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are optimzed and the polysilicon etch process is optim zed, | hei ght
var i@t i equingd. | Theevadagorof thégate CdIsgdcrisp thecotiterdhiptkopwntas i ncr eased ACLV. 25
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and STI fill processes are performed at ' the egi nning of the chip
manuf acUItSIhgirgnits ietogise phatohbgmrhylwith nmoll mazelength highs (248w we smaligz). In
order to control the photolithography process, an anti-reflective coating is typically spun onto the
15  blanket polysilicon film before the photoresist is spun on. The thickness of the anti-reflective
coating is optimized such that a minimum amount of light is reflected from the substrate wafer.
If the anti-reflective coating thickness varies across the chip, then the amount of reflected light
will vary, which results in a lack of control of the photolithography process. This lack of control
results in a larger ACLV and reduced circuit performance.
20 One of the key contributors to anti-reflective coating thickness variation across the chip
is the height of the shallow trench isolation (STI) material relative to the silicon active area
where the devices are located. After the gate-level mask and photolithography tools are
optimized and the polysilicon etch process is optimized, STI height variation will be one of the
remaining contributors to increased ACLV.
25 In typical semiconductor device manufacturing processes, the STI region is composed of
a pure oxide material, such as high density plasma (HDP) oxide or plasma tetracthyl

orthosilicate (TEOS). Since the STI trench formation and STI fill processes are performed at the

beginning of the chip manufacturing process, the STI oxide encounters many subsequent wet
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STI erosion is to reduce the amount of exposure to chemical etchants in each of the required etch
steps. Likewise this approach is problematic, since the etchant steps are often made

20 intentionally long to remove particulates, remedy inconsistent oxide thicknesses or create
hydrogen-terminated surfaces for subsequent processes.

Other efforts have been made to form caps over the STI material in order to inhibit STI
erosion during subsequent etching steps used to form the active areas. For example, U.S. Patent
6,146,970 to Witek, et al. describes the use of a silicon nitride or nitrogen-rich silicon oxynitride

25  layer for capping an oxide STI material such as TEOS. However, the Witek, et al. bilayer
approach adds significant cost and process complexity to the formation of STI. For example,
Witek, et al. use two separate liner processes, two separate deposition processes and two
separate CMP processes.

In this regard, acceptable solutions to the erosion of STI must be simple and

30 cost-effective. In addition to exhibiting simplicity and low cost, acceptable solutions should



separate CVP processes. In this regard, acceptable solutions to the erosion
of STI must be sinple and 30 cost-effective. In addition to exhibiting

si npl i ci twoandoisesv cost, acceptabl e solutions should 2 Wec@aso9xsis

PCT/ US02/ 16004 have sufficient robustness such that it is unnecessary to
constrain other process variables sinply to control STI height. At the
sane tinme, such solutions nust preferably fit within existing processes so
as to avoid affecting product yield and cost. Disclosure of Invention 5
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improved fabrication control and, thus, improved device performance.
It is another object of the present invention to provide improved STI structures and
15 methods of making same so as to control STI erosion and the height of the STI material relative
to the semiconductor active area.

In accordance with the present invention, the STI between the active areas of
semiconductor devices is formed of various structural arrangements of oxynitride. The
oxynitride may be used for both the trench liner and trench fill material. Introducing nitrogen

20  into both the oxide liner and plasma oxide fill material permits convenient utilization of existing
processes. The oxynitride STI is formed in a manner to minimize stress to the surrounding
silicon, and yet acts to provide an STI structure that resists etch attack and erosion during the
required fabrication steps subsequent to the STI deposition.

Since the use of oxynitrides for STI results in minimal trench fill erosion, such use

25  allows close control of STI height relative to the silicon active area across the wafer, and from
wafer-to-wafer. Initially, a trench oxide liner may be nitrided by annealing, for example, in a
nitrogen ambient to form an oxynitride liner. Then, the oxynitride STI fill material may be

deposited directly into the trench during formation of the trench plug by the addition of nitrogen



25 allows close control of STI height relative to the silicon active area
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15  Best Mode for Carrying Out the Invention

Figure 1 illustrates a conventional semiconductor trench structure 1, as known in the
prior art. In Figure 1, a semiconductor substrate or semiconductor wafer 3 is provided. A pad
oxide or thermal oxide layer 5 is formed over substrate 3. A thicker silicon nitride layer 7 is
typically deposited on top of the thin oxide layer 5 to function as a hard mask. Then, the nitride

20 layer is covered with photoresist 9. Conventional photolithographic processing is then used to
etch an opening 11 through the silicon nitride layer 7 and the oxide layer 5 to expose a top
surface portion of substrate 3. This opening in the dielectric layers 5 and 7 is then extended into
the substrate by one or more RIE silicon etch steps to form STI region 11, as shown in Figure 1.
After formation of STI region 11, photoresist 9 is removed and a thermal oxidation process is

25  utilized to form a thin oxide liner layer 13 on both the sidewalls and bottom surface of STI

region 11, as shown in Figure 1.



25 utilized to forma thin oxide liner layer 13 on both the sidewalls and
bottom surface of STI region 11, as shown in Figure 1. 4 WD 02/095818
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Figure 4 illustrates the STI area at the time of deposition of polysilicon layer 21. Many
20  processing steps occur between removal of nitride layer 7 and deposition of polysilicon layer 21
used for the FET gate. Since some of these processing steps involve dry and/or wet etching, the
height of the STI oxide plug material is now at a level indicated by line 23. Since some of the
processing steps involve thermal oxidations and/or S10, depositions, the oxide layer 5 on top of
substrate 3 is now a different oxide layer 25. Ideally, STI plug level 23 is planar with the surface
25  of oxide layer 25 at the time polysilicon layer 21 is deposited. However, in practice this is quite
difficult to achieve.
It should be understood that elements illustrated in the drawings are not necessarily
drawn to scale but are merely provided to facilitate an understanding of the description. For
example, the dimensions of some of the elements may be exaggerated relative to other elements.

30 A detailed description of the features and advantages of the present invention will now
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trench. One advantage of nitriding the liner at this point in the process is that should the upper
corners of trench 11 be exposed after STI formation but before polysilicon deposition, there is
provided added protection of the corners from chemical etch attach. This will result in a smaller

20  “divot” at the semiconductor-STI interface due to chemical etching.

Since the oxide liner has a typical thickness of 30A - 500A, one effective way of forming

oxynitride liner 27 is by annealing the oxide liner in an N-containing ambient. Thus, trench 11
with its initial oxide liner, as shown in Figure 5, may be exposed to any one of N,0, NO, NH, or
N,H,, for example, at typical temperatures of between 500°C and 1100°C and pressures of

25  between Imtorr and 10 atm. The choice of gas controls the amount of nitrogen incorporated into
the liner, as well as the location of the nitrogen. For example, N,O, NO and NH, will diffuse
through the oxide layer and incorporate nitrogen at the silicon-SiO, interface, while NH; and
N,H, can also incorporate nitrogen at the SiO,-atmosphere interface. In this regard N,O can
only incorporate <1% nitrogen concentration ([N]) into the oxide, while NO, NH; and NH, can

30 incorporate anywhere between 1% and 20% [N], depending upon the anneal temperature,
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scherres(l\ﬁjl3§_cussed above is that the oxide
One aspect common to each of the nitridation schemes discussed above is that the oxide
liner will receive the same nitrogen-depth profile in the sidewall of the trench as in the bottom of
20  the trench. In some cases it may be desirable to maximize [N] in oxynitride liner 27 at the top
region of the sidewalls of trench 11 so that divot formation due to etch removal is further
minimized while at the same time avoiding the additional stress at the bottom of the trench that
would otherwise occur if it underwent the incremental [N] increase introduced at the top. The
best way to accomplish this feature is to incorporate the additional nitrogen at the top region of
25  oxynitride liner 27 via direct ion implantation with molecular or atomic nitrogen at a significant
angle away from normal to the wafer surface. Typical implant angles may vary between 10
degrees and 45 degrees away from the normal. The angled ion implant may be performed in
four separate steps by rotating the wafer 90 degrees between each implant. This results in a
more even coverage of the nitrogen species and incorporated N into all sides of

30 differently-oriented trench designs. Typical, atomic nitrogen doses vary between le 13
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i ncor po _gjtcéon of nitrogen at this stage is that the device active areas
are pro T8eFShy nitride |ayer 7. Accordingly, there is little danger of

i mpacting t hﬁfter conversion of the oxide liner to oxynitride 27, the overall processes described
above in regard to Figures 2 - 4 may be employed with appropriate modification. Although, a
pure oxide STI fill plug may be formed inside of oxynitride liner 27 at this point, as noted

20  above, this would not fully solve the STI erosion problem since a pure oxide plug would be
easily eroded by subsequent wet or dry etch processes, leaving oxynitride liner 27 remaining.

Accordingly, it is a feature of the present invention to overcome this erosion problem by

forming an STI structur)e of oxynitride fill material and, further, to deposit this oxynitride STI fill
material directly into the trench. Figure 6 illustrates that at the time of conventional STI trench

25  fill material deposition, with appropriate additions, an oxynitride STI material could readily be
deposited, instead of the normal oxide STI material. This is most effectively achieved by
altering the oxide STI material deposition process. The typical STI material deposited at this
point is a high density plasma (HDP) oxide created by a plasmé mixture of SiH, and O,. By
adding a controlled amount of NH,, for example, to the plasma mixture, an HDP oxynitride

30 trench fill layer 29 with uniform [N] may readily be deposited, as shown in Figure 6.
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7. This forms an oxynitride plug 29a. The typical CMP frictional endpoint technique employed
in the prior art would work well even with an oxynitride fill material, since stoichiometric
20  silicon nitride still offers much more friction to the CMP pad than an oxynitride with 25% [N].
The next step in the oxynitride STI formation is to recess the STI height from the final
CMP level 31 to the desired level 33, as shown in Figure 7. A wet etch containing HF-EG
(ethylene glycol) may be employed for this purpose. In this regard, ethylene glycol is known to
etch oxides and nitrides at comparable rates, and the relative etch rate of oxide to nitride can be
25  adjusted with bath temperature. Accordingly, although this form of rece‘ss process attacks
nitride layer 7 as well as the oxynitride, since the purpose of nitride layer as a CMP stop has
already been accomplished, its thickness is no longer important.
In any event, the oxynitride STI level 33 will be above the planar level of the substrate,

since the final objective is to have the STI material planar with the substrate at the time of

30 polysilicon deposition. Therefore, there will always be some nitride layer 7 material remaining
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hei ght  gridd®n or the direct plasma nitridation processes, an excited nitrogen species would be
incorporated at the very top surface (within the top 50A) of the oxynitride STI plug 29a, as
shown in Figure 7. In addition, the plasma nitridation process may be complemented with a
20  shallow nitrogen ion implant in order to place some additional amount of nitrogen species below
the layer of nitrogen previously incorporated at the surface of the oxynitride STI plug 29a by
either remote or direct plasma nitridation. This additional amount of nitrogen species further
protects the oxynitride STI plug 29a from chemical attach from the side, should STI plug 29a be
exposed some incremental amount above the substrate surface. For example, with nitride layer 7
25  etched away, sidewall portion 39 of plug 29a would be exposed to erosion.

It is clear that the depth of the shallow ion implant must be at least coextensive with the
incremental amount of exposed plug above the substrate surface in order to ensure the most
complete protection. The above nitridation processes should preferably be carried out while
there is some residual nitride from nitride layer 7 remaining over the active areas. Such residual

30  nitride would act to protect the active area from damage or material change which may affect the
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oxynitride STlI. In these |ater approaches, it is clear that |evel 33 would
be nearly planar with the surface of substrate 3. Accordingly, where [N

i s high, wber®isss only one etch process (the 10 et hyl ene gCyamsh2/r@eess
process) that need be controlled within wafer, wafer-to-wafer and
lot-to-lot, rather than several wet and dry etch processes. To ensure a
high [N] concentration at the top surface of oxynitride STl plug 29a, an

addi ti opal , pl,as it rd dat. rocess may be enpl oyed after the recess
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then exposed to chemical wet etch attach, for example.
To protect the plug sidewall portion 39 from attack, additional steps may be employed to
ion implant nitrogen into the sidewalls of the STI plug. This may be undertaken by applying
20  resist layer 35 over oxide layer 5, as shown in Figure 8. Then, as described above with respect
to Figure 5, nitrogen may be incorporated into the sidewalls of STI plug 29a by a direct ion
implant with molecular or atomic nitrogen at significant angles away from normal to the
substrate surface. Typical angles for such implant may vary between 10° and 45° from the
normal. Again, the angled nitrogen is typically performed in four separate steps by rotating the
25  wafer 90° between each implant. Typical atomic nitrogen may vary between le13 atoms/cm®
and Sel5 atoms/cm?, and result in a [N] of between 1% and 20%. Typical implant energies
would be between 500eV and 50keV.
After implanting increased nitrogen into sidewall 39 of STI plug 29a, resist layer 35 is

removed. The extent of addition of [N] into the sidewalls is not critical so long as it is

30 sufficient to resist erosion due to wet chemical etch attach. A region of [N] with a thickness of
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In this regard, sonme circuit and device designs are very sensitive to
stress effects on the 5 sem conductor material around the STlI. Accordingly,
such desiwpamesginecessitate enploying an oxynitride w trca/yshd/16mb4 10% or

| ess. Even at this [N] |level, however, the oxynitride exhibits a |ower
erosion rate than Si02. In addition, the [N can be varied or graded, as
her ei nabove described, so that the top of the oxynitride plug exhibits the
hi ghest jsch.mnimzes the L xI t he surroundi ng
silicon5¢$#qgﬂk%§¥ol%F%%“Pﬂ%“QBWﬂgggﬁp%m?%g?%??éﬁgggon at the 10 top of
the plug. WgKSI bt uhderfte6E &6 the fdi@%ﬁltgs&séﬁptﬁﬁn&h@Waﬁomﬂnd@ilﬁa&tidh@%ndt 0 use
an oxynitride STI plug wth less than 10@6LN], a higher [N] cap at the top
sur f ac echahgeshaydeymader indee meferisd ggbedianarngf thp @rasentigentipn withpahdepartiggne

using a.light plasma.nitridati,on process, Since thi . nl
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nitrogen. However, since STI oxynitride plug 29a extends above the

subst r abyths darigyage, oftthefoplowgnasélaiewal | portion 39 above the substrate surface
is then exposed to chem cal wet etch attach, for exanple. To protect the
plug sidewall portion 39 fromattack, additional steps nay be enployed to
ion inplant nitrogen into the sidewalls of the STI plug. This nay be
undertaken by applying 20 resist |ayer 35 over oxide |ayer 5, as shown in
Figure 8. Then, as described above with respect to Figure 5, nitrogen may
be incorporated into the sidewalls of STI plug 29a by a direct ion inplant
wi th nol ecular or atomic nitrogen at significant angles away fromnormal to
the substrate surface. Typical angles for such inplant nmay vary between 10
and 45 fromthe normal. Again, the angled nitrogen is typically perforned
in four separate steps by rotating the 25 wafer 90 between each inpl ant.
Typi cal atomc nitrogen may vary between | el 3 atons/cn2 and 5el5
atons/cn2, and result in a [N] of between 1% and 20% Typical inplant
energies would be between 500eV and 50keV. After inplanting increased
nitrogen into sidewall 39 of STI plug 29a, resist layer 35 is renoved. The
extent of addition of [N] into the sidewalls is not critical so long as it
is 30 sufficient to resist erosion due to wet chem cal etch attach. A
region of [N] with a thickness of 11 WD 02/095818 PCT/ US02/ 16004
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50A to 100A into the sidewalls would be sufficient for this purpose. It

w Il be understood fromthe foregoing description that various

nodi fi catwong/ogisds changes may be made in the preferred eroadisorndooof the
present invention without departing fromits true spirit. It is intended
that this description is for purposes of illustration only and 5 should not
be construed in alimting sense. The scope of this invention should be
limted onl by the | anguage of the followi ng clainms. 12 WD 02/ 095818

PCT/ US02/48B904 Claims Wiat is claimed is: 1 1. A nethod of forming an
isolation structure for a sem conductor device, conprising the 2 steps of:
3 formng a Whﬁ(‘i‘%'&laﬁrﬁ&igf‘ (11) within a sem conductor substrate (3); 4
formng an oxide litner wthin said trench region (11); 5 nitriding said
oxide liner to forman oxynitride liner (27) within said trench region
(11); o6 and, 7 djrectly filling said trench region (11) with an oxynitride
mat e i al- (294 ARoRS fP%WﬁetaﬂéSO%m&éBB%tm fgRa ﬁl%ﬁo?qq(q"frﬁ‘ﬁ‘(lé?’ic%npf‘ﬁ@ ng
OXygen Q?IIQ itrogen. 1 2. The nmethod as set forth in Claim1 wherein said
step of ITing said trench region (11) 2 with an oxynitride material (29)
com® i ses fifokrming astedndh regeorc(i 1) edhora sesmicgndactbr gltbsoangdty pl asma 3 oxi de
m xture including nitrogen. 1 3. The thod as set forth in daim2 wherein
t he anount oﬁof@éﬁgdmrﬂxfdregﬁ@ﬁwﬂﬁlil%séi‘b“ﬂc $5oD(d%i de nixture is increased
durigqng the filli. j Lot thafion
31 3 Sai d ol o8B iSRG Rl RhrRaal IRt GO B R R U8 o
(11)6 larl The nethod as set forth in Caim3 wherein said plasma oxide

m xture including .2 nitrogen is formed froma mxture of%ﬁ'&m a&d Oﬁ wth
a coht rol | eddissedy fillingrsapsengh degion Gl 1) pathapoxynitrgde mpferiph{?kfgrmed Lam theyr ¢

in ¢ ai {i'épési ﬁg?%gllﬁﬁa%&ﬁ%&iﬁggxy%fen%‘E@nitn%ggg in said plasma 2 is in the

range o

[am—y

2. The method as set forth in Claim 1 wherein said step of filling said trench region (11)
2 with an oxynitride material (29) comprises filling said trench region using a high density plasma

3 oxide mixture including nitrogen.

1 3. The method as set forth in Claim 2 wherein the amount of said nitrogen in said plasma
2 oxide mixture is increased during the filling of said trench (11) so that the nitrogen concentration

3 in said oxynitride material is higher at the top of said trench region (11).
1 4 The method as set forth in Claim 3 wherein said plasma oxide mixture including
2 nitrogen is formed from a mixture of SiH, and O, with a controlled amount of NH, added

3 thereto.

1 5. The method as set forth in Claim 4 wherein the proportion of NHj; to O, in said plasma

2 isintherange of 0.1 to 10.

1 6. The method as set forth in Claim 5 wherein said step of nitriding said oxide liner to form

2 an oxynitride liner (27) includes nitriding by annealing in a nitrogen containing ambient.

13



1 6. The nethod as set forth in aim5 wherein said step of nitriding said
oxide liner to form 2 an oxynitride liner (27) includes nitriding by
anneal i ngwDr2@938is r ogen cont ai ni ng anbient. 13 WO 02/ 0958P8TRGIZ/1480L/ 16004
1 7. The nethod as set forth in CQaim5 wherein said step of nitriding said
oxide liner to form 2 an oxynitride liner (27) includes nitriding by
plasma nitridation. 1 8. The nethod as set forth in Claim5 wherein said
step of nitriding said oxide liner to form 2 an oxynitride |liner (27)
includes nitriding said oxide liner with a greater concentration of 3

ni triogen at themb@pd ROSE: fath BfCIhines sihdrMRsdid OEp Sahitkidih €848 oxilie Jinerltdgoft hod
as set forth in Claim8 wherein said step of nitriding said oxide |iner

wi t 1?7 a amoxyndrdelina dA0anelndasingtnidurg byi plasowenitridatiohe t op of the said sidewal |
of said trench includes nitriding 3 by ion inplant. 1 10. The nethod as
set forth in Caim9 further conprising the steps of etching said 2

oxyni trg de mpfeembdbd G2%k férfh nQTIBNAR whédei §did Sp bf RiRGdInPLE okid8Fher tblF8rrk OP
surface of which 3 extends above the surface o? said substrate (3), and

ni t 1 di angoxyniridehnes (2dndudds etaidihgoridmxidd lieer withta grager goingeptapomp! 1 11.
The et hod as set forth in Caim10 wherein at |east the sidewall portions
of sai dYOFAA %@880{‘108&?@%1‘??&%&?’%&8?&%i ng above the said surface of
said substrate (3) are nitrided. 1 12. The method as set forth in Caimll
wherein said sidewall portions are nitrided by ion 2 inmplant. 1 13. A
semlcorfluct oFhedmethod as se¢ fierth indclhiam B avherstir seid step of witniding sdidgxide dimbswithiee (3)
having a 2 trench region filled with an oxynitride terjial to form an
oy ¢ ritee carERaEPa g EeRsn b opiod tegaR Yyt St Gariseh Betisfts pfdhEg
oxyny t riydgnimprani.al being greater at the top portion of said trench 4 plug
(29a) than at the bottom portion of said trench plug (29a). 1 14. The
trench isolation structure as set forth in Caim13 wherein the nitrogen

trati 2 of id itrid terial .i. ded that th it
condent 1t i o ReRed i foritim Glamg S oo camoriipdieoses DB eTR 92/ 16004 1
of sai dylyhRAGOMRIEHE! (39 folf ah BRyAiRRIeWensiRpkhe (35 e RIpAGrthdO89 which

3  extends above the surface of said substrate (3), and nitriding the top surface of said oxynitride

4  trench plug (29a).

1 11.  The method as set forth in Claim 10 wherein at least the sidewall portions of said

2 oxynitride trench plug (29a) extending above the said surface of said substrate (3) are nitrided.

1 12.  The method as set forth in Claim 11 wherein said sidewall portions are nitrided by ion

2  implant.

1 13, A semiconductor device trench isolation structure, comprising a substrate (3) having a

2 trench region filled with an oxynitride material to form an oxynitride trench plug (29a) with the
3 nitrogen concentration of said oxynitride material being greater at the top portion of said trench
4

plug (29a) than at the bottom portion of said trench plug (29a).

1 14.  The trench isolation structure as set forth in Claim 13 wherein the nitrogen concentration

2 of said oxynitride material is graded so that the nitrogen concentration increases from the bottom

14



2 15. The trench isolation structure as set forth in Caim13 wherein said
trench region 3 includes an oxynitride liner (27) lining the walls of said
trench r eyoorosdsih t he sidewal |l s of said 4 oxynitride |i mrer/uS2z)coed t he
top portion of said trench region having a nitrogen concentration 5 greater
than the nitrogen concentration in the sidewalls of said oxynitride |iner
at the Iomer 6 portion of said trench region. 1 16. The trench isolation
strycture . 15, wherein nitrogen concentration 2

wi t Hi n ¥RE t??B @Rg(é&})ﬁ%thgltﬁ%ﬁa A tr%}CBQEu%&B%ni tride trench plug (29a) is
hi gher than the 3 nitrogen concentration below the top 50A of the sidewalls
of said oxynitride trench plug (29a). 1 17. The trench isolation structure
as et ¥oort Hlliertre@chiselalion wiregtoieras Sefi fdrtbnyﬁlam1éeﬁhqr@n@wd2rep¢m@g(029a)
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subgt raéx%nﬁﬁae A 3% mquﬁpo&@ﬂ@emla ﬁieh&neglﬁn%eiagarm&&g@ﬁ cbi@nl&tidn on of
said trench plug { ext'endi ng bel ow the surface of said substrate 5 (3).

1 18. Tdreatentbarcthe msmgn icomcegtratiant initlee sideveadls of eait loxymitr@edingr at8hevvaveei n sai d
oxy itride trench 2 plug (29a) extends above the surface of said substrate
(3) andxﬁﬁﬁﬂ %?Qﬁﬁ@cg ﬁgﬂbll portions of 3 said trench plug (29a)

ext endi ng above the surface of said substrate (3) have a nitrogen 4
concentration greater than the interior portions of said trench plug (29a).
15 1 16. The trench isolation structure as set forth in Claim 15 wherein the nitrogen concentration

2 within the top 50A of the sidewalls of said oxynitride trench plug (29a) is higher than the

3 nitrogen concentration below the top SOA of the sidewalls of said oxynitride trench plug (29a).

1 17.  The trench isolation structure as set forth in Claim 16 wherein said oxynitride trench
plug (29a) extends above the surface of said substrate (3) and wherein at least the portion of said
trench plug (29a) extending above the surface of said substrate (3) has a nitrogen concentration

greater than the portion of said trench plug (29a) extending below the surface of said substrate

3).
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18.  The trench isolation structure as set forth in Claim 16 wherein said oxynitride trench
plug (29a) extends above the surface of said substrate (3) and wherein the sidewall portions of

said trench plug (29a) extending above the surface of said substrate (3) have a nitrogen

S~ W

concentration greater than the interior portions of said trench plug (29a).
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