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DUAL STRESSED SOI SUBSTRATES

DESCRIPTION
Field of the Invention

The present invention relates to a semiconductor device and a method of forming a
semiconductor device. The present invention is particularly concerned with semiconductor-
on-insulator (SOI) technology and more specifically is directed to a structure and method for

making a structure comprising silicon on a dual stressed material substrate.
Background of the Invention

The integration of electronic microchip devices such as resistors, capacitors, fuses, diodes
and transistors on a silicon substrate is the basis for integrated circuit (IC) wafer fabrication
technology; The most popular IC technology, CMOS (complementary metal-oxide
semiconductor), revolves around the improvements that have been made in FET (field-effect

transistor) design and fabrication.

The FET is a voltage-amplifying device. The greatest advantage of the FET is its low

* voltage and low power requirements. Two basic types of FET are the metal-oxide
(MOSFET) semiconductor and the junction (JFET). MOSFETS have been the mainstay
transistor in IC products. There are two categories of MOSFETs: nMOS (n-channel) and
pMOS (p-channel). Each MOSFET has an input electrode called the gate. The term “metal
oxide” refers to the material the gate is made of. The most popular material used in the
formation of gates for MOSFETs is polycrystalline silicon material that is deposited on the
substrate during IC fabrication. Polycrystalline silicon must be doped with one of the

common p-type or n-type dopants to give the material its conductive characteristics.

SOI technology and the advantages attributed thereto regarding CMOS integrated circuits are

well documented. SOI technology involves silicon wafers having a thin layer of oxide buried
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therein. Semiconductor devices are built into the thin layer of silicon on top of the buried
oxide. SOI substrates provide superior isolation between adjacent devices in an integrated
circuit as compared to devices built into bulk wafers, since SOI technology eliminates latch-
up as well as reduces parasitic capacitances. CMOS ICs fabricated with SOI technology
have less active current consumption while maintaining device performance equivalent to
that of similar devices formed on bulk-silicon (bulk-Si) substrates. SOI technology has
become increasingly more common as the demand for battery-operated equipment increases

due to its low power requirements at high speeds of SOI devices.

Many different techniques exist regarding the formation of SOI wafers. One of the more

popular methods used to fabricate SOI substrates is separation by implantation of oxygen
(SIMOX). SIMOX involves implanting oxygen ions into the silicon substrate to form the
buried oxide layer. Layer transfer which includes wafer bonding is another technique

. employed for forming an isolation layer in a substrate. Forming silicon islands through a

series of etch and oxidation steps can provide a lateral isolation structure.

In standard MOSFET technology, both channel ‘length and gate dielectric thicknesses are
reduced to improve current drive and switching performance. The carrier mobility of a
MOSFET device is a critical parameter as it has direct influence on output current, as well as
switching performance. Consequently, one can increase device performance by enhancing
the channel mobility. Such enhancement has been provided in certain devices by providing a
strain to the silicon film. A net strain can be provided by either compressive stress of the

silicon film or tensile stress of the silicon film.

While there are many approaches to stress the silicon, the primary focus in the past has been
on using abutting layers of nitride or-other materials on the front end of the substrate. All of
these have been direct etch/deposition approaches for SIMOX based SOI structures.

Further, many approaches to stress channels have primarily relied on creating the “same-
sign” stress in the channel. In all these cases, the same-sign stress transfer occurs because the

channel is in front of the film (for example, etch stop liner) edge. By “same sign” it is meant
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that the stress in the silicon channel will be tensile, if the film is tensile, and compressive, if

the film is compressive.

In view of the above remarks, there is a need to provide a semiconducting device that

combines the advantages of SOI technology with strain based device improvements.
Summary of the Invention

The concept of the presént invention is to stress the nFET and PFET islands of a SOI
substrate with tension and compression, respectively, using an underlying material. The
present invention combines silicon-on-insulator (SOI) technology with strain based device
improvements. The present invention also reduces tﬁe incidence of threading and misfit
dislocations that are typically present in relaxed Si on SiGe substrates. This is achieved in
the present invention by providing a method of forming semiconductor islands on stressed
material islands. These stressed islands, which are intrinsically compressive and tensile,
impose “opposite-sign” tensile and compressive stresses, respectively, which are applied for
nFETs and pFETs. The term “opposite-sign” denotes that the stress produced in the
semiconductor islands is opposite that of the stress produced in the underlying material. For
example, a tensile underlying material transfers a strain to the overlying semiconducting
island producing a compressively strained semiconducting island, in which the tensile stress
(+) within the tensile underlying material has a sign opposite the compressive stress (-) in the
compressively strained semiconducting island. The stress transfer occurs in the overlying
semiconductor islands upon release of the underlying stressed material by etching. One
major benefit of this approach is that significant compressive stresses can be produced within

the device channel of pFET devices.

The foregoing is achieved in the present invention by positioning a compressive dielectric
layer or tensile dielectric layer underlying a semiconducting layer (semiconducting island).
The term “compressive dielectric layer” denotes a dielectric layer having an intrinsic
compressive stress. The term “tensile dielectric layer” denotes a dielectric layer having an

intrinsic tensile stress.
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The compressive dielectric layer transfers tensile strain to the overlying semiconducting
layer. Therefore, the compressive dielectric layer provides strain based device improvements
for n-type field effect transistors (nFETs). The tensile dielectric layer elastically transfers
compressive strain to the overlying semiconducting layer. Therefore, the tensile dielectric
layer provides strain based device improvements for p-type field effect transistors (pFETS).

Broadly, the inventive strained-Si substrate comprises:

a substrate;

a first layered stack atop said substrate, said first layered stack comprising a compressive
dielectric layer atop said substrate and a first semiconducting layer atop said compressive
dielectric layer, wherein said compressive dielectric layer transfers tensile stresses to said

first semiconducting layer; and

a second layered stack atop said substrate, said second layered stack comprising a tensile
dielectric layer atop said substrate and a second semiconducting layer atop said tensile
dielectric layer, wherein said tensile dielectric layer transfers compressive stresses to said

second semiconducting layer.

The compressive dielectric layer and the tensile dielectric layer preferably comprise a nitride,
such as Si3N4. The compressive dielectric layer comprises a compressive intrinsic stress
ranging from about 1400 MPa to about 2600 MPa and transfers a tensile stress ranging from
about 200 MPa to about 350 MPa to the first semiconducting layer overlying the compressive

dielectric layer. Therefore, the first semiconductor layer is optimized for nFET devices.

The tensile dielectric layer comprises a tensile intrinsic stress ranging from about 1000 MPa
to about 1600 MPa and transfers a compressive stress ranging from about 150 MPa to about
200 MPa to the second semiconducting layer overlying the tensile dielectric layer.

Therefore, the second semiconductor layer is optimized for pFET devices.
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Another aspect of the present invention is a method for forming the above described strained-
Si substrate. Broadly, in a first embodiment of the present invention, the inventive method

for forming a strained-Si substrate comprises the steps of:
forming a compressive dielectric layer on a first portion of a substrate;
forming a tensile dielectric layer on a second portion of a substrate;

forming a semiconductihg léyer atop said compressive dielectric layer and said tensile

dielectric layer; and

forming an isolation region through said semiconducting layer and separating said tensile
dielectric layer from said compressive dielectric layer, wherein said compressive dielectric
layer transfers a tensile stress to a portion of said semiconducting layer overlying said
compressive dielectric layer and said tensile dielectric layer transfers a compressive stress to

a portion of said semiconducting layer overlying said tensile dielectric layer.

The compressive dielectric layer and the tensile dielectric layer comprise a nitride, such as
SizNs. The compressive dielectric layer may be deposited by chemical vapor deposition,
wherein the conditions of said chemical vapor deposition provide an intrinsic compressive
stress within the deposited layer. The conditions for depositing a compressive dielectric
layer of SisN4 by chemical vapor deposition include a low frequency power on the order of
about 500 to about 1,500 W, a high frequency power on the order of about 250 to about 500
W, a silane flow rate on the order of about 800 to about 2,000 sccm, an NH; flow rate on the
order of about 6,000 to about 10,000 sccm, and a deposition pressure of about 10 Torr or

less.

The tensile dielectric layer may be deposited by chemical vapor deposition of a nitride, such
as Si;Ny, wherein the conditions of said deposition process provide an intrinsic tensile stress
within the deposited layer. The conditions for depositing a tensile dielectric layer by

chemical vapor deposition include a low frequency power on the order of about 0 to about
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100 W, a high frequency power on the order of about 200 to about 600 W, a silane flow rate
of about 50 to about 200 sccm, an NH3 flow rate on the order of about 1,500 to about 3,000

sccm, and a deposition pressure of about 15 Torr or less.

In a second embodiment of the present method, a strained-Si substrate is formed by a method

comprises the steps of:

providing an initial structure comprising a substrate having a tensile dielectric positioned on
a first surface of said substrate and a compressive dielectric positioned on a second surface of
said substrate, said tensile dielectric and said compressive dielectric separated by an

insulating material,

removing said insulating material to expose a portion of said substrate between said first

surface and said second surface of said Si-containing substrate;

recessing said portion of said substrate from said first and said second surface of said
substrate to provide recessed portions of said substrate adjacent said first surface of said
substrate and said second surface of said substrate;

forming an oxide positioned on recessed portions of said substrate, said oxide deposited to a
thickness coplanar to an upper surface of said compressive dielectric and said tensile
dielectric to provide a planar top surface;

bonding a wafer to said planar top surface of said oxide;

. implanting:said.substrate to. provide a damaged interface;

separating said substrate about said damaged interface, wherein a damaged surface of said

substrate remains;
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planarizing said damaged surface of said substrate stopping on a surface of said oxide on said
recessed portions of said substrate, wherein planarizing said substrate to said oxide produces

a semiconducting layer atop said tensile dielectric and said compressive dielectric; and

removing said oxide, wherein said tensile dielectric transfers a compressive stress to said
semiconducting layer overlying said tensile dielectric and said compressive dielectric

transfers a tensile stress to said semiconducting layer overlying said compressive dielectric.

The compressive dielectric and the tensile dielectric can comprise a nitride, such as SisNj,
The initial structure is formed by providing layer of insulating material atép the substrate;
removing a portion of the layer of insulating material to expose the first surface of the
substrate and the second surface of the substrate; and fonniﬁg the tensile dielectric atop the
first surface of the substrate and the compressive dielectric atop the second surface of the

substrate.

In one embodiment of the above method, a polysilicon cap may be formed atop the
compressive dielectric and the tensile dielectric prior to removing the oxide positioned
between the compressive dielectric and the tensile dielectric. The polysilicon cap may be
removed, after removing the insulating layer, wherein the polysilicon cap maintains stress

within the compressive dielectric and tensile dielectric.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(A) illustrates (through a cross-sectional view) one embodiment of the present
invention including a SOI substrate having a compressively strained semiconducting layer

and a tensile strained semiconducting layer.

FIG. 1(B) illustrates (through a cross-sectional view) another embodiment of the present
invention including a SOI substrate having a compressively strained semiconducting layer

and a tensile strained semiconducting layer.
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FIG: 2 depicts. (through a cross-sectional view) the compressive and tensile stresses of one

embodiment of the present invention having a material stack comprising a tensile dielectric

layer.

FIG. 3 depicts (through a cross-sectional view) the compressive and tensile stresses of one
embodiment of the present invention having a material stack comprising a compressive

dielectric layer.

FIGS. 4(A)-4(C) illustrate (through cross-sectioned views) the process steps for producing
the structure depicted in FIG. 1(A).

FIGS. 5(A)-5(E) illustrate (through cross-sectioned views) the process steps for producing
the structure depicted in FIG. 1(B).

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides substrates comprising both a compressively strained
semiconducting portion and a tensile strained semiconducting portion, and a method of

forming the same.

The present invention advantageously provides substrates having both compressively
strained and tensile strained semiconducting portions by forming a first and second material
stack atop a substrate, in which the first material stack comprises a compressive dielectric
layer that transfers a tensile strain to an overlying semiconducting portion and the second
material stack comprises a tensile dielectric layer that transfers a compressive strain to an
overlying semiconducting portion. The present invention provides a SOI substrate having
differently strained surfaces for nFET and pFET devices. It is advantageous for nFETSs to
have a channel region that is strained in tension and for pFETs to have a channel that is
strained in compression, where the strain applied to the channel improves the device’s

performance. The present invention is now discussed in more detail referring to the drawings
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that accompany-the present application. - In the-accompanying drawings, like and or

corresponding elements are referred to by like reference numbers.

Referring to FIG. 1(A), in one embodiment of the present invention, a substrate 10 is
provided having an nFET region 15 and a pFET region 20. The nFET region 20 includes an
nFET stack comprising a compressively strained dielectric layer 13 that transfers a tensile
strain to an overlying tensile strained semiconducting layer 11. The pFET region 20 includes
a pFET stack comprising a tensile strained dielectric layer 14 that transfers a compressive
strain to an overlying compressively strained semiconducting layer 12. An isolation region 5

separates the nFET region 15 and the pFET region 20.

The compressively strained and tensile strained dielectric layers 13, 14 are the buried
insulating layer of a silicon-on-insulator (SOI) substrate. In the preferred embodiment of the
present invention, the compressively strained and tensile strained dielectric layers 13, 14 are
silicon nitride (Si3Ny) and have a thickness ranging from 50 nm to about 150 nm. The
compressively strained and tensile strained dielectric layers are deposited by chemical vapor
deposition, such as rapid thermal chemical ‘Vapor deposition (RTCVD) or plasma enhanced
chemical vapor deposition (PECVD), and the strain produced within the deposited layer is a
dependent on the processing conditions of the deposition process. These processing

conditions are further discussed in greater detail with reference to FIGS. 4(A)-(C).

Referring back to FIG. 1 (A), the tensile strained semiconducting layer 11 and compressively
strained semiconducting layer 12 is the upper silicon-containing layer, also referred to as SOI
layer, of the silicon-on-insulator (SOI) substrate. The tensile strained semiconducting layer
11 is under a tensile stress, ranging from about 100 MPa to about 2200 MPa, and is therefore
well suited to-be the channel region-of at least-one nFET device 25. The compressive
strained semiconducting layer 12 is under a compressive stress, ranging from about 100 MPa
to about 2300 MPa, and is therefore well suited to be the channel region of at least one pFET

device 26.
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Referring to-FIG. 2; a simulation of one embodiment of a pFET stack within the pFET region
20 of the present invention is provided, where the solid lines represent stress in tension and
the dotted lines represent stress in compression. In the simulation depicted, a tensile strained
dielectric layer 14 comprising Si3N4is formed having a thickness on the order of 250 A, in
which the intrinsic tensile stress produced within the Si3Ny tensile strained dielectric layer 14
is on the order of about +1.5 GPa. Still referring to FIG. 2, the tensile strained dielectric
layer 14 elastically transfers a compressive stress, on the order of -200 MPa, to the overlying
compressi\;ély strained semiconducting laye{ 12. Typically, the tensile strained dielectric
layer 14 transfers 20% of its intrinsic stress to the overlying compressively strained
semiconducting layer 12. The compressively strained semiconducting layer 12 comprises a
silicon-containing layer having a thickness on the order of about 250 A, in which the ,
compressively strained semiconducting layer 12 is formed using layer transfer and bonding

techniques.

Referring to FIG. 3, a simulation of one embodiment of an nFET stack within the nFET
region 15 of the present invention is provided, where the solid lines represent stress in
tension and the dotted lines represent stress in compression. In the simulation depicted, a
éompressively strained dielectric layer 13 comprising SizNj is formed having a thickness on
the order of 250 A, in which the intrinsic compressive stress produced within the Si3Nj
compressive strained dielectric layer 13 is on the order of about -0.7 GPa. Typically, the
compressively strained dielectric layer 13 transfers 20% of its intrinsic stress to the overlying
tensile strained semiconducting layer 11. Still referring to FIG. 3, the Si3N4 compressively
strained dielectric layer 13 elastically transfers a tensile stress, on the order of +100 MPa, to
the overlying tensile strained semiconducting layer 11. The tensile strained semiconducting
layer 11 is formed using layer transfer and bonding technique and typically has a thickness
on the.order 0f 250.A

The method for forming a strained-Si substrate that simultaneously comprises both
appropriately strained nFET and pFET regions 15, 20, is now discussed in greater detail. The
method for forming appropriately strained nFET and pFET regions 15, 20 atop a silicon-on-
insulator (SOI) substrate, as depicted in FIG. 1(A), is described with reference to FIGS.
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4(A)-4(€). The methed for forming-appropriately strained nFET and pFET regions 15, 20
atop a silicon-on-insulator (SOI) substrate, as depicted in FIG. 1(B), is described with
reference to FIGS. 5(A)-5(F).

Referring to FIG. 4(A), a first strained dielectric layer 13 is formed atop a portion of a
substrate 10. The substrate 10 preferably comprises a Si-containing material. The term “Si-
containing” is used herein to denote a material that includes silicon. Ilustrative examples of
Si-containing materials include, but are not limited to: Si, SiGe, SiGeC, SiC, polysilicon, i.e.,
polySi, epitaxial siiicon, i.e., epi-Si, amorphous Si, i.e., a:Si, and multila};ers thereof.
Althoughlsilicon is the predominantly used semiconductor material in wafer fabrication,
alternative semiconductor materials can be employed, such as, but not limited to, germanium,

gallium arsenide, gallium nitride, silicon germanium, cadmium telluride and zinc sellenide.

The first strained dielectric layer 13 preferably comprises Si3N4 deposited under conditions
that produce an internal stress within the deposited layer. Following blanket deposition the
first strained dielectric layer 13 is then patterned and etched using conventional
photolithography and etching, wherein the portion of the substrate 10 in which the first
strained dielectric layer 13 remains is subsequently processed to provide the optimum

conductivity type device for that surface.

The first strained dielectric layer 13 is first blanket deposited atop the entire substrate 10.

The first strained dielectric layer 13 can be deposited using a low temperature chemical vapor
deposition (CVD) process, such as plasma enhanced chemical vapor deposition (PECVD) or
rapid thermal chemical vapor deposition (RTCVD). Modifying the process conditions used
to deposit the first strained dielectric layer 13 can control whether the state of stress is tensile

OF COmpressive.

Plasma enhanced chemical vapor deposition (PECVD) can provide strained dielectrics
having a compressive or tensile internal stress. The stress state of the strained dielectric layer
deposited by PECVD can be controlled by changing the deposition conditions to alter the

reaction rate within the deposition chamber. More specifically, the stress state of the

11
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deposited strained-dielectric-tayer-may-be set by-changing the deposition conditions such as:
SiH4/N»/He gas flow rate, pressure, RF power, and electrode gap.

Rapid thermal chemical vapor deposition (RTCVD) can provide strained dielectric layer 11,
12 having an internal tensile stress. The magnitude of the internal tensile stress produced
within the strained dielectric layer deposited by RTCVD can be controlled by changing the
deposition conditions. More specifically, the magnitude of the tensile stress within the
deposited strained dielectric layer may be set by changing deposition conditions such as:

Pprecursor composition, precursor flow rate and temperature.

In another embodiment, a block mask (not shown) can be formed atop portion of substrate

10, and then compressively strained dielectric layer 13 can be selectively deposited.

In the embodiment depicted in FIG. 4(A), the first strained dielectric layer 13 is preferably
deposited under conditions to produce a compressively strained dielectric layer; hence the
first strained dielectric layer depicted in FIGS. 4(A)-4(C) is hereafter referred to as a
compressively strained dielectric layer 13. Compressively strained dielectric layer 13
formation can comprise PECVD of Si3Nj, in which the deposition conditions include a low
frequency power on the order of about 500 to about 1,500 W, a high frequency power on the
order of about 250 to about 500 W, a silane flow rate on the order of about 800 to about
2,000 sccm, an NH3 flow rate on the order of about 6,000 to about 10,000 sccm, and a
deposition pressure of about 10 Torr or less. The compressively stressed dielectric 13 can be
deposited to a thickness generally in the range from about 500 A to about 1500 A, with a
range from about 500 to about 1000 A being more typical.

In another-embodiment of the.present invention, the first strained dielectric can be SizNg
deposited by PECVD under conditions to produce a tensile strained dielectric layer. The
deposition conditions may include a low frequency power on the order of about 0 to about
100 W, a high frequency power on the order of about 200 to about 600 W, a silane flow rate
of about 50 to about 200 sccm, an NH3 flow rate on the order of about 1,500 to about 3,000

sccm, and a deposition pressure of about 15 Torr or less.

12
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Following deposition, the compressively strained dielectric layer 13 is then patterned and
etched using conventional photolithography and etching. Specifically, a pattern is produced
by applying a photoresist to the surface of the compressively strained dielectric layer 13;
exposing the photoresist to a pattern of radiation; and then developing the pattern into the
photoresist utilizing a conventional resist developer. Once the patterning of the photoresist is
completed, the sections of the compressively strained dielectric layer 13 covered by the
photoresist are protected, while the exposed regions are removed using a selective etching
process that 'removes the unprotected regions of the compressively strained dielectric layer 13
without substmﬁdly etching the underlying substrate 10. The portion of the substrate 10 in
which the remaining portion of the compressively strained dielectric layer 13 is positioned is
subsequently processed to provide nFET devices and is hereafter referred to as the nFET
region 15. The portion of the substrate from which the compressively strained dielectric

layer 13 was removed is hereafter referred to as the pFET region 20.

Referring to FIG. 4(B), an etch stop layer 17 is then blanket deposited atop the structure
depicted in FIG. 4(A) including the exposed portion of the substrate 10 and the
compressively strained dielectric layer 13. The etch stop layer 17 may comprise oxides,
nitrides, and oxynitrides, preferably being an oxide, such as SiO,. The etch stop layer 17 can
have a thickness of between about 50 A to ai)out 200 A, preferably being about 100 A. The
etch stop layer 17 may be formed using conventional deposition, such as chemical vapor

deposition, or thermal growth processes, such as oxidation and nitridation.

A second strained dielectric layer 14 is then blanket deposited atop the etch stop layer 17
using a cheﬁlical vapor deposition process, such as low temperature plasma enhanced
chemical vapor.deposition(PECV.D) or.rapid thermal.chemical vapor deposition (RTCVD).
Similar to the first strained dielectric layer deposition, modifying the process conditions for
chemical vapor deposition of the second strained dieleciric layer 14 can control whether the
state of stress is tensile or compressive. In the embodiment depicted in FIG. 4(B), the second

strained dielectric layer 14 is deposited under conditions to produce a tensile strained

13
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dielectric layer;-hence the-second strained dielectric layer 14 depicted in FIGS. 4(B)-4(C) is

hereafter referred to as a tensile strained dielectric layer 14.

In one embodiment, tensile strained dielectric layer 14 formation comprises PECVD of
Si3Ny, in which the deposition conditions include a low frequency power on the order of
about 0 to about 100 W, a high frequency power on the order of about 200 to about 600 W, a
silane flow rate of about 50 to about 200 sccm, an NH; flow rate on the order of about 1,500

to about 3,000 sccm, and a deposition pressure of about 15 Torr or less.

The tensile stressed dielectric layer 14 can be deposited to a thickness generally in the range
from about 500 A to about 1500 A, with a range from about 500 A to about 1000 A being

more prefered.

In the embodiment of the present invention in which the first strained dielectric is deposited
under conditions to produce a tensile strained dielectric layer,\ the second strained dielectric

layer may be deposited under conditions to produce a compressive strained dielectric layer.

Following blanket deposition, the tensile strained dielectric layer 14 is then patterned and
etched using conventional photolithography and etching. Specifically, a photoresist mask is
formed protecting the pFET region 20 of the substrate 10, while leaving the nFET region 15
exposed. The tensile strained dielectric layer 14 is then removed from nFET region 15 by a
highly selective etch that removes the tensile strained dielectric layer 14 without etching the
underlying etch stop 17 or the photoresist mask overlying the pFET region 20. In a next
process step, the etch stop layer 17 is removed from the nFET region 20 of the substrate 10
by an etch process, such as a wet or dry etching, having a high selectivity to removing the
etch.stop 17.without substantially etching the underlying compressively strained dielectric
layer 13 or the photoresist mask. A chemical strip then removes the photoresist mask. In
some embodiments, a planarizing process, such as CMP, may be utilized to provide a
compressively strained dielectric layer 13 having an upper surface coplanar to the upper

surface of the tensile strained dielectric layer 14, as depicted in FIG. 4(B).

14
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In yet-another embodiment;-a-block mask is first formed atop layer 13 and remains during

formation of the etch stop layer 17 and the tensile strained dielectric layer14.

Referring to FIG. 4(C), a semiconducting layer 30 is then formed atop the compressively
strained dielectric layer 13 and the tensile strained dielectric layer 14 using conventional
wafer bonding. For example, the semiconducting layer 30 may be transferred from a
bandling wafer (not shown), in which the semiconducting layer 30 is bonded to the coplanar
surface of the compressively strained dielectric layer 13 and the tensile strained dielectric
layer 14, wherein the handling wafer is removed following bonding via a smart cut process.
Smart cut processing typically comprises forming a damaged interface by ion implantation,
e.g., hydrogen implantation, and then removing the handling wafer at the damaged interface.
The semiconducting layer 30 bonded to the planarized surface may be a silicon-containing

material having a thickness ranging from about 5 nm to about 100 nm.

In a next process step, an isolation region 5 is then formed separating the nFET region 15 and
the pFET region 20, as depicted in FIG. 1(A). Isolation regions 5 are formed by etching
through the semiconductor layer 30, the compressively strained dielectric layer 13, and
tensile strained dielectric layer 14 stopping on the substrate 10 surface, preferably stopping
on the etch stop layer 17, to provide a trench. The trench may be formed using a pattered
photoresist mask in conjunction with a dry etching process, such as reactive-ion etching
(RIE) or plasmaletching. The formation of the trench allows the strained dielectric layers 13,
14 to transfer the opposite-sign strain into the overlying semiconductor layer 30. For
example the compressive strained dielectric 13 transfers a tensile strain into the overlying
semiconducting layer producing a tensile strained semiconducting layer 11 (island) and the
tensile strained dielectric 14 transfers a compressive strain into the overlying semiconducting
layerproducing.a.compressive strained semiconducting layer (island) 12. The intrinsic
compressive stress produced within the compressive strained semiconducting layer 12 ranges
from about 100 MPa to about 400 MPa, and the intrinsic tensile stress produced within the

tensile strained semiconducting layer 11 ranges from about 100 MPa to about 400 MPa.
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The trenches may optionally be lined-with a-conventional-liner material, e.g., an oxide, and
then CVD or another like deposition process is used to fill the trench with polysilicon or
another like STI dielectric material. The STI dielectric may optionally be densified after
deposition. A conventional planarization process such as chemical-mechanical polishing

(CMP) may optionally be used to provide a planar structure.

Conventional nFET and pFET forming processes may then be conducted to form at least one
nFET device 25 on the nFET region 15 and at least one pFET device 26 on the pFET region
20, as depicted in FIG. 1(A). Itis noted that although only one device is depicted in each
device region 25, 26, multiple devices are also contemplated and are within the scope of the

present invention.

A second embodiment of the present invention, which produces the structure depicted in
FIG. 1(B), is now described in with reference to FIGS. 5(A) to 5(F). Referring to FIG. 5(A),
an initial structure is provided comprising an insulatfng material layer 40 atop a Si-containing
wafer 35. The insulating material layer 40 may be an oxide, such as SiO,, andA is deposited
atop a Si-containing wafer 35 by conventional deposition processes, such as chemical vapor
deposition. The insulating material layer 35 can have a thickness ranging from about 10 nm

to about 100 nm.

Referring to FIG. 5(B), in a first series of process steps, a pFET region 20 is formed within a
portion of the initial structure. A first photoresist mask is formed atop the insulating material
layer 40, wherein the first photoresist mask exposes a portion of the insulating material layer
40. The exposed portion of the insulating material layer 40 is then etched to expose a first
surface of Si-containing wafer 35. Following the insulating material layer 40 etch, the first
photoresist. mask.is.chemically stripped... A first strained dielectric material 14 is then
deposited atop at least the first surface of the Si-containing layer. The first strained dielectric
material 14 has a tensile intrinsic stress and is hereafter referred to as a tensile strained
dielectric layer 14. Similar to the tensile strained dielectric layer 14 formed in the previous
embodiment, depicted in FIG 4(B), the tensile strained dielectric layer 14 preferably

comprises SizN, and is deposited by chemical vapor deposition, in which the conditions of
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the deposition process-are-selected-to-provide-an-intrinsic tensile stress within the deposited

layer ranging from about 1000 MPa to about 2200 MPa.

Following deposition, another photoresist mask is formed protecting the portion of the tensile
strained dielectric layer 14 within the pFET region 20 of the substrate 10, in which the
exposed portion of the tensile strained dielectric layer 14 is removed from the nFET region
15 of the substrate 10 by an etch process having a high selectivity to the photoresist mask and
the insul;iting material layer 40. Following etching, the photoresist is removed using a

chemical strip.

A polysilicon layer is then blanket deposited and etched to from polysilicon caps 45 atop the
tensile strained dielectric layer 14 within the pFET region 20. The polysilicon caps 45 are
formed by deposition, such as chemical vapor deposition, and typically have a thickness
ranging from about 20 nm to about 50 nm. The polysilicon cap 45 contributes to maintaining
the intrinsic stress within the tensile strained dielectric layer 14 during subsequent

processing.

Still referring to FIG. 5(B) and in a next series of process steps, an nFET region 15 is formed
within a second portion of the initial structure. The processing of the nFET region 15 is
similar to the processing of the pFET region 20. Specifically, a second portion of the
insulating material 40 is removed to expose a second surface of the Si-containing wafer 35; a
second strained dielectric material 13 having a compressive internal stress is blanket
deposited and etched to provide a compressively strained dielectric layer 13 within the nFET
region 15; and a polysilicon cap 46 is formed atop the compressively strained dielectric layer
13. Similar to the compressive strained dielectric layer 13 formed in the previous
embodiment.depicted in EIG. 4(A),.the.compressive strained dielectric layer 13 preferably
comprises SisNjand is deposited by chemical vapor deposition, in which the conditions of
the deposition process are selected to provide an intrinsic compressive stress within the

deposited layer ranging from about 1000 MPa to about 2600 MPa.

17



WO 2006/065759 PCT/US2005/044957

Referring to FIG.-5(C), in a-next-process-step; the remaining portions of the insulating
material layer 40 and the polysilicon caps 45, 46 are removed by an etch process, e.g., wet
etch or dry etch, having a high selectivity to removing the insulating material layer 40 and
the polysilicon caps 45, 46 without substantially etching the compressively strained dielectric
layer 13 or the tensile strained dielectric layer 14. Removing the remaining portions of the
insulating material layer 40 exposes the surface of the Si-containing wafer 35 between the

compressively strained dielectric layer 13 and the tensile strained dielectric layer 14.

Still ;;fen‘ing to FIG. 5(C), a directional etch process, such as reactive ion etch (RIE) having
high selectivity to the compressively strained dielectric layer 13 and the tensile strained
dielectric layer 14, vertically recesses the exposed surfaces of the Si-containing wafer 35.
This etch process is timed. During this procéss step, a portion of the intrinsic strain within
the compressively strained dielectric layer 13 and the tensile strained dielectric layer 14 is
transferred onto the Si-containing wafer 35, wherein the strained dielectric layers 13, 14

impose the opposite sign strain on the Si-containing wafer 35.

Referring to FIG. 5(D), a second oxide layer 47, e.g., SiO», is'then deposited on the recessed
surfaces of the Si-containing wafer 35 and is planarized, using chemical mechanical
polishing, to be coplanar to the compressively strained dielectric layer 13 and the tensile
strained dielectric layer 14. The upper surface of the second oxide layer 47 is then recessed
from the coplanar surfaces of the compressively strained dielectric layer 13 and the tensile
strained dielectric layer 14 by a high selective etch process. A planar upper surface
polysilicon layer 48 is then formed atop the second oxide layer 47, compressively strained
dielectric layer 13 and the tensile strained dielectric layer 14 using deposition and

planarization processes.

Referring to FIG. 5(E), in a next process step a damage interface 28 is formed within the Si-
containing wafer 35 by implanting hydrogen ions, or other like ions, into the Si-containing
wafer 35. Following the formation of the damaged interface 28, a handle wafer 50 is then
bonded to the planar upper surface polysilicon layer 48. Bonding is achieved by bringing the

handle wafer 50 into intimate contact with the face of the planar upper surface polysilicon
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layer 48; and-then heating (roem-temperature-or-above)-the two-contacted surfaces under
conditions that are capable of bonding. The heating step may be performed in the presence
or absence of an external force. During bonding, the Si-containing wafer 35 is then separated
about the damaged interface 28, in which a portion of the Si-containing wafer 35 positioned
below the damaged interface 28 is removed and a portion of the Si-containing wafer 35’

above the damaged interface 28 remains, as depicted in FIG. 5(F).

The remaining portion of the Si-containing wafer 35° are then subjected to a planarization
process, such as chemical mechanical polishing (CMP) or grinding, stopping on the second
oxide layer 47. Following planarization, the second oxide layer 47 is removed by a selective
etch process that does not substantially etch the remaining portion of the Si-containing wafer

35°. FIG. 1(B) depicts the resultant structure formed by the above etch process.

Referring to FIG. 1(B), following removal of the second oxide layer 47, the compressive
strained dielectric 13 transfers a tensile stress into the overlying remaining portion of Si-
containing wafer producing a tensile strained semiconducting layer 11 (island), and the
tensile strained dielectric 14 transfers a compressive stress into the overlying remaining
portion of Si-containing wafer producing a compressive strained semiconducting layer
(island) 12. The intrinsic compressive stress produced within the compressive strained
semiconducting layer 12 ranges from about 100 MPa to about 300 MPa, and the intrinsic
tensile stress produced within the tensile strained semiconducting layer 11 ranges from about

100 MPa to about 300 MPa.

In an alternative to compressive and tensile strained dielectrics 13, 14, the compressive film
may be SiGe and the tensile film Si doped with carbon. Still further, one could employ Ge
implantation into.the.compressive film to.into.a tensile film. For.example, a compressive
Si3N4 layer may be converted into a tensile film by implanting Ge by ion imﬁlantation, in
which the implant concentration ranges from 5x10" atoms/cm® to about 1x10'® atoms/cm®

and the implantation energy ranging from about 10 keV to about 100 keV.
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‘While this invention - has been-particularly-shewn and-described with respect to preferred
embodiments thereof, it will be understood by those skilled in the art that the foregoing and
other changes in forms and details may be made without departing from the spirit and scope
of the present invention. It is therefore intended that the present invention not be limited to
the exact forms and details described and illustrated, but fall within the scope of the

appended claims.

20



WO 2006/065759 PCT/US2005/044957

CLAIMS

Having thus described our invention in detail, what we claim as new and desire to secure by

the Letters Patent is:

1. A method of fabricating a substrate comprising the steps of:
forming a compressive dielectric layer on a first portion of a substrate;
forming a tensile dielectric layer on a second portion of a substrate;

forming a semiconducting layer atop said cdmpressive dielectric layer and said tensile

dielectric layer; and

forming an isolation region through said semiconducting layer and separating said tensile
dielectric layer from said compressive dielectric layer, wherein said compressive dielectric
layer transfers a tensile stress to a portion of said semiconducting layer overlying said
compressive dielectric layer and said tensile dielectric layer transfers a compressive stress to

a portion of said semiconducting layer overlying said tensile dielectric layer.

2. The method of Claim 1 wherein said compressive dielectric layer and said tensile -

dielectric layer comprise Si3Nj.

3. The method of Claim 1 wherein said forming said compressive dielectric layer on said

first portion of said substrate comprises:
blanket depositing said compressive dielectric layer on said substrate;

forming a first block mask protecting a portion of said compressive dielectric layer overlying
said first portion of said substrate leaving a remaining portion of said compressive dielectric

layer exposed;
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etching said remaining portion of said compressive dielectric layer selective to said first

block mask and said substrate; and
removing said first block mask.

4. The method of Claim 3 wherein said blanket depositing said compressive dielectric layer
comprises chemical vapor deposition of Si3N4, wherein conditions of said chemical vapor

deposition provide an intrinsic compressive stress within said compressive dielectric layer.

5. The method of Claim 3 wherein said conditions of said chemical vapor deposition
comprise a low frequency power on the order of about 500 to about 1,500 W, a high
frequency power on the order of about 250 to about 500 W, a silane flow rate on the order of
about 800 to about 2,000 sccm, an NH3 flow rate on the order of about 6,000 to about 10,000

scem, and a deposition pressure of about 10 Torr or less.

6. The method of Claim 3 wherein said forming said tensile dielectric layer on said second

portion of said substrate comprises the steps of:

depositing an oxide layer on said substrate including said second portion of said substrate and

said compressive dielectric layer in said first portion of said substrate;

blanket depositing said tensile dielectric layer atop said oxide layer;

forming a second block mask protecting a portion of said tensile dielectric layer overlying
said.second portion of said substrate leaving a remaining portion of said tensile dielectric

layer exposed;

etching said remaining portion of said tensile dielectric layer stopping on said oxide layer

atop said first portion of said substrate;
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removing said second block mask; and
removing said oxide layer from said first portion of said substrate.

7. The method of Claim 3 wherein said blanket depositing said tensile dielectric layer
comprises chemical vapor deposition of Si;N4, wherein conditions of said chemical vapor

deposition provide an intrinsic tensile stress within said tensile dielectric layer.

8. The method of: Claim 7 wherein said conditions of said chemical vapor deposition
comprise a low frequency power on the order of about 0 to about 100 W, a high frequency
power on the order of about 200 to about 600 W, a silane flow rate of about 50 to about 200
sccm, an NH3 flow rate on the order of about 1,500 to about 3,000 sccm, and a deposition

pressure of about 15 Torr or less.

9. The method of Claim 1 wherein forming said semiconducting layer atop said compressive

dielectric layer and said tensile dielectric layer comprises layer transfer techniques.

10. The method of Claim 1 wherein said forming said isolation region comprises

forming a patterned mask atop said semiconducting layer to expose a portion of said
semiconducting layer overlying a junction between said compressive dielectric layer and said
tensile dielectric layer;

etching said semiconducting layer, said compressive dielectric layer and said tensile
dielectric layer selective to said patterned mask and stopping on said substrate to provide a

trench; and

filling said trench with a dielectric material.
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11. The method of.Claim 1 further.comprising implanting said compressive dielectric layer
with Ge ions, wherein said implanting converts intrinsic compressive stress within said

compressive dielectric layer to intrinsic tensile stress.

12. The method of Claim 1 wherein said compressive dielectric layer comprises an intrinsic
compressive stress ranging from about 1000 MPa to about 2600 MPa and said tensile

dielectric layer comprises an intrinsic tensile stress ranging from about 100 MPa to about

2200 MPa.

13. The method of Claim 1 wherein said compressive dielectric layer transfers said tensile
stress ranging from about 100 MPa to about 300 MPa to said semiconducting layer overlying
said compressive layer and said tensile dielectric layer transfers said compressive stress
ranging from about 100 MPa to about 300 MPa to said semiconducting layer overlying said

tensile dielectric layer.

14. The method of Claim 1 wherein said forming said tensile dielectric layer of said second

portion of said substrate comprises:
blanket depositing said tensile dielectric layer on said substrate;

forming a first block mask protecting a portion of said tensile dielectric layer overlying said
second portion of said substrate leaving a remaining portion of said tensile dielectric layer

exposed;

etching said remaining portion of said tensile dielectric layer selective to said first block

mask and. said substrate; and
removing said first block mask.

15. The method of Claim 3 wherein said forming said compressive dielectric layer on said

first portion of said substrate comprises the steps of’
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depositing an oxide layer on said substrate including said first portion of said substrate and

said tensile dielectric layer in said second portion of said substrate;
blanket depositing said compressive dielectric layer atop said oxide layer;

forming a second block mask protecting a portion of said compressive dielectric layer
overlying a first portion of said substrate leaving a remaining portion of said compressive

dielectric layer exposed;

etching said remaining portion of said compressive dielectric layer stopping on said oxide

layer atop said second portion of said substrate;
l

removing said second block mask; and

removing said oxide layer from said second portion of said substrate.

16. A method of forming a substrate comprising:

providing an initial structure comprising a Si-containing substrate having a tensile dielectric
positioned on a first surface of said Si-containing substrate and a compressive dielectric
positioned on a second surface of said Si-containing substrate, said tensile dielectric and said

compressive dielectric separated by an insulating material;

removing said insulating material to expose a portion of said Si-containing substrate between

said first surface.and said second surface of said Si-containing substrate;
recessing said Si-containing substrate from said first and said second surface of said Si-

containing substrate to provide recessed portions of said Si-containing substrate adjacent said

first surface of said substrate and said second surface of said substrate;
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forming-an oxide positioned.on recessed portions-of said Si-containing substrate, said oxide
being coplanar to an upper surface of said compressive layer and said tensile layer to provide

a planar top surface;
bonding a wafer to said planar top surface;
implanting said Si-containing substrate to provide a damaged interface;

separating said Si-containing substrate about said damagéd interface, wherein a damaged

surface of said Si-containing substrate remains;

planarizing said damaged surface of said Si-containing substrate stopping on a surface of said
oxide on said recessed portions of said Si-containing substrate, wherein planarizing said Si-
containing substrate to said oxide produces a semiconducting layer atop said tensile material

and said compressive material; and

removing said oxide, wherein said tensile dielectric transfers a compressive stress to said
semiconducting layer and said compressive dielectric transfers a tensile stress to said
semiconducting layer.

17. The method of Claim 16 wherein providing said initial structure comprises:

providing a layer of said insulating material atop said Si-containing substrate;

removing a portion of said layer of insulating material to expose said first surface of said Si-
containing substrate.and.a second portion of said layer of insulating material to expose said

second surface of said Si-containing substrate; and

forming said tensile dielectric atop said first surface of said Si-containing substrate and said

compressive dielectric atop second surface of said Si-containing substrate.
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18. Themethod.of Claim 17 wherein-said-forming.said. compressive dielectric comprises
chemical vapor deposition of SizNy, wherein conditions of said chemical vapor deposition
provide an intrinsic compressive stress within said compressive dielectric and said forming
said tensile dielectric comprises chemical vapor deposition of SizNs, wherein conditions of

said chemical vapor deposition provide a intrinsic tensile stress within said tensile dielectric.

19. The method of Claim 18 wherein said conditions of said chemical vapor deposition to
provide said compressive dielectric comprise a low frequency power on the order of about
500 to about 1,500 W, a high frequency power on the order of about 250 to about 500 W, a
silane flow rate on the order of about 800 to about 2,000 scem, an NH; flow rate on the order

of about 6,000 to about 10,000 sccm, and a deposition pressure of about 10 Torr or less.

20. The method of Claim 18 wherein said conditions of said chemical vapor deposition to
provide said tensile dielectric comprise a low frequency power on the order of about 0'to
about 100 W, a high frequency power on the order of about 200 to about 600 W, a silane
flow rate of about 50 to about 200 sccm, an NH3 flow rate on the order of about 1,500 to

about 3,000 sccm, and a deposition pressure of about 15 Torr or less.
21. The method of Claim 17 further comprising:

forming polysilicon caps atop said compressive dielectric and said tensile dielectric prior to

removing said insulating material; and

removing said polysilicon caps atop said compressive layer and said tensile layer after
removing said insulating material, wherein said polysilicon caps maintain stress within said

compressive layer.and tensile layer.

22. The method of Claim 16 further comprising implanting said compressive dielectric with
Ge ions, wherein said implanting converts intrinsic compressive stress within said

compressive dielectric to an intrinsic tensile stress.
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23. The.method of Claim 22 wherein-said Ge.ions.are.implanted at a concentration ranging

from about 5x10" atoms/cm?® to about 1x10'° atoms/cm?.

24. The method of Claim 16 wherein said compressive dielectric comprises an intrinsic
compressive stress ranging from about 1000 MPa to about 2600 MPa and said tensile
dielectric comprises an intrinsic tensile stress ranging from about 1000 MPa to about 2200
MPa.

25. The method of Claim 16 wherein said compressive dielectric transfers said tensile stress
ranging from about 100 MPa to about 300 MPa to said semiconducting layer overlying said
compressive dielectric and said tensile dielectric transfers said compressivé stress ranging
from about 100 MPa to about 300 MPa to said semiconducting layer overlying said dielectric

layer.

26. A semiconducting material comprising:

a substrate;

a first layered stack atop said substrate, said first layered stack comprising a compressive
dielectric layer atop said substrate and a first semiconducting layer atop said compressive
dielectric layer, wherein said compressive dielectric layer transfers tensile stresses to said
first semiconducting layer; and

a second layered stack atop said substrate, said second layered stack comprising an tensile
dielectric layer atop said substrate and a second semiconducting layer atop said tensile
dielectric layer, wherein said tensile dielectric layer transfers compressive stresses to said

second semiconducting layer.

27. The semiconducting substrate of Claim 26 wherein said compressive dielectric layer and

said tensile dielectric layer have a thickness ranging from about 5 nm to about 100 nm.

28. The semiconducting substrate of Claim 26 wherein at least one nFET device is formed (

atop said first layered stack.
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29. The semiconducting device of Claim 26 wherein at least one pFET device is formed atop

said second layered stack.

30. The semiconducting device of Claim 26 wherein said compressive dielectric layer and

said tensile dielectric layer comprise Si3Nj.
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