oxide 92 itself is then removed by wet etching with a calibrated
eichant containing HF. The resultant cross section is shown in Fig SE. Care
must again be exercised in performing the wet etching steps to .av-oid. excessive_
removal of the birdsbeak oxide 106. A calibrated dilute HF etchant is preferably
applied to etch only the planar portions of the pad oxfde 92 while leaving the
deeper birdsbeak portions 110 intact. Suitable wet etchants having stable etch .
rates are widely used in the semiconductor industry and their means of

calibration and utilization are well understood. After removal of the pad oxide



there is shown a cross section of the silicon wafer 90. A layer of silicon
oxi de(pad oxide) 92 is thermally grown on the wafer 90 to a thickness of
bet ween about 10 and 20 nm by subjecting the wafer to a clean dry
oxidizing anbient in a furnace at between about 850 and 950[err]C A
silicon nitride layer (pad nitride) 94 between about 150 and 200 nm thick
is then deposited on the pad oxide |ayer 92, preferably by | ow pressure
chemni cal vapor deposition (LPCVD). An opening 110 is next
patterned in the pad nitride layer 94 and the pad oxide |layer 92 by
conventional photolithographic nmethods well known to those in the art,
thereby formng a hardmask. A silicon oxide sidewall 96 is then forned

al ong the edges of the hardnask. Procedures for sidewall formation are well
known in the art. The procedure consists of2&depositing a conformal |ayer of

silicon oxi ?%e Sao%fté‘?:fx?&é 112 Yol REWRISFET dévices isgrowivinithg cepvehtidiall eat ur es

like the e the current hardmask. The thickness of the |ayer

det er m' nes the he . si X{ ke con silicon de
ayer 1o ot daalactie dateonds g 2adgins M tesidkia B! Fe i b s58Ratal e
si dewal | al ongside the vertical edges. The silicon oxide sidewall

structure i rsphdethdransitign.application will subsequently provide oxi dati on
access for the formation of a dual birdsbeak .

Following the formation of the gate oxide 112, a MOSFET is formed by
patterning a gate electrode over the gate oxide 112, and forming source/drain

regions in the silicon by well known customary procedures.

‘While the invention has been particutarly shown and described with

reference to the preferred embodiments thereof, it will be understood by those
-skilled in the art that various changes in form and details may be made without

departing from the spirit and scope of the invention.

While the embodiments of this invention utilize a p-type silicon
substrate, an n-type silicon substrate could also be used without departing from

the concepts therein provided.



- 22 -Tstructure. The opening 110 in the hardmask, which i's now ™

‘defined ﬂ m "I the oxide sidewall 96, is next extended to a
dept h o nm uz m NH7O and 450 nminto the silicon substrate 90 by R E
formng & shaltow trfen¢h. The practice of etching essentially vertical

wal I ed trenches into silicon substrates is a well developed art and is
typically acconplished by the use of etchant gases containing chlorine or
SF[err]. Referring now to Fig. 5B, a layer of silicon oxide 98 is

next grown on the exposed surfaces within the trench. The silicon oxide
| ayer 98 is gr ®WAINSY a clean dry oxidizi Rg2ambient in a furnace at between

about 850 and 9, R[n‘i‘éthb%%:ofggmmdgﬁmgﬁmtl@% tr%P:EHta Qﬁ(@r‘i‘s ﬁz nm A

silicon nitride layer out 20 an nm t

deposi ted conf Qémall over the wafer, pref erably by LPCVD The nitride
| ayer 100 ser vEdCeRWRY: CRTPH$RIC| ean oxi de

(a) providing a silicon wafer;

(b) forming a pad oxide on said wafer;

(c) depositing a first silicon nitride layer on said pad oxide;

(d) patterning said first silicon nitride layer and said pad oxide to
define an opening exposing a silicon region;

(e) anisotropically etching said silicbn region in said opening, thereby
forming a trench;

) oxidizing said trench, thereby forming an oxide trench lining;

(g) depositing a second silicon nitri;!e layer over said siliéc_:n wafer;

(h)  depositing a layer of filler material over said silicon wafer, thereby
filling said trench;

(i) densifying said filler material;

)] planarizing said silicon waf’er whereby said first silicoh hitri_de layer
is exposed,;

(k) etching said first silicon nitride layer;

4] etching said pad oxide;

(m) oxidizing said silicon wafer, whereby a planar oxide layer and a

vertical birdsbeak oxide penetrating the uppér portion of said oxide



trench Irner 8 from cont ani natron in further processr ng andErsoacts as o -

oxXi Twwmlﬂim I'ﬂllﬂ“ prevent oxidation of the silicon trench walls
durlng fication of the trench filler oxide.
Referring t6 Ftg."5¢ & layer of silicon oxide 102 is next deposited,
- 23 - preferably by LPCVD, filling the trench opening 110. The trench
filling silicon oxide 102, is preferably deposited by the thermal
deconposition of tetraethoxy orthosilicate(TEOCS) which is conformal and
may be acconplished at tenperatures between 650 and 800[err]C. Optionally,
other precursors, for exanple, SiHerr] an@8Cferr] may be used to formthe

filler oxide 102. Tt'i‘@né ﬁdcrélfdg%e material 102 may al so consist of a
subst ance ot her than sr | con oxi ? exanple a silicate glass or

Cnder st ood by hoscopnid f4 B GE 'ay@F“’*'ﬂgsf&aﬂﬁé?s%EiB@@%%' 0 Sthe "

trench filling silicon oxide 102, is densified by
oxide;

(o) forming a gate oxide on said silicon wafer.
(p) forming a gate over said gate oxide; and
(q) forming source/drain regions on said silicon wafer, thereby forming

a MOSFET. -

2. The method of claim 1 wherein said filler material is taken from the

_ group consisting of silicon oxide, a silicate glass, and polysilicon.

3. The method of claim 1 wherein said oxide trench lining is between

about 10 and 20 nm. thick.

4. The method of claim 1 wherein said second silicon nifride Iaye_r is

between about 20 and 60 nm. thick.

5. The method of claim 1 wherein said planar oxide is between about 20

and 100 nm. thick.



subj ecting the wafer 90 to an anbi ent of wet oxygen or steamat a

tenperatu or thereabout for a period of about 30 m nutes.
The Wafer”ﬂ“FmIIWMHUllect ed to a surface planarization process,

pref erabl y*chenical® méchani cal polishing (CW). The final wafer surface
after CMP is represented in Fig. 5C by the dashed Iine 103. The filler
oxi de densification step nay alternately be perfornmed after the

pl anari zation step. Stress considerations which depend wupon the filler -
materi al used may influence the preferregdgequence of these two steps.
The CWP is dispatched until the surface of the wafer is polished into the
- 24 - pad nitPi doemethodenf Q”NETé%%?'@@%@ﬁ@ﬁﬁ@xﬂﬁalssfpﬂ'éﬁﬁlaﬁ aspacer 96.
In order to adequately expose the sidewall 96, for it's subsequent
renoval , appr otémperature of ihetweeri abtwet 850 ahd|956°6iinra'mmn9i©rﬁbﬁdhd be
pol i shed away. The exposed spacer oxide 96 is then renoved by etching in

aqueous HF. Thsx%&per 96 must be renoved prior to the subsequent corner
oxi dati on. ) '

7. A method for forming a MOSFET with shallow trench isolation on a

silicon wafer comprising:

(a) providing a silicon wafer,

(b) forming a pad oxide on said wafer;

{c) depositing a first silicon nitride layer on said pad oxide;

(d) depositing an etch stop layer over said first silicon nitride layer;

(e) depositing a second silicon nitride layer over said etch siop léyerf

(f) patterning said second silicon nitride layer, said etch sfop layer,
said first siflicon nitride layer, and said pad oxide to deﬁne an
opening exposing a silicon region;

(g)  anisotropically etching said silicon region inlsaid opening, thereby
forming a trench;

(h) oxidizing said trench, théreby forming a silicon oxide trench lining;

) depositing a third silicon nitride layer over said silicon wafer;

() depositing a layer of filler material over said silicon wafer, thereby

filling said trench;



Referrrrrg—now{—e—lll-g__SD,_t he wafer 920 is”é.ubj ected to an oxidation step -

wherei n | on of the exposed silicon corner 104 causes the corner to
becone r ﬁﬂ g IU' he dual birdsbeak oxide structure 106. The
* I

oxidatio erformed in dry oxygen at a tenperature of between
about 850 and 950 erf]C. The formation of birdsbeak proceeds in both the
hori zontal and vertical dlrections fromthe corned 104. The growt h process
in the horizontal direction can be independently varied by nodifying the
t hickness of the pad nitride |ayer 94. Fheooxidation tine and tenperature
may be determ ned and optim zed by experinent to provide suitable corner

roundi ng. It i(k) f odensifyial said fikerdnatesial;pr ocess that woul d normally grow
bet ween about 50 and 100 nm of silicon oxide on a planar <100> silicon

ot Dot PN g SRl werey said R Al Al

layer is exposed;

(m) etching said second silicon nitride layer and a portion of said

| third silicon nitride layer thereby forming an undercut in said first
silicon nitride layer; |

(n)  oxidizing said silicon vyafer, whereby an oxide pocket is formed
with a birdsbeak portion extending horizontally, penetrating said
pad cxide, under said first silicon nitride layer and vertically,
_ pénetrating sa'id silicon oxide trench lining, under said third silicon
“nuﬁdelayeﬁ

(o) remeving said etch stop layer;

(p)  removing said first silicon nitride layer;

(q) etching said pad oxide and said oxide pocket while retaining said
birdsbeak portion; | |

(r) forming a gate oxide on said silicon wafer.

(s) forming a gate electrode overi said gate oxide; and

(t)  forming source/drain regions on said silicon wafer, thereby forming

a MOSFET.
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appr oxi efy a factor of 2. The pressure exerted on the end 108 of the

silicon 1'“3““&‘ by t he vol une increase pushes the edge of the
I i ner mt&“{‘ ﬁ“‘“ ‘ e 102 and thereby conpensates for the tensile
stress in e densPfidd tiller oxide 102 in the corner regi on.

After the dual birdsbeak oxide 106 is grown, the residual pad nitride |ayer
94 is renoved by hot Herr]PJerr]. Selective renmoval of silicon nitride

| ayers by dissolution in hot Herr]PJerr] is well known in the art and is
wi dely practiced. Alternatively, a plasma3dtehing technique nmay be

enpl oyed wher gpy The
bad oxi de 92 fgtosle.'lt‘? é%ﬁt??]o%faﬂﬁ ﬁ@gér%u‘v‘.%ﬁﬂl fﬂ{%gﬁﬁbt@hﬁﬁs%?@n fromthe

etchant containing HF., The resul tant,K cros ection is sho in Fig 5E. Care
st agai n be SR €POEENNG oF S1IEGR PRI aIGALS CLA%Sh AR RAICA avei d
excessive renoval of the birdsbeak oxide 106. A cali brat ed dilute HF
etchant is preferably applied to etch only the planar portions of the pad
oxide 92 while leaving the deeper birdsbeak portions 110 intact. Suitable

wet et chant s IgvYRg nidtROY Bf elet 7 Abfin 3574 Sl B ULrich | i conductor .

i ndustry and their neans calibration and utilization are

NG 1000, Al B 18 el o RRCHHEL O

10. The method of claim 7 wherein said first silicon nitride layer is

between about 50 and 100 nm. thick.

11. The method of claim 7 wherem said third smcon mtrlde layer is.

between about 20 and 60 nm. thick.

12. The method of claim 7 wherein said etch stop layer is taken from the

group consisting of silicon oxide and polysilicon.

13. The method of claim 7 wherein said oxide pocket is formed at a.
temperature of between about 850 and 850°C in an ambient of dry

oxygen.

14. The method of claim 7 wherein step (0) is performed after step (m)



- 26 - a ga for the MOSFET devices is grown in the =~~~

conventlo The gate oxide 112 adjoins the residual pocket 106 in
an essent W’I [mm ﬂ"ﬁm tion. Following the formation of the
gate oxide 11 formed by patterning a gate el ectrode over the
gate oxide 112, and form ng source/drain regions in the silicon by well
known custorrary pr ocedur es. Wil e the invention has been
particularly shown and described with reference to the preferred

enbodi ments thereof, it will be understood by those skilled in the art

t hat vari ous changes in formand details ¥ay be made without departing

fromthe spiridnfpéfops efp @). the i nvention.

15. The method of claim 7 further comprising etching said pad oxide in

said undercut after step (m) and before step (n).

16. A method for forming a MOSFET with shallow trench isolation on a
silicon wafer co.mprising:
(@)  providing a silicon wafer;
{b) formin.g a pad oxide on said wefer;
(c) . depositing a first silicon nitride layer on said pad oxide;
(d) patterning an opening in said first silicoﬁ nitride layer and said pad
| oxide exposing a silicon region;
(e) forming a sidewall along the perimeter of said opening; |
() anisotropically e'tching said silicon region in said opening, thereby
forming a trench; | -
(g) oxidizing said trench, thereby forming a silicon oxide trench lining;
(h)  depaositing a second silicon nitride layer over said silicon wafer;
(i depositing a layer of filler material over said silicon wafer, thereby
filling said trench;

), densifying said filler material;



'V\hlle t he enbodiments—of—thi s i nvention utilize a p-type silicon

subst rat con substrate could al so be used w thout departing
f rom a,l!ﬂmmimgm’"m provi ded. _ CLAI M5 _ _

n1ng a MOSFET with shallow trench isolation on a
SI|ICOﬂ waf er conprising: (a) providing a silicon wafer; (b) form ng
a pad oxide on said wafer; (c) depositing a first silicon nitride |ayer
on said pad oxide; (d) patterning-said first silicon nitride |ayer and
said pad oxide to define an openi ngsexposing a silicon region; (e)
ani sotropically etching said silicon region in said opening, thereby
forming a trenfl); planarizimg shidisiiigonavafet tecexgose saiddipst Siéor Atride oxi de
trench lining; (9 depositing a second silicon nitride |ayer over said

silicon wafer; layer and said sidewall;

() etching said sidewall;

(m) oxidizing said silicon wafer, whereby an oxide pgcket is formed
with a birdsbeak portion extending horizontally, penetrating said
pad oxide, under said first silicon nitride layer and vértically.
penetrating said silicon oxide trench lining, under said third silicon
nitride layer;

(nj removing said first s_ilicon nitride layer;

(o) etching said pad oxide and said oxide pocket while retaini'ng said
birdsbeak portion; . | “

(p) forming a gate oxide on said silicon wafer.

(g} forming a gate electrode over said gate oxide; and

(r) forming source/drain regions on said silicon wafer, thereby forming

a MOSFET.

17. The method of claim 16 wherein said filler m_aterial is taken from the

group consisting of silicon oxide, a silicate glass, and polysilicon.

18. The method of claim 16 wherein said silicon oxide trench lining is



(h)" “depositing alayer of fiiTer material over said silicon wafer,

t her eby filling said trench; (i) densifying said filler

material; (j) pl anari zing said silicon wafer whereby said first silicon
nitride | posed; (k) etching said first silicon nitride
| ayer; ﬂm““"lu“l ulllimmxpad oxide; (m oxi dizing said silicon wafer,
wher eby a gl aharox? de¢ | ayer and a vertical birdsbeak oxide
penetratlng t he upper portion of said oxide

- 28 - trench lining are forned; (n) gtchlng sai d planar oxide

| ayer while retaining said birdsbeak DRI E (o) formng a gate

oxi de on sai d sbetwsen abdatr10 ahe 20 rimy thickg a gate over said gate oxide; and
(q) formng source/drain regions on said silicon wafer, thereby formng
19. The method of claim 16 wherein said first silicon nitride layer is

between about 20 and 30 nm. thick.

20. The method of claim 16 wherein said second silicon nitride layer is

between about 20 and 60 nm. thick.

21. The method of claim 16 whergin said oxjde pocket is formed at a
temperature of between about 850 and S00°C in an ambient of dry

oxygen.

22. The method of ¢laim 16 wherein said sidewall is etched in aqueous

HF.
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. a MOSFET. 2. The method of claim1 wherein said fil I er material is taken

fromthe group consisting of silicon oxide, a silicate glass, and

pol ysi li con. 3. The method of claim 1l wherein said oxide trench |ining

i s between about 10 and 20 nm thick. 4. The nmethod of claim 1l wherein
said second silicon nitride layer is between about 20 and 60 nm thick.

5. The nmethod of claim 1l wherein said planar oxi de i s between about 20 and
100 nm t hi ck. - 29 - 6. The
met hod of claim 1 wherein said planar oxidgsis fornmed at a tenperature of
bet ween about 850 and 950[err]C in an anbient of dry

ABSTRACT
SHALLOW TRENCH ISOLATION OF MOGFETS WITH EEDUCED CONNER PAVASTYIS CORRENTS
A method is described for forming MOSFETS with shallow trench

. isolation wherein the abrupt comers introduced by anisotropically etching the )
silicon trencljes_ are modified by an oxidation step which rounds off the corners
and also reduces the effect of tensile stresses caused by the densified trench
filler material. The method selectively exposes the carner regions to an
oxidation whereby the formation of an oxide birdsbeak modulates the corners
and introduces a compressive stress component in the corner fegion. Several
variations of the procedure are disclosed, including emboqimén_ts wherein

- birdsbeaks extending in boﬁn a vefticalland harizontal directions from the
corners are employed. The channel and gate cxide edges of MOSFETs
extend to these corners. By attenuating the abrupt corners and reducing the
mechanical stresses, gate oxide integrity is imprdved‘ and anomalous sub-

threshold currents of MOSFETSs formed are abated. -

(FIGURE 3 IS SUGGESTED FOR PUBLICATION)



oxygen. 7. A nethod for formng a MOSFET with shallow trench isolation
on a silicon wafer conprising: (a) providing a silicon wafer; (b)
form ng a pad oxide on said wafer; (c) depositing a first silicon
nitride |layer on said pad oxide;. (d) depositing an etch stop | ayer over
said first silicon nitride layer; (e) depositing a second silicon
nitride | ayer over said etch stop |layer; (f) pattering said second

silicon nitride layer, said etch stop | ayer, - said first silicon
nitride |layer, and said pad oxide to define an openi ng exposing a
silicon region; (Q) anisotropicallyléﬁching said silicon region in said
openi ng, thereby formng a trench; (h) oxi di zing said trench,
thereby formng a silicon oxide 2? nch lining, (i) depositing a third
silicon nitride |ayer over said icorf@afer; (j) depositing a | ayer of
filler material over said silicon feif:ﬂhereby filling said
trench;
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.- 30 - (k) densifying said filler material; (I) pl anari zi ng said
silicon wafer whereby said second silicon nitride | ayer is exposed;
(m etching said second silicon nitride |layer and a portion of said

third silicon nitride layer thereby form ng an undercut in said first
silicon nitride layer; (n) oxi dizing said silicon wafer, whereby an

etching said pad oxi de and sai d oxide pgg

bi rdsbeak portion; (r) form ng a gat ide on said silicon wafer.
43

oxi de pocket is formed with a birdsbeak portion extending
hori zontal |y, penetrating said pad oxi de, under said first silicon
nitride |layer and vertically, penetrating said silicon oxide trench
lining, under said third silicon L%ride | ayer; (0) renovi ng said
etch stop layer; (p) removing said fir silicon nitride layer; (Q)

et while retaining said

e 9—42
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(s) forning a gate el ectrode over said gate oxide; and (t) forming -

source/drain regions on said silicon wafer, thereby form ng a
MOSFET. . : - 31 - 8. The

met hod of claim7 wherein said filler material is taken fromthe group
consisting of silicon oxide, a silicate glass, and polysilicon. 9. The
nmet hod of claim 7 wherein said silicon oxide trench lining is  between
about 10 and 20 nm thick. . 10. The nethod of claim7 wherein said first
silicon nitride layer is between about 50 and 100 nm thick. 11. The
met hod of claim7 wherein said third silicon nitride layer is between
about 20 and 60 nm thick. : 3/8
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12. The nethod of claim7 wherein said etch stop layer is taken fromthe
group consisting of silicon oxide and polysilicon. 13. The net hod of
claim7 wherein said oxide pocket is forned at a tenperature of between
about 850 and 950[err]C in an anmbient of dry oxygen. 14. The met hod of
claim7 wherein step (0) is perforned after step (m -

- 32 - and before step (n). 15. The nethod of claim7 further conprising
etching said pad oxide in said undercut after step (m and before step
(n). 16. A nmethod for formng a MOSFET with shall ow trench isolation on
a

4/8
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silicon wafer conprising: (a) providing a silicon wafer; (b) form ng
a pad oxide on said wafer; (c) depositing a first silicon nitride |ayer
on-said pad oxide; (d) patterning an opening in said first silicon
nitride |layer and said pad oxi de exposing a silicon region; (e)
formng a sidewall along the perineter of said opening; (f)

ani sotropically etching said silicon region in sai-d opening, thereby
formng a trench; (g) oxidizing said trench, thereby formng a silicon
-~ oxide trench lining; (h) depositing a second silicon nitride |ayer over
said silicon wafer; (i) depositing a layer of filler material over said
silicon wafer, thereby filliqgssaid trench; (j) densifying said
filler material; - 33 - (k)
pl anarizing said silicon wafer to expose said first silicon nitride '

\lv : ' 66

H 62

74
60

72— ¢ — JJ'\

3——66
——64
62
74
60
M)
72—= J\




A e e Ml A D mEATD

layer and said sidewal|; (I) etching said sidewall: (m) oxidizing said

silicon .wafer, whereby an oxide pocket is forned with a birdsbeak
portion extending horizontally, penetrating said pad oxi de, under
said first silicon nitride |ayer and vertically, penetrating said
silicon oxide trench lining, under said third silicon nitride |ayer;
(n) renmoving said first silicon nitride |ayer; (0) et ching sai d pad
oxi de and sai d oxi de pocket while retaining said bi rdsbeak porti on;

(p) formng a gate oxide on said silicon wafer. (q) formng a gate
el ectrode over said gate oxide; and (r) form ng source/drain regions on

said silicon wafer, thereby form ng a MOSFET. 17. The net hod of
claim 16 wherein said filler material i%8taken fromthe group consi sting
of silicon oxide, a silicate glass, and polysilicon. 18. The met hod of
claim 16 wherein said silicon oxide trench lining is
80
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- 34 - between about 10 and 20 nm  t hi ck. 19. The nethod of claim 16
wherein said first silicon nitride layer is between about 20 and 30 nm

t hi ck. 20. The nethod of claim 16 wherein said second silicon nitride
| ayer is between about 20 and 60 nm thi ck. 21. The nethod of claim 16
wherein said oxide pocket is formed at a tenperature of between about 850
and 900[err]C in an anbient of dry oxygen. 22. The nethod of claim 16
wherein said sidewall is etched-in agueous HF.
7/8
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