A Tensile Strained NMOS Transistor Using Goup I11-N Source/Drain
Regi ons FI ELD OF THE | NVENTI ON [ 0001] The invention relates to the

field of tpransi with strain and conpression on cha I ONns.
PRI OR ART kﬁﬁ%@t’%”% ART [0002]1t is recognized that iﬁﬁf)&?@ﬁ%&ws
performance in PMOS transistors is obtai ned when a uni axi al
conpressive strain is inparted directly to the channel of the
transistors from for instance, enbedded silicon germani um (Si Ge)

source/drain regions. Simlarly, it is known that increased
performance is obtained in an NMOS transi stor when uniaxial tensile

strain is PhRpGE fRainkd Wfansisfb@@ﬁﬁgﬁ Giofip Ihm%o?lffbggkﬁnﬁéggdg% di S

obtained froma silicon nitride capping FTayer, as w I'SC

in conjunction with Figure 1. Additionally, see "Sacrificial Capping
Layer for Transistor Performance Enhancenent,” US Serial No.

11/ 174, 23Gyygkiy) o PHESINCENGROR; BR/ EF DESCRI PTI ON OF THE DRAW NGS
[0O003]Figure 1 is a cross-sectional, elevation view of a substrate
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fabricated in'the prior art. gure I'S a cross-sectional,

el evation c\gh.@,ysésgifonq,n%ﬁg_ﬁ{eq gég?mghovw ng one enbodi ment of placing
strain on a channel region an n channel .
PRIOR ART AND RELATED ART
[0002] It 1s recognized that improved performance in PMOS transistors is
obtained when a uniaxial compressive strain is imparted directly to the channel of
the transistors from, for instance, embedded silicon germanium (SiGe) source/drain
regions. Similarly, it is known that increased performance is obtained in an NMOS
transistor when uniaxial tensile stcain is placed on its channel. In some cases this
tensile strain is obtained from a silicon nitride capping layer, as will be discussed in
conjunction with Figure 1. Additionally, see “Sacrificial Capping Layer for
Transistor Performance Enhancement,” US Serial No. 11/174,230, filed June 30,

200s.

| BRIEF DESCRIPTION OF THE DRAWINGS
[0003] Figure 1 is a cross-sectional, elevation view of a substrate showing a
p channel and n channel field-effect transistor (FET) as fabricated in the prior art.
-{0004] Figure 2 is a cross-sectional, elevation view of a substrate showing

one embodiment of placing strain on a channel region of an n channel.



WO 2007/ 078892PCT/ US2006/ 048078 [ 0005] Figure 3 is a cross-sectional,
el evation view of a substrate show ng anot her enbodi nent for placing
tensile strain on the channel region of an n channel. [OOOG%IHFi ure
is a crossYOANPTYREE, el evation view of a substrate il RSVPRPHEYRe
enbodi ment for placing tensile strain on an n channel transistor in
conjunction wth the fabrication of a p channel transistor.
[0007] Figure 5 is a cross-sectional, elevation view of a substrate
showi ng anot her enbodi nent for placing tensile strain on an n channel
transi stor when fabricated in conjunction with a p channel
transi storg TAl LEQ.. P i and
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[ 0009] Ref eﬁtﬂ%e%?%‘%athgilgpgﬁgﬁ%ﬁ%g%%ﬁs?&if Figure 1, a p channel

transi st Or@_ﬁ'fﬁﬂg i ARNEL Al AL SR ilt%g%ﬁquy\%gkﬁ?‘gﬁ g%%\%ja%ashg\gﬁl%n a

substrate afsistors are separa renc
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fromthe gate n one enbodi nent, the gate
oxi des 16 and 22 are hafnium di oxi de (11f02) or zirconium di oxi de
(Zr02). The gates 17 and 23 nay be netal

DETAILED DESCRIPTION

[0008)] An n channel transistor and method of fabricating the transistor
where tensile strain is placed on the silicon channel is described. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent to one skilled in the art,
that the present invention may be practiced without these specific details. In other
instances, weil-known structures and fabrication processes are not described in
detail in order not to unnecessarily obscure the present invention.

[0009] Referring first to the prior art of Figure 1, a p channel transistor 10
and n channel transistor 11 are shown fabricated on a substrate 12. The transistors
are separated by a shallow trench isolation region 14. The transistor 10 has a
channel region 15 insulgted from the gate 17 by, for instance, a high k oxide 16.
Similarly, the channel region 20 of the transistor 11 is separated from the gate 23 by
the high k oxide 22. In one embodiment, the gate oxides 16 and 22 are hafnium

dioxide (HfO;) or zirconium dioxide (ZrO2). The gates 17 and 23 may be metal
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gates with work functions targeted such that a higher work function
is used for the enhancenent node transistor 11, and a | ower work
function for the depletion node transistor 10. In another enbodi nent,
a silicon YOXPUYSYAte insulator is used with the gat esPFHBYAAHEYS
frompolysilicon. [0010]As nmentioned earlier, it is known that having
the channel 15 of the transistor 10 in conpression provides a better
performng transistor. To this end, the substrate is etched at
regions 24 and 25, and SiGe is epitaxially grown. The lattice

m smat ch between Si Ge and Si causes the resultant source and drain

regions t I, A : j i t he
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channel reglon Figure 1, the source and drain regions
are doped ty, : i he
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strain to t anne t hr oug e source and draln regions o

transistoqh%EMBJﬂhﬁCQL@ 8ﬁﬁ£§%hﬁmﬁtrain cappi ng layer, as shown in

Figure 1, alSo covers annel transistor and degrades its hole

mobil ity SRERINAl. DAY mBfodRXRALE % s RablIR 0B BLAL nleRBAERPES biihe
per f ormance obt ai ned by placing the enhancenent e transistors in
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i N cont acts,BLipde is didhid 2ERPohS 24 And25 Snd <ide ivehBkidRY slodmn! G842 8ariBe t he
parasitic series resistance of the transistors, particularly the n
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fromthis scaling since the enbedded Si Ge source/drain regions and
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regi ons, provide |ower series resistance.
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conprising a Goup Il elenment and nitride such as galliumnitride
(GaN) and pgrgh.umnitride (InN) is used in the source and drain
regions to provide tensile strain on the channel for the n channel

; ; ansi st orggo1fihe G OrgPpRYide e @Rleitalrfliob B P@AhER HdhaiBr IEGIRES Such
tensile silicon nitride capping layer 30 is used to impart uniaxial tensile strain to the
channel 20 through the source and drain regions of transistor 11. This high tensile
strain capping layer, as shown in Figure 1, also covers the p channel transistor and
degrades its hole mobility somewhat, but not compared to the overall increase in
performance obtained by placing the enhancement mode transistors in tensile stress.
[0012] As transistor densities continue to increase and gate pitch continues
to decrease, there of course, is a reduction in contact area. This results in a |
relatively larger increase in the parasitic series resistance of the transistors,
particularly the n channel transistors. The p channel transistors do not suffer as
much from this scaling since the embedded SiGe source/drain regions and the lower

barrier height associated with the silicide formed on these regions, provide lower

series resistance.



shown in Figure 2, or enbedded source/drain regions as shown in
Figure 3. The larger lattice Msmatch between the C?oupconpound and
silicon results in a highly tensile strainin the Goup_ |lI-N

ilm
whi ch resuMO 8% gh tensile strain in the silicon cﬁ%ﬂﬂ@ooﬁmm‘m

t hereby enhancing el ectron nobility. [0014] A benefit of using the
Goup Il11-N conpound is the high electron nobility and high carrier
concentration arising from pol ari zati on i nduced dopi ng. For instance,
inInNfilm with n > 3,000 en2V-111, Rshect =27 ohni sq has been
experinental |y denonstrated. Low resistance ohm c contacts have al so

been dermn@r i8f ed dug hescflt;sa V5V, e iR fcBA nsah gtdre%ﬁga%@&uon

resul ting om Ferm level pinning. This 1s particular enefi ci al

for gate Ig ueh ds gﬂg&g%&@e(@mj mqndlaﬁhﬁlgﬁ%%m% ﬁ&ar}i% ource

i ncreases. [0015]1In I rent’s descr IN1s described

as the G oyp drgiln r%%lr ek r Hﬂde RAsilERMEPNE fhe RALRI f&;ﬁ?&?kﬁéﬂﬁds uch as

@GN may be use the 1nN nay be epitaxially grown on a step

gr aded buf&g;SISI[&geq‘hgaré G PEgi RN Phd ﬁﬁb&kﬁ&c&{iﬁ%gﬂnﬁueh as

[0016] Figure 2 illustrates one enbodiment W th an n
transi st or rdl3RASHLNER, G HRBELYDuRle)dritg régibést ds3h6&wh th Fighe 3. Mile

regions 61 are grown in an ordi nary epitaxial process and doped wth

an ri typeafepaiticethath b%fv&?cﬁ'tﬁe @fouphasR E%gb'lﬁxd am%ﬂfigﬂ Gt RYa
occur durlng the grom h of the regionsS or subSequently through, for

exanpl e, F,]ll'y%s’i‘l@tsﬁ'ﬁlh% thel G}oﬁb ANErin WREch 1BEIIR 7P a BikhALRile AR @S €d
on the subs ate, that is, they are not recessed but rather are

rai sed sou(!he@ﬂﬁeﬂcﬂaﬁhﬂm&&y%ﬁmmgacmtm&mwr egions 61 in Figure 2
and like regions in t he ot her figures are spaced apart fromthe oxide

62 and gatmo®4 Thi smﬂehe&tdf%ﬁgﬂ&ef@rdﬁ?@nqﬁ cSthpsRl it 1RRAGEEI&ctron
typically used after the formatron of the extension, or tip, source

and drai n 5egiienand RBE cRebPédctdiatba bighi %rr%olﬁﬁ@txﬂﬁhﬂu&é&ﬂdﬁhg’md
drain regions.
For instance, in InN films with p > 3,000 cm®V's”!, Ry, = 27 ohm/sq has been
experimentally demonstrated. Low resistau;ce ohmic contacts have also been
demonstrated due {o the very high surface electron accurnulation resulting from
Fermi level pinning. This is particularly beneficial for gate length and gate pitch
scaling, as transistor density increases.
[0015] In the embodiments described below, InN is described as the Group
II-N compound. As mentioned, other compounds such as GaN may be used.
Moreover, the InN may be epitaxially grown on a step graded buffer layer of InGaN
or GaN epitaxialiy grown on 8i.
[0016) Figure 2 illustrates one embodiment with an n channel transistor
disposed on a monocrystalline substrate 60. The InN regions 61 are grown in an
ordinary epitaxial process and doped with an i1 type dopant such as arsenic or

phosphorous. The doping may occur during the growth of the regions or

subsequently through, for example, ion implantation. In Figure 2 the regions 61 are



[ 0017] Fi gure 3 shows anot her enbodi nent, where prior to the formation
of the source and drain regions, selective etching of the substrate
70 occurs to allow subsequent growth of embedded regions 71. This
enbeddi ng WO R4Y88%¢ shown in Figure 1 for the SiGe regr%gszowsms
enbedded source and drain region 71 disposed in the substrate 70 of
Figure 3 are again spaced apart fromthe oxide 72 and gate 73.
[0018)In both Figures 2 and 3, because of the lattice m smatch
between the silicon and the InN, the InN regions are in tension which
produces corresponding tension in the channel regions of the n
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gates and spacers are e transistors, “selective etc |ng
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source and draln regrons |cate nentioned earlier,
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one of the p annel and n channel transistor regions are covered

while the ﬁgﬂre%k 816 YELEMsI Nk R ribEMQANSuRE Gnd H&‘ﬁ{‘regiontﬂedxﬁnro@@cf
regi ons. 1] For instance, referring to Figure 4 after the

formation lﬁfthé HfdsrRE TO Figure 3 are again spaced apart from the oxide 72 and gate 73.

[0018] In both Figures 2 and 3, because of the lattice mismatch between the
silicon and the InN, the InN regions are in tension which produces corresponding
tension in the channel regions of the n channel transistors.

[0619] In all the figures, it will be appreciated that with a replacement gate
process, a dummy gate and an insulator other than a high k insulator may be present
when the source/drain regions are grown. The dummy gate is replaced with a metal
gate after the source/drain regions are grown for this process.

[0020] In Figure 4, one embodiment is shown for integrating the Group III-N
source/drain regions into an integrated circuit having depletion mode transistors
with compressive strained channels. A substrate 80, separated into two regions by a
shallow trench isolation region 81, is illustrated. One region includes a p channel
transistor 82, and the other, an n channel transistor 83. In a typical process after the
gates and spacers are formed for the transistors, selective etching occurs to etch the

silicon substrate to provide recesses for all the source and drain regions as indicated



84, the n channel transistor regions are covered with a photoresist.
Then, the SiGe 85 is grown and doped with a p type dopant. Foll ow ng
this, the channel transistors are covered allow ng the |nN re@i ons
86 to be ePlARYYUPEY grown and doped to provide the recBSHUSHIEEENnd
drain regions for the enhancenment node transistors, as shown in
Figure 4. [0022] Note in Figure 4 the gates are shown as p+ or n+.
This is used to indicate that where polysilicon gates are used, the
gates are doped, for exanple, when the source and drain regions are
doped. Wiere netal gates are used, the p+ and n+ is used to indicate
the target gleNORK fAREh P! tehGrel Bl ifls RRRLOMe i0F ol bR AhmAY
enhancementgm)de or er e%lr%%{ rm%gtetranssip?tor.B{c(fgé%]s'l{—[ﬁ%ﬁlrghg%

i |1 ustrat eg,anofhgr IQE‘[M MelEn LGNSO F& LM 88].0NS
are integrg%edofntboa thg%% %ian3|stors. Feae “%%gﬁﬂﬁﬁkg?éggkéne
required fgy aafadi : % LBULEordwiE e &R L0 the

enbodi nent Sfabﬁ‘?’é’ufgéea g{l{p{é@%ﬁ ‘i"—%{rlgt, %rlré]e regieons ?%ég?ﬁe n channel
transi stor g3y be CRYEs; & & 4 o IE A8V,
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i ndicated by regions 91. This oWws a s equ the Si Ge

at these rggig éwﬁ%dﬁ@ﬁﬁéﬁ%lagag&ﬁc aﬁts)%ﬁswmgqh&mwaht'e@ns. As

indicated in Figure 5 npressive "stralin-on e silicon

channel s ofratf8odGRl SiveRid JiR45nd the Rk Aok 86 6k epitaxially grown and
2007/ 078892PCT/ US20061048078 [ 0025] Fol I'owm ng this, InN7i's sef“éctl vel y

grown on alhpddls pRRMLEBe JL s ARk 48 AN fegiol Fbr the enfidnediei M ot h
on the SiGe and on the Si, adjacent the gates of the ri channel

transi st or gansttors AWRoHA in Hgsh st ors 92 and 93 of Figure 5. This
results in tensile strain on the silicon channel of the n channel

transi storgokpp | NN S@td MEFiShed HOLReIR8 ki Lo ®Ri THid ¥ dsed RO M

extent in transistor 92, but not significantly
indicate that where polysilicon gates are used, the gates are doped, for example,

when the source and drain regions are doped. Where metal gates are used, the p+
and n+ is used to indicate the targeted work function for the metal appropriate for
either an enhancement mode or depletion mode mransistor.

[0023] Figure 5 illustrates another embodiment where the InN source and
drain regions are integrated into all the CMOS transistors. Fewer masking steps are
required for the embodiment of Figure 5 when compared to the embodiment of
Figure 4.

[0024] First, the regions for the n channel transistors may be covered after
the gates {or dummy gates) are formmed. Then, the substrate 90 is etched at the
proposed locations of the source and drain regions for the p channe] transistors as
indicated by regions 91. This allows a subsequent growth of the SiGe at these
regions for recessed p+ SiGe source and drain regions. As indicated in Figure 5, this

places compressive strain on the silicon channels of the depletion mode transistors.



enough to overcone the benefit of the Si Ge regions. [00261Q her
conmbi nations of recessed and raised source and drain regions are

possi bl e. For exanple, InN regions my be recessed while the Si Ge
regi ons ar ¥4R80748¥8ssed. I n another embodi ment, the | nREVERRIBUYSYEN

be recessed and the SiGe grown for raised source and drain regions
for the p channel transistors, and simultaneously grown on the
enbedded | aN source and drain regions of the n channel transistors.
[ 0027] Thus, n channel transistors have been descri bed where tensile
strained channels are forned using a Goup I11-N conmpound. The

resul tant gguEce a.”dFtﬁfq%@riﬂg BRYIENSs g@aeﬁbaﬂ ggclvaﬁgn 2 Ho86628 Gfld 4 @R

formed in ctonjunction wth conpressive so e and drain regions for p

channel trl%gﬁyin§.t’?ﬁ§tis, 1&@m§om%nrﬁé§5@éag%nfﬂ§@§is hidAgaR bafs GRARNE!

transi stor conprising: ormng Goup 111-N redi ons adj acent a

channel -1 egliino WALl LESh S PHR tahdisbly/BURARS R EnkeSCTAR LN t &

silicon substrate or are raised froma silicon su rate; a opl ng

L7 P R\ o AR el HESOEn oS8T
does degrade hole mobility to some extent in transistor 92, but not significantly
enough to overcome the benefit of the SiGe regions.

[0D26] Other combinations of recessed and raised source and drain regions
are possible. For example, InN regions may be recessed while the SiGe regions are
not recessed. In another embodiment, the InN regions can be recessed and the SiGe
grown for raised source and drain regions for the p channel transistors, and
simultaneocusly grown on the embedded InN source and drain regions of the n
channel transistors.

[0027] Thus, n channel transistors have been described where tensile
strained channels are formed using a Group II-N compound. The resultant source

and drain regions may be raised or recessed, and formed in conjunction with

compressive source and drain regions for p channel transistors.



3. The method of claim1, further conprising form ng a p channel
transistor with the fabrication of the n channel transistor. 4.
The nmethod of claim3, including formng Si Ge regions adjacent a
channel region of the p channel transistor. 5. The met hod of
claim4, including recessing the SiGe regions inta a silicon
Ssubstrate. 6. The nethod of claim4, wherein the SiGe are
raised froma silicon substrate. 7. The nmethod of claim?2

i ncluding growing the 1nN regions on a step graded buffer region of
GaN fornqﬂ on a silicon substrate. 8. A nethod for fabricating
an n- chanf&t=t r ansi st or conpri si ng: formng tensilely stressed
regions of a Goup I'll-N materi al adjacent a channel region, wherein
the Goup I1l1- N nmat.er.i cesse silicon substrate, is

rai sed from a 'sPMESH fabfﬂélﬁﬁﬁl’%a’b'? °ia§"%ﬁf8%ﬁ‘%ﬁ°‘a%%‘ﬁ$ regi on; and

dopi ng the G doinild Gh*ohb maregxahs a/ﬂﬁcbntal’thﬂnbb/tﬁﬁoﬂaﬂamin the Group I8N Tddfons
met hod of claimg@8 q n.the Gou terlgJ conprises |nN.
10. The st wa%fse&r"“&aé Pﬁ%s“bis%%?F BT ‘SFQBPP‘ i R SYPSBEEHE A nel

transi stor whigbging eiGre@s IINE rédichs withamnge dopafsi st or .

2. The method of claim 1, wherein the Group ITI-N regions are InN regions.

3. The method of claim 1, further comprising forming a p channel transistor with the

fabrication of the n channel transistor.

4. The method of claim 3, including forming SiGe regions adjacent a channel region of

the p channe! transistor.
5. The method of claim 4, including recessing the SiGe regions into a silicon substrate.
6. The method of claim 4, wherein the SiGe are raised from a silicon substrate.

7. The method of claim 2, including growing the InN regions on a step graded buffer

region of GaN formed on a silicon substrate.
8. A method for fabricating an n-channel transistor comprising:

forming tensilely stressed regions of a Group I111-N material adjacent a channel region,
wherein the Group II-N material is recessed into a silicon substrate, is raised from a silicon

substrate or is grown on a GaN region; and
doping the Group I1I-N material with an n type dopant.
9. The method of claim 8, wherein the Group I1I-N material comprises InN.

10. The method of claim 9, including fabricating a p-channel transistor while fabricating

the n channel transistor.



[1. The nmethod of claim 10, including formng Si Ge regi ons adjacent a
channel region of the p channel transistor. 12. The net hod of
claim8, the Goup Ill-N nmaterial conprises MN and is grown on a GaN
region, and the nethod further conprises growing the InN region on a
step graded region conprising GaN and InGN forned on a silicon
Ssubstrate. 13. Anti channel transistor having a source and
drain region conprising InN doped with arsenic or phosphorous,

wherein the | rl'l\l T rgflztl?(PcP 0%%%&? \f&rin(ﬁu&%‘gl\%o{'xgﬂfgg%g lgéiggsdad?a%enstlalclhe%%gf region of
the p channel transistor.
12. The method of claim 8, the Group TII-N material comprises InN and is grown on a

GaN region, and the method further comprises growing the InN region on a step graded region

comprising GaN and InGaN formed on a silicon substrate,

13. An n channel transistor having a source and drain region comprising InN doped with

arsenic or phosphorous, wherein the InN is disposed over a GaN region formed on silicon.



