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more complex, and changes in device structures and materials as well as new fabrication

methods are needed to maintain the expected performance enhancement from one generation of
devices to the next.
[0002] High-K metal gate transistors have been investigated for future devices. A high-K
metal gate transistor includes a metal gate electrode layer over a high k gate dielectric layer.
However, high-K metal gate transistors exhibit high Vr roll up for narrow width devices, in
particular for n-type devices. High Vt roll up is undesirable as this degrades the narrow device
Le¢r and performance, where L refers to the on current of the device.
[0003] From the foregoing discussion, it is desirable to provide a high-k metal gate
transistor with improved performance and reliability.

SUMMARY
[0004] A method for forming a semiconductor device is disclosed. The method includes
providing a substrate prepared with a device region surrounded by an isolation region, in which
the device region includes edge portions along a width direction of the device region and a
central portion between the edge portions. The method further includes forming a gate electrode
layer in the device region, in which the gate electrode layer comprises a graded thickness in
which a thickness Tg at edge portions of the device region is different from a thickness T¢ at the

central portion of the device region.



providing a substrate prepared with a device regi on surrounded by an
isolation region, in which the device region includes edge portions along a
width direction of the device region and a central portion between the edge
portions. The nethod further includes form ng a gate electrode |ayer in the
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[0008]Fk95. I %-b arc cross-sectional views of different enbodi nents of a
devi cedl permutations.

DRAWINGS

[0007] In the drawings, like reference characters generally refer to the same parts throughout
the different views. Also, the drawings are not necessarily to scale, emphasis instead generally
being placed upon illustrating the principles of the invention. Embodiments will now be
described, by way of example with reference to the drawings of which:
[0008] Figs. 1a-b are cross-sectional views of different embodiments of a device;
[0009] Figs. 2a-e show a process of forming an embodiment of a device;
[0010] Figs. 3a-d show a process of forming another embodiment of a device; and
[0011] Fig. 4 shows SEM of an embodiment of a device.

DETAILED DESCRIPTION
[0012] Embodiments generally relate to semiconductor devices. Some embodiments relate
to devices having high-K metal gate. Such devices, for example, can be incorporated into
standalone devices or ICs, such as microcontrollers or system on chips (SoCs). Other types of

devices may also be useful. The devices or ICs can be incorporated into or used with, for



100091Fi gs. 2a-e show a process of form ng an enbodi ment of a device;

[ 0010] Figs. 3a-d show a process of form ng another enbodi nent of a device;
and 10011]Fig. 4 shows SEM of an enbodi ment of a device. DETAILED

DESCRI PTI ON (0012] Enbodi nents generally relate to sem conductor devices.

Sone enbod rel ate to devices evi ces,
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m crocontrollers or systemon chips (SoCs). OQther types of devices may al so
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substrate. Other types of semiconductor substrates, including group III-IV substrate or those

which are undoped or doped with the same or different types of dopants, such as silicon on
insulator (SOI), silicon germanium, or gallium, may also be used. Providing other types of
substrate may also be useful.

[0014] The substrate includes a device region 110. The device region, for example, is
surrounded by an isolation region or dielectric region 180. The isolation region separates the
device region from other device regions on the substrate (not shown). The isolation region, in
one embodiment, is a shallow trench isolation (STI) region. Other types of isolation regions,
such as LOCOS, may also be employed. The STI region, for example, extends to a depth of
about 300 nm. Providing STI regions which extend to other depths may also be useful.

[0015] The device region, for example, is an active device region of a transistor. The
transistor, for example, may be a metal oxide semiconductor field effect transistor (MOSFET).
Other types of transistors may also be useful. A doped well (not shown) may be provided in the
device region for the transistor. The doped well, for example, may extend below the isolation
region. For example, the doped well extends to about 400 -500 nm deep. The doped well may
have a second polarity type dopant for a first polarity type transistor. For example, a p-type

doped well is for a n-type transistor or a n-type well is for a p-type transistor. The dopant



[ 00141The substrate includes a device region |. O The device region, for
exanpl e, is surrounded by an isolation region or dielectric region 180. The
i sol ati on regi on separates the device region from other device regions on
the substrate (not shown), The isolation region, in one enbodinmgnt, is a
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may al so be useful. P-type dopants nmay include boron (B), alum num (Al),

i ndi unteglony, for exangierimayanclode tdyams dbr, difthichevoltage dopeast Fomesaniphe thedlegic
phosphorus (P), arsenic (As), antinony (Sb) or a conbination thereof,
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f or medeviges sy wiry ibheidth.f f er ent devi cedi fferent w dths. For exanple, the
gates of the devices may vary in width, 100171A gate stack 140 of a

transi goar] i s Algspeseld140of fearddvirde dispgicdin thEllevigatagiat ditie datecdtacites a gat e
el ectrode | ayer 160 over a gate dielectric layer 120. In one enbodi nent,
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layers of the gate stack forms a high-K metal gate.

[0018] In one embodiment, the gate dielectric layer may comprise a high-K dielectric
material. Other types of gate dielectric materials may also be useful. The high-K dielectric
material, for example, may be a Hf-based high-K dielectric material such as HfO,, HfON, Hf-Si-
O, or Hf-SiON, a Al-based high-K or a Zr-based high-K. Other types of high-K dielectric
material may also be useful. The thickness of the dielectric layer may be, for example, about 20
A. Other thicknesses may also be useful. In other embodiments, the dielectric layer may include
a composite dielectric layer having multiple layers. For example, the composite dielectric layer
may be SiON and HfO or SiON and HfSiO. Providing multiple layered high-K dielectric

layers may be useful, for example, to increase the dielectric constant.



[0018] I n one enbodi ment, the gate dielectric |layer may conprise a high-K
dielectric material. O her types of gate dielectric nmaterials may al so be
useful. The high-K dielectric material, for exanple, nmay be a |I-1f-based

hi gh-K dielectric material such as 111-02, IIfON, 1-if-Si0, or 1.-1f-SiON,
a Al - hi gh-K or. a.Zr-based high-K . O types of high:-K dielectric
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| ayers nmay be usefill, for exanple, to increase the dielectric constant.
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| ayer. The nmetal gate el ectrode, ha one enbodinment, is disposed directly on
t op ofembedimentais disppeediditeetly ey tap. ofithe gredislrstitdi lweat [n opreemiadimefathe | ayer
conprises TIN. O her types of netal gate electrode materials nay al so be
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TaC, TaCN or a conbination thereof, including TiN. [0020]In one enbodi nent,
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a central portion having a thickness Te. The edge portions extend fromthe
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central portion o € gate electrode. In one enbodi ment, the edge portion
is ab 0% of the overall width of the gate electrode,. Fgr exanple, in
the- cabtply s Pere R Py e G RER SO PP GRETO TP Y Tofge
portion is about 24 am Providing other widths for the edge portions nmay
al so pBickaess di ang poontyatpartionhgying aithickpese feodbe sdganariens tege Jnay ther
vari abl e thickness. For exanple, TIE
edges of the active region along the width of the channel toward the central portion of the gate
electrode. In one embodiment, the edge portion is about 30% of the overall width of the gate
electrode. For example, in the case of a gate electrode with a width of about 80 nm, the edge
portion is about 24 nm. Providing other widths for the edge portions may also be useful.
[0021] The first gate electrode comprises a graded or variable thickness. For example, Tg
and T¢ are different. The thickness differential between the edge portions and the central portion
should be sufficient to reduce Vt roll up. In one embodiment, T at the edge portions is less then
Tc at the central portion. The thickness T¢ maybe the desired thickness of the first gate electrode
while Tk is less than the desired thickness. For example, T¢c may be from about 30 — 80 nm. In
one embodiment, the thickness of Tg may be about 60% - 70% less than Tc. For example, T

may be about 80 nm while Tg may be about 24 — 32 nm. Providing other thicknesses for Tg and

Tc may also be useful.



and Tc: are different. The thickness differential between the edge portions
and the central portion should be sufficient to reduce Vt roll up. In one
enbodi ment.. TE at the edge portions is less then Tc at the central

portion. The thickness Tc maybe the desired thickness of the first gate
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be fromabout 30 --- 80 run, In one enbodi nent, the thickness of TE may be
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pol ycrystalline (poly-) structure. The top gate el ectrode | ayer, in one
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doped source/drain regions ad{ acent to the gate. The source/drain regions
are dofsedate destofe byen Hraxpmple; ifhickerfhan e mstal gate; dlagirods; f@the Hiickngssss |
Dielectric gate sidewall spacers nmay be provided on the sidewalls of the
gat e. Thehegap @atsictbetradd mapalse bs usefyl. Bor es@upleché topi gate elearode nryrhy abput
defining lightly doped source/drain extension regions of the first polarity
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and top of the gate stack. Additionally, one or nore interlevel dielectric
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I b sho a cross-sectio vi ew of anot her enbodi nent of a portion of a

devi “Cdevice may include heavily doped source/drain regions adjacent to the gate. The source/drain

regions are doped with first polarity type dopants for a first type transistor. Dielectric gate
sidewall spacers may be provided on the sidewalls of the gate. The gate sidewall spacers may be
used to facilitate forming or defining lightly doped source/drain extension regions of the first
polarity type. Metal silicide contacts may be disposed on the source/drain regions and top of the
gate stack. Additionally, one or more interlevel dielectric layers in which interconnects are
formed may also be provided.

[0025] Fig. 1b shows a cross-sectional view of another embodiment of a portion of a device.
The device shown includes similar or common elements as that described in Fig. 1a. Common

elements will not be described. As shown, the isolation region or dielectric region 180 has a top



The device shown includes simlar or conmon el enments as that described in
Fig. ] a. Conmmon elenents will not be described. As shown, the isolation
regi on or dielectric region SO has a top surface above the substrate,
produci ng rai sed 'sol ation regions Provi ding raised isolation regions

facilitates in formng a fi gat e, el ectrode hayjn t hi ckness TE at the
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el ectrode in which TE is thinner than T. The anount which the surface of
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to produce a variable netal gate el ectrode having a thickness TE which is

t hi nnehimkr thag Tedge portions than the thickness 'Fe at the central portion.
I n one enbodi nent, ponions of the nmetal gate el ectrode proximte the raised
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rai sed above the substrate about 40 230 A or 40 370 A. _  The hlgher that t he
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el ectrode at the edge portions. The height of the ST1 above the substrate
shoul chayengsethédkiness Trovlzciisghimnetv titesige edrtibEs trsdbe tackfiess TOO 27 ®ingsl  2a-e
show cross-sectional views of an enbodi nent of a process 200 for formng
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can conprise a silicon substrate, such as a lightly doped p-type substrate.
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silicon-on-insul ator D, are al so useful. shown in Fig. Z2a, a
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in which. logic devices, are franed. Dependi ng on the ty e of IC formed, the
| ogi ¢ subglrasngbout dP 238k P40 mayoi cTMdegheéghaéﬂy: §ois abqweéheﬂtbswp,tthge

devi ces. For exanple, the | ogi c regions may include regions for high
vol t aggreftédth¥thideing of the first gate electrode at the edge portions. The height of the STI above

the substrate should be selected to achieve the desired Tg based on Tc.

[0027] Figs. 2a-e show cross-sectional views of an embodiment of a process 200 for forming
adevice or IC. Referring to Fig. 2a, a substrate 105 is provided. The substrate can comprise a
silicon substrate, such as a lightly doped p-type substrate. Other types of substrates, including
silicon germanium or silicon-on-insulator (SOI), are also useful.

[0028] As shown in Fig. 2a, a device region 110 is defined on the substrate. Although one
device region is shown, it is however understood that the substrate may include various types of
regions (not shown). For example, the substrate may include other device regions for other types
of devices. The IC may include logic regions in which logic devices are formed. Depending on
the type of IC formed, the logic regions, for example, may include regions for different voltage

devices. For example, the logic regions may include regions for high voltage (HV) devices,



medi um or internedi ate voltage (IV) devices and | ow vol tage (LV) devi ces.

Q her configurations of logic regions may al so be usefiii. Additionally,

ot her types of device regions may al so be provided. [0029] The devi ce region
is separated fromother regions by an isolation region 1 80. The isolation
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exanpl e, an STl region. Form ng other types of isolation regions, such as
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STl region. For anple, the substrate can be patterned using mask and etch
techni guesdobe fRbiMyad.t rench correspondi nghe Sri region. The mask ore for
exanpl e, may be referred to as the RX nask. After the trench is forrred it
is fil I

rechant C4° pol. ?éxgéevﬁé@ B P Ele o, SHEl o B by o RN i qeﬁf“e' oL

mat eri al pravi de a surf Q her rocesses ri aI s can
5o, bl 0% SirnRe e pevicarra tﬁwééoleﬂoq g eP BT Sg % ARG 40 0 be
enpl oyed. ' The depth of the SIT may be, for exanple, about 300 run The STI
may al 31 reeven. dicseingielpertypes nfomiatiandegionse suablas LOfdPS sheyo byseBd- f or ned
in the device region. The device well, in one enbodi nent, conprises dopants
whi ch Mariouspbogsses mlue.em]ﬁﬂwede@fdmﬂhe Sheregmpe dFonvekdmpleghe exdmimpte ean bay be
about 400 - 500 rim Providing a doped well having other depths may al so be
usef ul patldifedi@POOMAE dndreish tehrfiQiesesIfdem d thanchRbiregoadiRg aPthe STE rep@RANTIE W t h

t he deS| red dose and power into the substrate. 'The dopant type, dose and

pover Ry dERE gfé 5 emqglte%/ygye 8L reigYddts FE aleti@x fnparsﬂesiﬂei e taned ehdd, Tay

conprise second pol ari dopants for a |rst polarity type device. For

exanpk,.,a e be..f or t her
hand, gﬂlﬁg %ﬁ%‘eap cﬁglﬁé{gcﬁal\{\enalrlﬁga%% ?ﬂcl)con OX?d ype ‘(r’eacaltnsel%g? 1§a1 %nggfm t he
doped \élaerll Le pgf(;mrr}lleld t(l) g?rllo%re]texggg Elemtnchmaet)e(gﬁstg f)r(}v?(fe a ﬁgha(f?oﬁ selg{’ace b’ﬁler

processes or materials can also be used to form the STI. Other types of isolation regions may

also be employed. The depth of the STI may be, for example, about 300 nm. The STI may also
have other depths.

[0030] A device well (not shown) may be formed in the device region. The device well, in
one embodiment, comprises dopants which form a doped well. The depth of the doped well, for
example, may be about 400 — 500 nm. Providing a doped well having other depths may also be
useful. The doped well may be formed by implanting appropriate dopants with the desired dose
and power into the substrate. The dopant type, dose and power may depend on the type of
device to be formed. The doped well may comprise second polarity type dopants for a first
polarity type device. For example, a p-type doped well may be for a n-type transistor. On the
other hand, a n-type doped well may be for a p-type transistor.

[0031]  To form the doped well, a well implant mask which exposes the device region is
used. The implant mask, for example, comprises photoresist patterned by a lithographic mask.

Since the device isolation region can serve as an implant mask, this allows for increased



used. The inplant nmask, for exanple, conprises photoresist patterned by a
I'i thographic nmask. Since the device isolation region can serve as an

i npl ant ask, this allows for7. processing wi ndow for the patterning
process to formthe inplant mask. The inplant mask nay he renoved after the

deep well is her techni f.or annln h ep _device wel | may
o ob DEOESS MG i e T BropEe o (TBHE SRR HE. {16 T8RNSO r ng
a doped well Which extends to under_ the botton1of the STI . [0032]Referr|ng
to Fi gpemBoved alierdheifeaparallis éomgge Othardeqhsiques fasdoaring fhe degmdevieg well | n one
enbodi nent, the dielectric |ayer 120 may conprise a high-K dielectric

| ayer .m@y hlso be yeadsl. ofn direhlondy beperfirered & diffuay theldopaiss fosedg a dapédowell t ypes
of high-K dielectric materials nay be used. For exanple, the high-K

di el ecwhick ek@yéy tordyedte botkdm bagedsthi gh- K such as 11102, 1ifON, or
flf-Si O\, Al -based high-K or Zr-based high-K Oher types of high k

di el ecjopss) MaRekLALS tm»g 2 %cgamlaéaﬂc ﬁ@ei P07 b 8 b st 'n?ml,fyer

The dielectric layi. be about A thick. Formng the die ectrlc
| ayer ef. .t n S also be s f I e dielegtric la

be for é%l]%f)%l%%lt& {he dh elgcl%nf Paygrd%a r}{%conaﬁ; k qlgdlecré} cg%}r é‘l ﬁrg %r e d
usi ng qt her. de 0$|t|on cesses, such as mal ositiQ pro esse

[ 0033]‘? IHlegiEe TALREAS BAK8 phEHeal Varouat m%e% Q@E ggﬁgeﬁprwdpatela ybegsed.
dielectric stack having a plurality of dielectric layers. In sonlc _
enmbodi Fasreramplehtediigh- Iécstwlb@nc tayer manpe w@ﬁd%gla&w% an JIDayHPN, EfHerO,
configurations of the dielectric |layer may al so be useful. [0034] As shown

i n Fi gor 2BSiON,geltleased kighskodeZ1-bysed hibhoKi Otlicotyped of Tiph koditlectet ecitteriaie | ayer,
for exanple, may be a first gate electrode |ayer of a conposite gate

el ect ragealk@ye isddlto Foae Hehial didedttt udyla{ eTlQaadlele@th@‘}é}fe@Qﬁy'b@)é%lﬁ 10-m9PRe
enbodi nent, the first gate el ectrode’| ayer conprises a netal gate el ectrode

| ayer ;e phal o BE LRI Yy SN ik so S ITPAIS nOY R e %ﬁ'ﬁﬁ? ye

| ayer. 1n one e foodi men e ne ayer “conprises Ti er types

O O B0 LS 3, AR S BEALEL B o
ther eo(];epOISI'ggl!l ggolcgsgse;r ISII}lch as thermal deposition processes.
[0033] In yet other embodiments, the dielectric layer may comprise a dielectric stack having
a plurality of dielectric layers. In some embodiments, the dielectric layer may comprise a
capping layer. Other configurations of the dielectric layer may also be useful.
[0034] As shown in Fig. 2b, a gate electrode layer 160 is formed. The gate electrode layer,
for example, may be a first gate electrode layer of a composite gate electrode layer or stack
having multiple gate electrode layers. In one embodiment, the first gate electrode layer
comprises a metal gate electrode layer. The metal gate layer is formed, for example, over the
dielectric layer. In one embodiment, the metal gate layer comprises TiN. Other types of metal
gate electrode materials may also be useful. For example, the metal gate electrode may be TaN,
TiAIN, TaN/TiN, TaC, TaCN or a combination thereof, including TiN.

[0035] The metal gate layer is formed having a thickness Ty. The thickness Ty may be, for

example, about 300 - 800 A thick. In one embodiment, Ty is about 800 A. The thickness Ty is



[ 0035] The netal gate layer is foiflied having a thickness TrA. The

t hi ckness TM may be, for exanple, bout 300 - 800 A thick. In one
enbodinent. I'mis about 800 A. The thickness TMis the desired thickness
of the nmetal gate layer. Forming the netal gate |ayer with other .

t hi ckntheglesiredethickness o ghasetplgate eyer. Fermingghe wefahgde laygy WHB ofhsr Hiekngsses f or
exanpl e, PVD or uttering process. The netal gate |ayer may al so be forned
usi ng otahetsodeposfut.i Bire peatess byer hoYB&farmedby, fopexamplp POty pesiugering  sof t
mask | ayer 286 is formed on the first gate el ectrode | ayer. The photorcsi st
layer pfochal trae medal pited aydrinlgoil ahy formedksing othert depbsition proogsesembodi nent ,
the photoresist layer is patterned by the RX mask. In one enbodi nent, the

phot or qgjsg] mﬁﬁ'?i%%f’@ ﬂ&&&%?thcg%]gﬁ%s%yéPQ% Wb Gked oh tRE iRt 88te SBRIcb&S 1O

expose the edge portions of irst gate electrode while protectlng the

central port.ion. . For exanple RXrask. i i . t 9 r.
Prim nLayF eﬁﬁ)ﬁ‘r?ﬁosrﬁmﬁg |e%s poa”[ttﬁlgenlrg 8]sj?'nzallhﬁrlgorgl§ %ﬁh;cega%%@%g?ggog‘emg%ﬁbéﬁﬂﬁ@g’ri ous
met hods can be used to print_a_s | er sk. Faqr exanple,. printjng.smaller
Tay be eI I er I JBREPR LY ERUCK A POt g bR SRR | o
mai ntai ni ng optimal focus. In other enbodi ments, another reticle which is
smal | epattdegd hyhtde R masikwhish ipprigied spalter torexnogpihewdse portigpsafithe fifstg8f ut i on,
an anti flecti coating (ARC) can be provided beneath the photoresist. O her
t echni gieesodeonhipagroectingidetchetrad pottone Fos example, dhsRXopasksepumted APOB 30%s
shown in Fig. 2d, the first gate electrode is patterned using the soft
mask. LRaode pexbagiHEatk mdskBafihg StheOahleebiged hagslsd By agefils Waiols Aethpdet ched
using the soft mask. In one enbodi ment, the portions of the first gate

I R ; . ! : e
el ectr e 'to gﬁ@; agstnt?éﬁfg?gﬁm Ed1exsA ?fet ﬁgﬁﬁg‘ sthal1B ARG He AhiRRbbial |y

removed, Isre I ckness o rst gate el ectrode’| ayer at

the edge portions of di.e active reqi.on.TE while.the m o] t he
centr a%cb%lslp% F BPOSHE I8¢ o\}fée ﬁé)é?rgﬁ.g{w Fesrﬂ?ﬁ%,amtl%olfl r@!{ic 0‘%281’[ téfgﬁthgrct rode

| ayer at central portion_ of_ the actjve region has a thickness .. Which is
equal eBbadiBIsntsaanothe retigle Whishds Srnﬂ%yﬁ@@ t m@fs?n?y %%Irq%%eél- ;licﬁ’alﬁlp’f‘.’veFor
exanmpl e, 'Fe may be about 80 nmwhile TE may be about 24 - 32 am Providing
ot her {illiogkapbisiesoliitoom, TEanthteiEetirrgpating &B@yc@ebangwded beneath the photoresist.

=

Other techniques for patterning the photoresist may also be useful.

[0037] As shown in Fig. 2d, the first gate electrode is patterned using the soft mask. In one
embodiment, the first gate electrode layer is partially etched using the soft mask. In one
embodiment, the portions of the first gate electrode layer unprotected by the soft mask is thinned
or partially removed. This reduces the thickness of the first gate electrode layer at the edge
portions of the active region to Tg while the mask protects the central portion of the active
region. As such, the first gate electrode layer at central portion of the active region has a
thickness Tc, which is equal to about Ty. The thickness Tg may be about 60% - 70% less than
Tc. For example, Tc may be about 80 nm while Tg may be about 24 - 32 nm. Providing other
thicknesses for Tg and T¢ may also be useful.

[0038] In one embodiment, exposed portions of the first gate electrode layer may be

patterned by a wet etch chemistry. The wet etch chemistry, in one embodiment, comprises a
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1003811 n one enbodi ment, exposed portions of the first gate el ectrode |ayer
may be patterned by a wet etch chemstry. The wet etch chemstry, in one
enbodi ment, conprises a SC solution. The SCl1 solution, for exanpk, nmay
inc.lude NH401-1, WO, and water. Patterning the first gate el ectrode | ayer

wth r d. at ate rature of 40, " O her

et chi ﬁ%t g%ﬁth uﬂé" é(gir‘% {190 ffj e gm emfl}'t%ctudﬁﬁlg%e@%c%@@wgt ®r, such as
RI B, may al so be useful . [0039] Refe ng to Fig. 2e, the soft mask i s

r enpv eRhltenies &@fftrstr@sq@leﬁispde &veerish 8§ 15yay bfbper&teﬁé plea empsrafERef ehh A5

O her techniques for renoving the photorsist mask may al so be useful. The
subst r-a#@°CraQthze echmanednafuee forpenouingghe fisst got elenmsde 1lag@0siGh lan RIGeay
enbodi ment, a top gate electrode laver 170 is footled on the substrate. The
top elgsivoeefdlayer is forned, for exanple, over the first el ectrode |ayer.
In one enbodi nent, the top electrode |layer is fornmed directly over the

first Opb@at r ogerlANelo F ghfe ttfb%o%éfsk% Fe‘fﬁ&v@ﬁ'eThﬁMﬁ{ mabiPm@PBe i

inclu non- net a e électrode materia e top gate el ectro Iayer,
for ex 0 se o) aII| nat eri g ate el ectrode

| ayer f e R “ﬁ%lﬁtfp 48%%‘?6 Ut ARleFingthe et BpdChy EhEBt ot o
electrod erials may al sefi.d. For exa Ie the top gate

el ect rlea‘gl 1 Xéeﬁutt?tsﬁtﬁ@%@ eaélﬁgageﬁe%tpth %t?%tm . I'n one enbodi ment,
the top el ectrode |ayer may be anorphous silicon mhlch i s subsequently
anneal [864@]o f & qmq:@ng@lmﬁntomtopmée elogragiatieycell 8¢ isrfodecd erytbe substratsndhe

enbodi nent, conprises a. thickness which is greater than the first gate

el ect rtoﬂelebay@ar layétib €srniellj fok aesss, dver thiliesttebqetrgdd Ryel. datone dabodiyneat, st he
useful . For exanple, the top gate el ectrode may be about 300 - 800 A thick.

I n oneogeRebIERYer it REnlcaRiB@lEoRY ﬁfetﬂr@ld&edtr%ﬁﬂa}ieﬁ ? Q:le%troa-@ﬁgl&c’p
el ectrode layer may he lib/til'ed, for exanple, CVD. The top el ecfrode

by
| ayer iR¥e 8d1%n§ qh &ieslﬁ 0 989(51 lte QE&PO%etn'uR&'Ilﬁ r ?ﬁg %cﬁxh%te élQ&%LTJ}%

process conti nues rmt evi or exa processl ng can
|nclud atternin the I erstof te sta formng si dewal |
spacer ¢ ST Repaiedrh (e e tffge‘ieﬁmr o8 gat e and
nmetal silicide contacts rra be forned on the vari ous contact regi ons and
t he ' umbkadament, eqiaprifgs solypibiert oddier tyres pirtep 8a§ickigtragsmpterialsapay also be

useful. For example, the top gate electrode layer comprises a silicon alloy, such as SiGe. In one
embodiment, the top electrode layer may be amorphous silicon which is subsequently annealed
to form polysilicon. The top gate electrode layer, in one embodiment, comprises a thickness
which is greater than the first gate electrode layer. Other thicknesses for the top gate electrode
may also be useful. For example, the top gate electrode may be about 300 - 800 A thick. In one
embodiment, the top gate electrode layer is about 500 A. The top electrode layer may be
formed, for example, by CVD. The top electrode layer may also be formed using other
deposition processes.

[0041] The process continues to form the device. For example, further processing can
include patterning the gate layers to form a gate stack, forming sidewall spacers on gate
sidewalls, source/drain regions adjacent to the gate and metal silicide contacts may be formed on

the various contact regions and the surface of the gate electrode. The processing may further
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i nclude funning a PME) | ayer and contacts to the termnals f the cell as
well as one or nore interconnect |evels, final passivation, dicing,
assenbly and packagi ng. O her processes nmay al so be included. For exanple,
ot her conponents, such as |ow voltage, nedium voltage, and high voltage 110
devi cesicidn fireifiga BMD fayenand epnfagtsitd b temeinplaoé thﬁcmﬁ @e e a8 ond QUUOIEF gs.
3a-d show cross-sectional views of another enbodi nent of a process 300 for
f or m nigtd@cagnettdeveds, fingl pdseif stion, digirtgpadsembly3md paskdpaty ddtherdocesses prayvdlgbed.
The substrate is at the stage of processing as described in Fig. 2a, For
exanpl ge inkh@ed UPSt dx@inPld, SthiRF $ntdi dubh 89109 VolRize | H&lidhiveRadec GhdRigh80
surroundi ng a device region 110. A device well (not shown) nmaybe forned in

the de\%lg’?%f: g/%?jléwce% %Qn bépog'ﬂi;’ééﬁqéf{orttﬁﬁng%_l&b&rco%gectfo ¢ substrate is

processe orma ralse Ion gl or exanple, the raised

i sol at | egi.on includes a top. surface ich is.above the to ace of
e delal  ogiEn s-istop codscationyl ulipe! Botier sRuPABIERL S HasbEBs 306

degl azi ng_proces" faor exanple, conprises a FIF wet etch process. For
exanpl Prmifg adevigeorihs Referans toFigatad asubinte 105dnerpvided, dhpyenstirates at theayes
the isolation region above the surface of the substrate. The degl azi ng

pr ocesstagesofgnpéessing as descebiedcio Rig&ah Eoyértamyfie, ttheesubstoite is mepareshwitirae STI or
degl azing process is enployed to partially reduce the height of the

i sol at {sentibe eigieh 1 d0arvionadiag desvicetbghri Yot A éevacawely(rdbshosvr) henyttefosned ace
of the substrate or device region. The height of the isolation region above
the deyi 1 QB;anf exanpl e, maybe about 40-50 A Providing isolation
regi on}sﬂt\%ﬁidf':‘ﬁ 1(aé\gleonol'flk'?'er hei ght s above the device region may al so be

useful For e l. ' O 40- r.40 - 370
A abovl9PRE < RTRRTe s B P dh! AEREINHRIGHE Pl siitefln Boe T2
may be the thjckness of. the .mask, In such ease,. no degl gzin r.oce IS

per f or FEPlext "e’falspab%’gﬂt’é’f‘ regigr meludes afap Séﬂrféelﬁe Bglcgrﬁ)%é’g‘ég’ettggf‘%farﬁerog ed

i sol ation regions. 10044] As shown in Fig. 3c, a gate dielectricis forned on
the suBetietesion) The peocesiyoaly paspRIIsCIESlaZIBE PEAGCEE elagiig PERSHP: i¥e a

hi gh-K dielectric |ayer. Various types of high- K dielectric materials may
be useedxankie, coxmnipése HF veet bich IprdCesh. dloe example, afiee thermpask ieedHb-pattermdhéri gh- K
such as 1if02, HON. H -Si-02 or flf-Si ON, Al -based high-K or Zr-based

hi gh- Kirehdh i9 Rén®RROMisTeAVes tHelisolhti@ivelioliaBbwthe berfatelog theahbgarpritees Si ON
and Hf 0. I n another enbodinent, the high-K dielectric material. conprises

Si ON a 3 L ghs 1K i = hirgh s rials my
R S P P ST

enployed to.formthe high-K dielectric.|ayer.. For ex lLe.. | Lve.

mon- sepBset e Spbal il Fo B feigr sl 0 by BRI s i SR EH IR
non-sel ective thrnmation technjque is used, .in which the dielecirjc |layer is
subs eqIRFAIHS ﬁBQ‘tegﬁ‘?l@(ﬂ’ S&Ffacep%tjrth‘? HHhstrate fb fedcHEBIORg %Sﬂ?gﬁ‘i ‘?‘fjéﬁ‘? ’éPir?ﬂP? on. In
ot her enbodi nents, the dielectric layer may conprise a plurality of

di el ectaegian dhayeths deyict oegiom foil exlample; maybe ahot 40-50 A. Providing isolation regions

which have other heights above the device region may also be useful. For example, the isolation
region may be about 40 — 230 A or 40 — 370 A above the substrate surface. The maximum
height of the STI, for example, may be the thickness of the mask. In such case, no deglazing
process is performed. Other types of processes may also be employed to form raised isolation
regions.

[0044] As shown in Fig. 3¢, a gate dielectric layer 120 is formed on the substrate. In one

embodiment, the dielectric layer may comprise a high-K dielectric layer. Various types of high-
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[ 0045] The thickness of the dielectric layer s, for exanple,about: 10 25 A
Q her thicknesses for the dielectric |ayer nay al so be usetbl. [0046]1n yet
ot her enbodi nents, the dielectric |aver may include a capping | ayer.
Various types of dielectric materials may be used to formthe capping

| ayer. For exanple, the carving |ayer be, a.high-K materja i.e.

A - 0K diclpstyss hicgtlg mavdesedy oy ees{[npﬁnﬁéﬂnaﬁy@égs‘ﬂﬂa B mgY ha Hethits may
al so be used to formthe capping |ayer. The cap |ayer nma.y be enployed to
or ovi dugh-Kesuelo s HEeh, SHON, T R Qmen HoNON, odbrped gk o1 Gcbacedibish el 50 | s
formed on the substrate. The gate electrode layer is forned for exanple,
over tdaehogahentgthe hahtk idecldcaryemat?idl conpropeSi@iba] HEDL [n srntheyambodiment,r ode

| ayer conprises a netal gate electrode |ayer. The gate el ectrode |ayer, for

exanpltRe high)K BRI trdAhSteRhlOGMREEs $i@Neindf fROY WiReral RSO BH-K hadrialsThre gat e
el ectrode layer, in one enbodinent, is a first gate electrode | ayer of a

gat e .q{o%%gllﬁ)-ﬁem%eﬁglg may AN GIR %jfo%%e dib gtrifcil&?r. 9aliSu S 8ah {4 thaydxer

conpri ses types of netal gate electrode nmaterials fay also be

usehil, For .ex l e, .the tal .gate ectro be TaN, Tl AN, -TaN/.Ti N,
Tac, FRA e B B Al s e B B AP TP on Bl e By s
in one enbodinent, is forned by, for exanple. PIMor_ sputtering pr.ocess,
10048 TeFhnines ary daicmpiyed; hrorg papodimen. Beaeprseigetiyefpapation te BHith a
waded thi ckness. The first gate el ectrode conprises edge portions having a
t hi ckneed iTWhéghdhe dickastricllaygrds sutsequsatly nefteanadrindknesismns Temoviidedusidg@obor t i ons
extend fromthe edges of the active region along the width of the channel

t owar didelferme&ivint ah ofher embsdifienishihe didetéd lagérrmaleconTjrise w pditraliyfof div] etige
portion may be about 30% of the overall width of the gate el ectrode. For

exanphgrngﬂgmgggqﬁ@g&ﬁgggdgay be about 240 A wide for a gate el ectrode
width of 800 AL O her widths for the edge portions nay al so be useful. The

ke | TyE0f IR 15, SRR RERC ci Ccve

CHaTDL A TR, R0 200, B0 AMILLC L may be about 60, 10% 5.
[0046] In yet other embodiments, the dielectric layer may include a capping layer. Various
types of dielectric materials may be used to form the capping layer. For example, the capping
layer may be, a high-K material (i.e. Al,-O3, La,Os or etc), SiO; or SiON. Other types of
capping materials may also be used to form the capping layer. The cap layer may be employed
to provide the desired gate workfunction.
[0047] A gate electrode layer 160 is formed on the substrate. The gate electrode layer is
formed, for example, over the gate dielectric layer 120. In one embodiment, the gate electrode
layer comprises a metal gate electrode layer. The gate electrode layer, for example, may be a
gate electrode layer of a gate electrode stack. The gate electrode layer, in one embodiment, is a
first gate electrode layer of a gate electrode stack. In one embodiment, the first gate electrode

layer comprises TiN. Other types of metal gate electrode materials may also be useful. For

example, the metal gate electrode may be TaN, TiAIN, TaN/TiN, TaC, TaCN or a combination
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100491The rai sed isolation region creates a shadowi ng effect for the PVD
deposition process which thins the first gate el ectrode |ayer in the edge
portions. The greater the height of or step forned by the isolation region,
the nmore the thinning effect. The height or the raised isolation region
shoul dtheego§andleding Tild phometeé gatedaygasi paelembodimgninisdormest by, e cxagele,
portions. 100501Referring to Fig. 3d, a |layer of top electrode layer 170 is
f or medP¥Darr spineeringisdcesd.ect rode | ayer. The top el ectrode | ayer is formed,
for exanple, over the netal gate layer. In one enbodinent, the top

el ect r{was] ay ¢k ohd ethBsdTREn G tHeSfrbd gatOMedtrddBeaylet [sStbrvdd®@ith dgde@itkneddle t op
gate el ectrode layer, in one enbodi nent, include non-netal gate el ectrode.

The t ' - :  j t
e e S e A LT
t te.el ectrod terial I - ful. l. he t t
el oot 1 SPuITER T Gleea® apmondriid Bym iSidbescl & el ATRS: sl EieT e
The  HEhESGeSRTRLI DGR BAE e Srioad Heighs SofigRicc L BRpIEh of & st 300 -

800 A. In one enbodi nent, the thickness of the top gate el ectrode | ayer,
f or exgorpbemay beabouit30800f the Puerail madthioé theggatetledtoded ot expmplapiheredget her

t hi cknesses nmay al so he useful. The top el ectrode | ayer may be fornmed by,
f or exgutfibemag bEWBOW248 fsidet fer i pate Rlcottedswidinef $09pA e Dot madias fayies edpgry
al so be formed using other deposition processes. [00511The process

cont i NyBEoALMhPhkObé N el VithefhickiRssed QMR T atd/ditlRRNt. PMQHR SMbDEintedf T 1! ude
patterning the gate layers to forma gate stack, form ng sidewall spacers

on gat gnﬁ(@’l%’ . Idr al ] - ad] h I
silici %g%g i3 ac ‘Zg 13%%&' E)hcedg Ictflna%{t egegg!rﬂﬁg%%&é o%gg{ck{lééaitr ’ﬁfg gg%agjpﬁﬂgngﬁéface of
the gate e trode, .The processin furth i.ncl ude f.ormn PMVD |.ayer
and cotteabt & SRR anilsrmaY & Group Al dels et Hhevifia HGn ditengs Br 1r and
i nterconnect | evels, final passivation, dicing, assenbly and. packagi ng.
Ot her Pe 8@¥§b€é§’er‘ﬂﬁ‘§ﬂlbl so be included. For exanple, other conponents, such.
as | ow voltage, nediumvoltage, and high voltage 110 devi ces can he founed
prior [0949ki t Hihiemgsddhieolatvrercgmnvectdscrrbaddvaos 2ffeetdor the ENOWdepasiSBivipafcesm
enbodi ment of a portion of a device 400. As shown, a

which thins the first gate electrode layer in the edge portions. The greater the height of or step

formed by the isolation region, the more the thinning effect. The height or the raised isolation

region should be selected to produce the desired Tg and width of the edge portions.

[0050] Referring to Fig. 3d, a layer of top electrode layer 170 is formed over the first

electrode layer. The top electrode layer is formed, for example, over the metal gate layer. In one

embodiment, the top electrode layer is formed directly over the first electrode layer. The top

gate electrode layer, in one embodiment, includes a non-metal gate electrode. The top gate

electrode layer comprises a polycrystalline. The top gate electrode layer, in one embodiment,

comprises a polysilicon. Other types of top gate electrode materials may also be useful. For

example, the top gate electrode layer comprises a silicon alloy, such as SiGe. The top electrode

layer may also be an amorphous layer which is subsequently recrystallized. The thickness of the

top gate electrode layer, for example, is about 300 - 800 A. In one embodiment, the thickness of
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device region is provided in a substrate 105. The device region is
surrounded by an isolation region 180. As shown, a. top surface of the

i solation region is disposed above a top surface of the device region. A
metal gate |ayer is disposed on. a surface of the substrate, covering t he

i sol at | on an evi i.ons. The .net al eda | ude ortlons
169 nalbP iy B HEURHE SO Siprele: € Er Rt 607 A TR e b eSS enira
portion 162. The difference in TE and Te is facilitated by the rai

i sol at9ther thisknessessnet dembr wigftlhEheiopiekestipdyleyss may bolorgad éyaef%@%a al ayer
170 is disposed over the netal gate |layer. [0053i W have di scovered that
provi dCWY @ amputiéringairecass.ddtertopl elebtayderlayramayqlw bedfoimagd esingwtbkriepssitietiuces
VT roll up. For exanple, a netal gate el ectrode |ayer in which the edge
porti ofscék&. t hi nner than the central portion along the width of the
channel reduces VT roll up. 100544The invention may be enbodi ed in other

speci fE[OQSi Jor Mg ‘é‘pif&@éétcoqﬁf?@ésttb Rénd eMetiBE BRI xhitpR! BEREMob&king can
characteri'stics thereof. The foregoing enbodlnenF therefore, "are to be

conS|der espects ill ratiy i nvention
dcsi zi 1[518 gﬁ@&ée%ﬁmg o%?e la?'erts e Folsr%lve%aft? gtﬁ&?tﬁt}ﬁﬁrfég%r}ﬁh!:%aé%{ggnﬁﬁe appended
cl ai ns, er th y t.he fore oi ng descr n nd all cha at come
Wi t hi nSlfl ST rélﬁd%l%’i‘?gaéb%ﬁ iqufie gite ﬂ'&‘iﬂgﬁt@?%%‘%ﬁ CORIAES F¥ %g E‘BYE}? éd to
be enbraced therein. Wiat is clained is: CLAIMS 1. A nethod ofthonlng a
seni cothdvetions aetrceisgivanprd diesgeface of the gate electrode. The processing may fu

include forming a PMD layer and contacts to the terminals of the cell as well as one or more
interconnect levels, final passivation, dicing, assembly and packaging. Other processes may also
be included. For example, other components, such as low voltage, medium voltage, and high
voltage I/O devices can be formed prior to forming the interconnections.

[0052] Fig. 4 shows a SEM of an embodiment of a portion of a device 400. As shown, a
device region is provided in a substrate 105. The device region is surrounded by an isolation
region 180. As shown, a top surface of the isolation region is disposed above a top surface of the
device region. A metal gate layer is disposed on a surface of the substrate, covering the isolation
and device regions. The metal gate layer includes edge portions 164 having a thickness Tg
which is less than a thickness T¢ at the central portion 162. The difference in Tg and Tc is
facilitated by the raised isolation region surrounding the device region. A top gate electrode
layer 170 is disposed over the metal gate layer.

[0053] We have discovered that providing a metal gate electrode layer having a variable
thickness reduces Vt roll up. For example, a metal gate electrode layer in which the edge
portions are thinner than the central portion along the width of the channel reduces Vr roll up.
[0054] The invention may be embodied in other specific forms without departing from the

spirit or essential characteristics thereof. The foregoing embodiments, therefore, are to be
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providing a substrate prepared with a device region urrounded by an

i solation region, the device region includes edge portions along a width
direction of the device region and a central portion between the edge
portions; formng a gate el ectrode layer in the device region,

wher ei constleregan ell etspedts dbbstrataeantheotinpn lisgtngthg irvdatdort ddscitbrddwrdim Hedpeh a
t hi ckness TE at edge portions of the device region is different from a.

t hi ckngsiBe Tvent@dn isHieusdaditatad b tHetdppendell cldives, dethectan Bgiherforegding The met hod
of claiml|l wherein formng c gate electrode with the gradedtics conpri ses:

pr ot eC&ésg;g%ﬁdh? afER B BORLY @Abitkil ehORksifs ﬁﬁtﬁﬂdg@om&hﬁa&n@@ﬁqhwﬁi ch
| eaves e portions OF the gate el ectrode exposed; and thinning edge
portions. ol die te el ect e e thickness TE. The nmethod of clainerein
the ma WDFEH?8?%%%8g§t%??ﬁ¥g%ﬁ&gﬁéhactive area mask smaller. 4. The nethod
of daim| wherein form nggate electrode wth the graded thickness conprises

providing the isolation region with a top surface above a top surface of
the substrate to forma raised isolation region.
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5. The method of claim4 wherein the gate electrode |layer is formed by PVD.
The nmethod of claim4 wherein the top surface of the isolation region is
sufficiently above the top surface of the substrate to formthe gate
el ectrode | ayer with the gilded thickness. The nethod of claim4
wher ei‘&ghe t grﬂs(#u! ace of the isolation region is about 40 -- SO A hi gher
than t a'ilccsﬁa ¥$Sce of the substrate. 8. The nethod of claim 1l wherein TE
IS less than T. 9. The nmethod of claim8 wherein TE is equal to about 30 -
40% of TC, 10. The nethod of claim8 wherein Tr is sufficiently |ess than
Tc to reduce V1 roll up. 11. The nmethod of claim8 wherein an edge portion
i s about 30% of an overall wi dth of CLAdM&evi ce regi on. 17.The e hod of
claim8 wherein the graded thickness is a gradual change in thickness from
Tc 1. A method of forming a semiconductor device comprising:
providing a substrate prepared with a device region surrounded by an isolation region, the
device region includes edge portions along a width direction of the device region and a central
portion between the edge portions;
forming a gate electrode layer in the device region, wherein the gate electrode layer
comprises a graded thickness in which a thickness T at edge portions of the device region is

different from a thickness T at the central portion of the device region.

2. The method of claim 1 wherein forming the gate electrode with the graded thickness
comprises:

protecting the central portion of the gate electrode with a mask which leaves edge
portions of the gate electrode exposed; and

thinning edge portions of the gate electrode to the thickness TE.

3. The method of claim 2 wherein the mask is formed by printing the active area mask
smaller.
4, The method of claim 1 wherein forming the gate electrode with the graded thickness

comprises providing the isolation region with a top surface above a top surface of the substrate to

form a raised isolation region.

5. The method of claim 4 wherein the gate electrode layer is formed by PVD.
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13. The method oonprises formng a top gate el ectrode | ayer over the gate

el ectrode layer. 14. A device conprising: a substrate with a device
regi on surrounded by an isolation region, the device region includes edge
portions along a width of the device region and a central portion; a

gate | ayer disposed on the substrate over the device region, the gate |ayer
includes a graded thickness in which the gate |ayer at edge portions of the
devi ceg r egi it fadhod of HukknedRrdildie tbp switdct ef drtisdlatom ragibhiscdufiégentlfc at t he
central portion of the device region. 15. The device of claim 14 wherein

the 1 Sk Bk F ShiPReCOR! b @Farditd Birfi Bk £AOLBLIGR 14,26 o thd BRdecihiRtless.
isolation region has a top surface above a top surface of the substrate.

16. The Qevice of claim 14 wherein TEis less than T. The device of claim
16 wherein | is equal to about 30 -- 40%of Tc. 18. The device of claim16

wherein TE is sufficiently | .
7. The method of claltm whetein hréatgp -srl(larfach of ‘f:h%ulgo?at}gr-l rreéllloll isdbout 40 — 50 A

higher than the top surface of the substrate.

8. The method of claim 1 wherein Tg is less than Tc.

9, The method of claim 8 wherein Tk is equal to about 30 — 40% of TC.

10.  The method of claim 8 wherein Tk is sufficiently less than Tc to reduce Vr roll up.

11.  The method of claim 8 wherein an edge portion is about 30% of an overall width of the

device region.

12.  The method of claim 8 wherein the graded thickness is a gradual change in thickness

from Tc¢ to TE.

13.  The method of claim 1 comprises forming a top gate electrode layer over the gate

electrode layer.

14. A device comprising:
a substrate with a device region surrounded by an isolation region, the device region

includes edge portions along a width of the device region and a central portion;
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19. The device of claim 16 wherein an edge portion is about 30% of an
overall width of the devite region. 20. The device of claim 16 wherein the
graded thickness is a gradual change in thickness fromTcto T. 21. The
device of claim 14 conprises a top gate el ectrode |ayer over the gate

| ectrode | 22. The devi f claim14. i i gh- K di el i
Cayer | bel ot PRE1YAT BRELoh Bt paiAts SV (R i B e g o S mElilett ot o

devi region in the substrate; an isaolation region surroundi ng the device
r egi ongragrethiskpesspe whishi the g#e favsnategapprieas obthe dayec 1581 ep a phiskacsnte t he
isolation region; a central portion distal the isolation region; and

that is different from a thickness T¢ at the central portion of the device region.

15.  The device of claim 14 wherein the isolated region comprises a raised isolation region,

the raised isolation region has a top surface above a top surface of the substrate.

16. The device of claim 14 wherein Tg is less than Tc.

17. The device of claim 16 wherein T is equal to about 30 — 40% of T¢.

18. The device of claim 16 wherein T is sufficiently less than T¢ to reduce Vr roll up.

19.  The device of claim 16 wherein an edge portion is about 30% of an overall width of the

device region.

20.  The device of claim 16 wherein the graded thickness is a gradual change in thickness

from T¢ to Tg.
21.  The device of claim 14 comprises a top gate electrode layer over the gate electrode layer.

22. The device of claim 14 comprises a high-K dielectric layer below the gate electrode

layer.

23. A device comprising:
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a gate el ectrode |layer on the device region, wherein a thickness 'I'E of
the gate electrode | ayer at the edge portion is different froma
t hi cknessof the gate el ectrode |layer at the central portion.

a substrate;
a device region in the substrate;
an isolation region surrounding the device region, wherein the device region comprises:
an edge portion proximate the isolation region;
a central portion distal the isolation region; and
a gate electrode layer on the device region, wherein a thickness Tg of the gate electrode
layer at the edge portion is different from a thickness T¢ of the gate electrode layer at the central

portion.
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