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for fabricating strained MOSFETs are disclosed that optimize strain in the MOSFETSs, and more particularly maximize the strain
in one kind (P or N) of MOSFET and minimize and relax the strain in another kind (N or P) of MOSFET, A strain inducing CA
nitride coating having an original full thickness is formed over both the PMOSFETs and the NMOSFETs, wherein the strain inducing
coating produces an optimized full strain in one kind of semiconductor device and degrades the performance of the other kind of
semiconductor device. The strain inducing CA nitride coating is etched to a reduced thickness over the other kind of semiconductor
devices, wherein the reduced thickness of the strain inducing coating relaxes and produces less strain in the other MOSFETs.
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STRUCTURE AND METHOD TO OPTIMIZE STRAIN IN CMOSFETs

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a semiconductor structure of strained
complementary metal oxide semiconductor field effect transistors (CMOSFETs), and a
method for fabricating strained MOSFETs that optimizes strain in the MOSFETs, and more
particularly pertains to a structure and method that maximizes the strain in one type/kind (N
or P) of MOSFET and minimizes and relaxes the strain in another type/kind (P or N) of
MOSFET. '

Process induced strain has attracted a great deal of attention recently because the strain can
enhance the carrier mobility in the channel of a MOSFET. Contact barrier (CA) nitride
stress engineering is especially effective in transferring strain into the channel of a
MOSFET. Moreover, the process is compatible with and can be easily implemented in the
current manufacturing process. The strain in the channel of a MOSFET is proportional to
the thickness of the contact barrier (CA) nitride, with a thicker CA nitride causing higher
stress in the channel of the MOSFET. Either compressive CA nitride or tensile CA nitride
can improve the performance of one kind of MOSFET and degrade the performance of
another kind of MOSFET. More specifically, compressive CA nitride improves the
performance of PMOSFETs while it degrades the performance of NMOSFETs, and tensile
CA nitride improves the performance of NMOSFETs while it degrades the performance of
PMOSFETs. The compressive nitride film or tensile nitride film can be selectively
deposited by changing the power of the plasma deposition, as is known in the art.

Masked (blocked PFET or blocked NFET) Ge or As implants have been implemented to
relax the stress in one kind (N or P) of MOSFET to reduce the degradation while
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maintaining the strain in another kind (P or N) of MOSFET. A thick CA nitride can cause
higher stress in the channel of one kind (N or P) of MOSFET. However, a thick CA nitride
makes it harder to relax the stress with Ge or As implants ‘to improve the perfo'rmance,Q‘f the
other kind (P or N) MOSFET.

SUMMARY OF THE INVENTION

The present invention provides a structure and method to épﬁmize strain in sexnicondqéfbr
devices such as CMOSFETs and has broad applicability 16 semiconductor devices in -
general. The subject invention provides a strained semiconductor structure comprising both
PMOSFETs and NMOSFETS, and a method for fabricaﬁng strained MOSFETs that
maximizes the strain in one type/kind (P or N) of MOSFET and minimizes and relaxes the
strain in another type/kind (N or P) of MOSFET. | |

A strain inducing CA nitride coating having an original full thickness is formed over oﬁ:e, of
the PMOSFET and the NMOSFET, wherein the strain inducing coating produces an '
optimized full strain in the one semiconductor device. A strain inducing CA nitride coaﬁng
having an etched reduced thickness, less than the full thiCl&less, is formed over the othéf‘of
the PMOSFET and the NMOSFET, wherein the reduced ’thickness of the strain induciﬁg

coating relaxes and produces less strain in the other MOSFET.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing objects and advantages of the present invcrition for structure and methddifo
optimize strain in MOSFETSs may be more readily understood by one skilled in the art with
reference being had to the following detailed description of several embodiments thereof,
taken in conjunction with the accompanying drawings.whe'rein like elements are des;ignated

by identical reference numerals throughout the several views, and in which:
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Figure 1 illustrates a MOSFET structure having a greater thickness of CA compressive
nitride on a PMOSFET that maximizes the strain in the PMOSFET and a lesser thickness of
CA compressive nitride on an NMOSFET that minimizes and relaxes the strain in the

NMOSFET.
Figure 2 illustrates a MOSFET structure having a greater thickness of CA tensile nitride on
an NMOSFET that maximizes the strain in the NMOSFET and a lesser thickness of CA

tensile nitride on a PMOSFET that minimizes and relaxes the strain in the PMOSFET.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a MOSFET structure with different thicknesses of contact
barrier (CA) nitride on NMOSFETs and PMOSFETS that maximizes the strain in one
type/kind (P or N) of MOSFET and minimizes and relaxes the strajn. in another type/kind
(Nor P) of MOSFET. ’

Figure 1 illustrates first and second exemplary embodiments of the piesént invention on a
semiconductor wafer having both PMOSFETs 30 and NMOSFETs 32.separated by isolation
fegions 34. In the first and second exemplary embodiments of the present invention,
compressive CA nitride is used to maximize the strain in the PMOSFETS 30 and minimize

and relax the strain in the NMOSFETSs 32.

In summary, after deposition of a thick (700-1000A) compressive CA nitride 36 on both the
PMOSFETSs 30 and the NMOSFETSs 32, the wafer is patterned with photoresist such that the
PMOSFETs 30 are covered by photoresist and the NMOSFETSs 32 ére éxposed and not
covered by photoresist. The CA nitride at the NMOSFETs 32 is etéheél'minner at38 to
(300-500A), while the photoresist protects the PMOSFETS 30 from the étch. Therefore, the
thinner CA nitride 38 at the NMOSFETS 32 results in less compréssivé strain at the
NMOSFETs 32 than at the PMOSFETS 30, and the NMOSFETSs 32 dégradation is reduced.
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Figure 1 also illustrates that a Ge or As implant 40 can be applied to further relax the Strain
and improve the NMOSFETS 32 performance.

In a first step, a thick (700-1000A) layer of compressive CA nitride 36 is deposited on-both
the PMOSFET:s 30 and the NMOSFETs 32 on a wafer.

A blanket layer of photoresist is then deposited over the wafer, and the photoresist is thén
patterned by using a mask such that the PMOSFETSs 30 are covered by photoresist while the
NMOSFETs 32 remain exposed and are not covered by the photoresist.

The CA nitride at the NMOSFETSs 32 is then etched thinﬁer,to (300-500A) at 38, Wlﬁl,eithe
photoresist protects the CA nitride at the PMOSF. ETs 30 if'r;,()m the etch such that th%é CA
nitride 36 on top of the PMOSFETS 30 remains at the full-deposited thickness. There;fofe, |
the thinner CA nitride at 38 on top of the NMOSFETs 32 results in less compressive s;txdin- .
at the NMOSFETs 32 than at the PMOSFETS 30, and the jdegradation of the NMdSFETS 32

caused by the compressive CA nitride is reduced.

The first embodiment of the present invention is completéd with the completion of the above
éteps. Figure 1 also illustrates a second embodiment wherein, after completion of the above
steps, the NMOSFETs 32 degradation is further reduced }')y implanting at 40 Ge or As irjto
the NMOSFETs 32. The implant 40 is performed while the PMOSFETs 30 are blocked
with a mask, (indicated in the drawing by + B (block) P (PFETs) Ge/As implant 40), Which
can be the same mask used to pattern the photoresist, to further relax the strain and in;prove
the performance of the NMOSFETs 32.

Figure 2 illustrates third and fourth exemplary embodixne;its of the present invention wiiich '
show that the same structure and method of Figure 1 can bé applied to tensile CA nitridé, In
summary, after deposition of a thick (700-1000A) tensile CA nitride 42 on both th.e‘ '
NMOSFETs 32 and the PMOSFETs 30, the wafer is patterned with photoresist such that the
NMOSFETs 32 are covered by photoresist while the PMOSFETS 30 are exposed and not

4
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covered by photoresist. The CA nitride at the PMOSFETSs 30 is etched thinner at 44 to
(300-500A), while the photoresist protects the NMOSFETSs 32 from the etch. Therefore, the
thinner CA nitride 44 at the PMOSFETs 30 results in less compressive strain at the
PMOSFETs 30 than at the NMOSFETs 32, and the PMOSFETsSs 30 degradation is reduced.
Figure 2 also illustrates at 46 that a Ge or As implant can be applied fo’ﬁxrther relax the
strain and improve the PMOSFETs 30 performance. .

In a first step a thick (700-1000A) layer of tensile CA nitride 42 is depdsited on both the
PMOSFETS 30 and the NMOSFETs 32 on the wafer. ‘

The wafer is then patterned with photoresist by using a mask such that the NMOSFETs 32
are covered by photoresist and the PMOSFETSs 30 remain exposed and are not covered by

photoresist.

The CA nitride at the PMOSFETs 30 is then etched thinner to (300-500A) at 44, while the
photoresist protects the CA ni;lide 42 at the NMOSFETs 34 from fh'e etch such that the CA
nitride remains at the full original thickness. Therefore, the thinner CA miitride 44 at the
PMOSFETS 30 results in less tensile strain at the PMOSFETSs 30 than ét the NMOSFETs 32,
and the degradation of the PMOSFETSs 30 caused by the tensile CA nitrjde is reduced.

The third embodiment of the present invention is completed with the cérﬁpletion of the
above steps. Figure 2 also illustrates a fourth embodiment wherein, éfter completion of the
above steps, the PMOSFETs 30 degradation is further reduced by implaﬁting at 46 Ge or As
into the PMOSFETs 30. The implant 46 is performed while the NMOSFETs 32 are blocked
with a mask (indicated in the drawing by + B (block) N (NFETs) Gé/As implant), which can
be the same mask used to pattern the photoresist, to further relax the. sh‘;in and improve the

performance of the PMOSFETs 30.

The process conditions for the implant to relax the strain in the nitride film can be:
As or GE
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Dose: 5el4 to 2el5
Energy: 20K to 50K

The exact implant conditions depend upon the film thickness, and the stress in the film.

The compressive nitride film or tensile nitride film can be selectively deposited by changmg

the power of the plasma deposition, as is known in the art.

Tn alternative embodiments, other stress materials can be used in the present invention
instead of the nitride film, but the nitride film has an advaﬂtage in conformity. The stress
inducing film of the present invention can comprise a mtnde preferably SizN4 or
alternatively TiN, an oxide, a doped oxide such as boron phosphate silicate glass, A1203,

| HfO,, ZrO,, HfSiO0, and other dielectric materials that are common to semiconductor '
processing or any combination thereof. The stress inducing" film can have a thickness -
ranging from about 10 nm to about 100 nm. The stress inducing film provides a '
compressive stress in the device channel to improve pFET performance or provides.a ténsile

stress in the device channel to improve nFET performance.

The drawings show an IC structure 10 having two MOSFET device regions formed atop'a
single semiconductor substrate. Although illustration is made to such an embodiment, .thé
present invention is not limited to the formation of any spec'iﬁc number of MOSFET devices

on the surface of the semiconductor structure.

In a more detailed explanation of the fabrication process, the IC structure 10 includqs a-
semiconductor substrate 12, source/drain regions 14 ldcatéd w1thm the semiconductor
substrate 12, and two left and right gate regions 16L. and 16R Wthh are located on the
surface of the semiconductor substrate 12. Each gate region 16L and 16R includes a gate .
dielectric 18, a polySi conductor 20, a dielectric cap 22, a dielectric liner 23, spacers 24 and

source/drain regions 14 located within the semiconductor substrate 12.
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The semiconductor substrate 12 of structure 10 can compﬁse‘ any semiconducting mateﬁal"
including, but not limited to: Si, Ge, SiGe, SiC, SiGeC, Ga, GaAs, InAs, InP and all other
ITI/V compound semiconductors. Semiconductor substrate 12'may also comprise an organie
semiconductor or a layered semiconductor such as Si/SiGe, a silicon-on-insulator (SOI) or a
SiGe-on-insulator (SGOI). In some embodiments of the present invention, it is preferred.
that the semiconductor substrate 12 be composed of a Sl-contalmng semiconductor matenal,
i.e., a semiconductor material that includes silicon. The semicenductor substrate 12 may be_

doped, undoped or contain doped and undoped regions therein. -

The semiconductor substrate 12 may also include a first doped-(n- or p-) region, and a
second doped (n- or p-) region. These doped regions are known as “wells”. The first doped;
region and the second doped region may be the same, or they may have different

conductivities and /or doping concentrations.

Trench isolation regions 34 are typically already formed i in the semiconductor substrate at
this point of the present invention utilizing conventional processes well known to those -~
skilled in the art. The trench isolation regions are located fo the left and right peripheries of )
the region shown in the drawings of the present invention as well as between the two gate .

tegions as depicted.

A gate dielectric 18 is formed on the entire surface of the strueture 10 including thel
semiconductor substrate 12 and atop the isolation region, if 1t is present and ifitis a
deposited dielectric. The gate dielectric 18 can be formed by athermal growing process
such as, for example, oxidation, nitridation or oxymtndatlon Altematwely, the gate
dielectric 18 can be formed by a deposition process such as;. for examp]e chemical vapor :
deposition (CVD), plasma-assisted CVD, atomic layer depos1t10n (ALD), evaporation,
reactive sputtering, chemical solution deposition and other like tieposition processes. The .

gate dielectric 18 may also be formed utilizing any combihatidn of the above processes;
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The gate dielectric 18 is comprised of an insulating material including, but not limited to: an
oxide, nitride, oxynitride and/or silicate including metal silicates and nitrided metal silicates.
In one embodiment, it is preferred that the gate dielectric 18 is comprised of an oxide such
as, for example, SiO,, HfO,, Zr0O;, Al,O3, TiO,, La;03, S1TiO3, LaAlOs, and mixtures
thereof.

The physical thickness of the gate dielectric 18 may vary, but typically, the gate dielectric 18
has a thickness from about 0.5 to about 10 nm, with a thickness from about 0.5 to about 3

nm being more typical.

After forming the gate dielectric 18, a blanket layer of polysilicon (i.é., polySi) which
becomes the polySi gate conductor 20 shown in the drawings is formed on the gate dielectric
18 utilizing a known deposition process such as, for example, physical vapor deposition,
CVD or evaporation. The blanket layer of polysilicon may be doped or undoped. If doped,
an in-situ doping deposition process may be employed in forming the same. Alternatively, a
doped polySi layer can be formed by deposition, ion implaﬁtation'and annealing. The
doping of the polySi layer will shift the workfunction of the silicided metal gate formed.
Illustrative examples of dopant ions include As, P, B, Sb, Bi, In, Al, Ga, Tl or mixtures
ihereof. Typical doses for the ion implants are 1E14 =1x10") to 1E16 (=1x1016)
atoms/cm? or more typically 1E15 to 5E15 atoms/cm?. The thickneés, i.e., height, of the
polysilicon layer deposited at this point of the present invention may vary depending on the
deposition process employed. Typically, the polysilicon layer has a vertical thickness from
about 20 to about 180 nm, with a thickness from about 40 to about 150 nm being more
typical. '

After deposition of the blanket layer of polysilicon, a dielectric ca15 22 is formed atop the
blanket layer of polysilicon gate conductor 20 utilizing a deposition process such as, for

example, physical vapor deposition or chemical vapor deposition. The dielectric cap 22 may
be an oxide, nitride, oxynitride or any combination thereof. The dielectric cap 22 can be

comprised of a different dielectric material than spacer 24 to be defined in detail herein
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below. In one embodiment, a nitride such as, for example, Si3N4; is employed as the
dielectric cap 22. In yet another embodiment, which is preferred, the dielectric cap 22 is an
oxide such as SiO,. The thickness, i.e., height, of the dielectric cap 22 is from about 20 to
about 180 nm, with a thickness from about 30 to about 140 nm beir;g more typical.

The blanket polysilicon layer and dielectric cap layer are then patfemed by lithography and
etching so as to provide patterned gate stacks. The patterned gate staéks may have the same -
dimension, i.e., length, or they can have variable dimensions to irhpréve device
performance. Each patterned gate stack at this point of the present invention includes a
polySi gate conductor 20 and a dielectric cap 22. The lithography step includes applying a
photoresist to the upper surface of the dielectric cap layer, exposing ‘the,photoresist toa
desired pattern of radiation and developing the exposed photoresi’st uﬁjizing a conventional
resist developer. The pattern in the photoresist is then transferred to the dielectric cap layer
and the blanket layer of polysilicon utilizing one or more dry etclﬁﬁg steps. In some
embodiments, the patterned photoresist may be removed after the pattern has been
transferred into the dielectric cap layer. In other embodiments, _fh'e ﬁat‘;emed photoresist is :

removed after etching has been completed.

Suitable dry etching processes that can be used in the present invention in forming the
patterned gate stacks include, but are not limited to: reactive ion eté}ﬁng, ion beam etching,
plasma etching or laser ablation. The dry etching process employed is typically selective to
the underlying gate dielectric 18 therefore this etching step does nét typically remove the
gate dielectric. In some embodiments, this etching step may howeyg:f be used to remove
portions of the gate dielectric 18 that are not protected by the gate stacks. A wet etching
process can also be used to remove portions of the gate dielectric .]‘8 tliat are not protected

by the gate stacks.

Next, a dielectric liner 23 is formed on all exposed surfaces containiﬂg silicon including at
least the polysilicon gate conductor 20. The dielectric liner 23 can also extend onto

horizontal surfaces of the semiconductor substrate 12. The dielectric liner 23 may comprise
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any dielectric material that contains an oxide, nitride, oxynitride or any combination thereof,
The dielectric liner 23 is formed via a thermal growing process such as oxidation, nitridation
or oxynitridation. The dielectric liner 23 is a thin layer whose thickness is typically from

about 1 to about 10 nm.

At least one spacer 24 is formed on exposed sidewalls of each patterned gaté stack as well as
atop the dielectric liner. The at least one spacer 24 is comprised of an insulator such as an
oxide, nitride, oxynitride and/or any combination thereof and it typically is composed of a
different material than the dielectric liner 23 and the dielectric cap 22. Preferébly, nitride
spacers are formed. The at least one spacer 24 is formed by deposition and etching. Note
that the etching step used in forming the spacers 24 also can remove dielectric liner 23 from

atop the substrate such that a portion of the semiconductor substrate 12 is exposed.

The width of the spacer 24 must be sufficiently wide such that the source and drain silicide
contacts (to be subsequently formed) do not encroach underneath the edges of the gate stack.
Typically, the source/drain silicide does not encroach underneath the edges of the gate stack

when the spacer has a width, as measured at the bottom, from about 15 to about 80 nm.

After spacer formation, source/drain diffusion regions 14 are formed into the substrate 12 at
the exposed portions. The source/drain diffusion regions 14 are formed uﬁliiiﬁg ion
implantation-and an annealing step. The annealing step serves to activate the ddpants that
were implanted by the previous implant step. The conditions for the ion imﬁlantation and

annealing are well known to those skilled in the art.

Next, as shown in Figures 1 and 2, the thick compressive or tensile CA nitﬁde ﬁlm 30 0r42
is formed over the entire structure shown in Figures 1 and 2 and further faﬁfica{tion and
processing proceeds as described in detail above to form the thin compressive of tensile CA
nitride film 36 or 44, and possibly the GE/As implant 40 or 46. '

10
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After fabricating the structures shown in Figures 1 and 2, a'plénarizing dielectric layer (ﬂot :
shown) can be formed. The planarizing dielectric layer comprises an oxide such as a high
density oxide or an oxide deposited from TEOS. Alternatively,i.-.the planarizing dielectric
layer may comprise a doped silicate glass, such as boron dope:gl' silicate glass (BSG) or
phosphorus doped silicate glass (PSG), a spin-coatable polymeﬁb material such as hydrogen
silsesquioxane (HSQ), or a photoresist. The planarizing dieieéi_ric layer is formed by
conventional techniques well known to those skilled in the art. The thickness of the
planarizing dielectric layer formed at this point may vary dej)eﬂding on the type of material
employed. Typically, the planarizing dielectric layer has a thickness from about 50 to about
100 nm.

While several embodiments and variations of the present iﬁVenﬁqn for a structure and
method to optimize strain in CMOSFETs are described in detail herein, it should be apparent
that the disclosure and teachings of the present invention will suggest many alternative

designs to those skilled in the art.

11
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CLAIMS

Having thus described our invention, what we claim as new and desire to secure bnyetters

Patent

1. A method of fabricating a semiconductor structure having a p-semiconductor devme and an n-
semiconductor device with different amounts of strain in the p-semiconductor devxce and the n-

semiconductor device comprising:
forming a p-semiconductor device and an n-semiconductor device on a substrate;

forming a strain inducing coating having an original thickness over the p-semiconductor device
and also over the n-semiconductor device, wherein the strain inducing coating produces strain in

the p-semiconductor device and also in the n-semiconductor device;

protecting one of the strain inducing coated p-semiconductor device and strain inducing coated
n-semiconductor device while the other strain inducing coated semiconductor device remains

exposed;

etching the exposed strain inducing coating to reduce the thickness of the strain inducing coating
to relax the strain in the exposed semiconductor device, while the strain inducing coating over
the protected semiconductor device remains protected such that the strain in the protected

semiconductor device remains unchanged.

2. The method of Claim 1, wherein following the etching, implanting a strain reducing dopant
into the exposed semiconductor device to further relax the strain in the exposed semiconductor

device.

3. The method of Claim 2, including implanting a strain reducing dopant comprising As or Ge.

12



WO 2006/078740 PCT/US2006/001768

4. The method of Claim 3, including implanting the As or Ge at a dosage of approximately Se14
atoms/cm” to approximately 2e15 atoms/cm? at an implant energy of approximately 20 KeV to
about 50 KeV.

5. The method of Claim 1, wherein said step of protecting comprises:

blanket depositing a photoresist layer over the p-serniconductor device and the n-semiconductor

device on the substrate;

exposing the photoresist layer to a pattern of radiation and dé,izeloping the pattern into the

photoresist layer to provide a block mask overlying the p"rotected semiconductor device.
6. The method of Claim 1, wherein said strain inducing coating provides a compressive strain to
improve the performance of the protected p-semiconductor device and the compressive strain is

relaxed in the exposed n-semiconductor device.

7. The method of Claim 6, wherein the p-semiconductor device is a p-type MOSFET and the n-

semiconductor device is an n-type MOSFET.
8. The method of Claim 1, wherein said strain inducing coating provides a tensile strain to
improve the performance of the protected n-semiconductor device and the compressive strain is

relaxed in the exposed p-semiconductor device.

9. The method of Claim 8, wherein the p-semiconductor device is a p-type MOSFET and the n-

semiconductor device is an n-type MOSFET.

10. The method of Claim 1, wherein the strain inducing coating comprises SizNj.

13
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11. A semiconductor structure comprising a p-semiconductor device and an n-semiconductor
device having different amounts of strain in the p-semiconductor device and the n-semiconductor

device, comprising:

the semiconductor structure comprising a p-semiconductor device and an n-semiconductor

device formed on a substrate;

a strain inducing coating having an original full thickness formed over one of the P-
semiconductor device and the n-semiconductor device, wherein the strain inducing coating

produces an optimized full strain in the one semiconductor device;

a strain inducing coating having an etched reduced thickness, less than the-full thickness, formed
over the other of the p-semiconductor device and the n-semiconductor device, wherein the
reduced thickness of the strain inducing coating relaxes and produces less strain in the other

semiconductor device than in the one semiconductor device.

12. The semiconductor structure of Claim 11, wherein the other semiconductor device also has

an implanted strain reducing dopant to further relax the strain in the other semiconductor device.

13. The semiconductor structure of Claim 12, wherein the implanted strain reducing dopant

comprises As or Ge to further relax the strain in the other semiconductor device.
14. The semiconductor structure of Claim 11, wherein the strain inducing coating provides a
compressive strain to improve the performance of the one p-semiconductor.device and the

compressive strain is relaxed in the other n-semiconductor device.

15. The semiconductor structure of Claim 11, wherein the p-semiconductor device is a p-type

MOSFET and the n-semiconductor device is an n-type MOSFET.

14
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16. The semiconductor structure of Claim 11, wherein the strain inducing coating provides a

tensile strain to improve the performance of the one n-semiconductor device and the compressive

strain is relaxed in the other p-semiconductor device.

17. The semiconductor structure of Claim 11, wherein the p-semiconductor device is a p-type

MOSFET and the n-semiconductor device is an n-type MOSFET.

18. The semiconductor structure of Claim 11, wherein the strain inducing coating comprises

Si3Na.
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