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METHOD FOR FABRICATING A SEMICONDUCTOR DEVICE
INCLUDING FIN RELAXATION, AND RELATED STRUCTURES

PRIORITY CLAIM
This application claims the benefit of the filing date of United States Patent
Application Serial No. 14/272,660, filed May 8, 2014, for “METIIOD FOR
FABRICATING A SEMICONDUCTOR DEVICE INCLUDING FIN RELAXATION,
AND RELATED STRUCTURES.”

TECHNICAL FIELD
Embodiments of the present disclosure relate to methods that may be used to
fabricate n-type ficld cffect transistors and p-type ficld effect transistors having different
stress states in a common layer on a semiconductor substrate, and to semiconductor

structures and devices fabricated using such methods.

BACKGROUND

Semiconductor devices such as microprocessors and memory devices employ solid
state transistors as a basic, primary operational structure of the integrated circuits thereof.
One type of transistor commonly employed in semiconductor structures and devices is the
field effect transistor (FET), generally includes a source contact, a drain contact, and one or
more gate contacts. A semiconductive channel region extends between the source contact
and the drain contact. Onc or more pn junctions are defined between the source contact
and the gate contact. The gate contact is located adjacent at least a portion of the channel
region, and the conductivity of the channel region is altered by the presence of an electrical
field. Thus, an electrical field is provided within the channel region by applying a voltage
to the gate contacl. Thus. for example, electrical current may flow through the transistor
from the source contact to the drain contact through the channel region when a voltage is
applied to the gate contact, but may not flow through the transistor from the source contact
to the drain contact in the absence of an applied voltage to the gate contact.

Recently, ficld-cffect transistors (FETs) have been developed that employ discrete,
clongated channel structures referred to as “fins.” Such a transistor is often referred to in
the art as a “fin[FE'T." Many different configurations of finFETs have been proposed in the

art.
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The elongated channel structures or fins of a finFET comprise a semiconductor
material that may be doped either n-type or p-type. It has also been demonstrated that the
conductivity of n-type doped semiconductor materials may be improved when the n-type
semiconductor material is in a state of tensile stress, and the conductivity of p-type

i semiconductor materials may be improved when the p-type semiconductor material is in a
state of compressive stress.

U.S. Patent No. 8,169,025, which issued May 1, 2012 to Bedell et al., discloses a
semiconductor device and fabrication method that include a strained semiconductor layer
having a strain in one axis. A long fin and a short fin are formed in the semiconductor layer

) such that the long fin has a strained length along the one axis. An n-type transistor is

formed on the long fin, and a p-type transistor is formed on the at least one short fin.

DISCLOSURE

In some embodiments, the present disclosure includes methods of fabricating

; semiconductor devices. In accordance with disclosed embodiments. one or more first fins
may be formed in a layer of strained semiconductor material. The layer of strained
semiconductor material may be disposed over an insulating layer on a basc substrate. The
onc or more first fins may have lengths below a critical length Lc. After forming the onc

or more first fins, a heat trcatment may be conducted causing relaxation of stress within the

) one or more first fins, One or more second fins may also be formed in the layer of strained
semiconductor material. In accordance with some embodiments, the one or more second
fins may have a length above the critical length Le. In accordance with f(urther
embodiments, the one or more second fins may be formed afier conducting the heat

trcatment.

BRIEF DESCRIPTION OF THE FIGURES
While the specification concludes with claims particularly pointing out and
distinetly claiming what are regarded as embodiments of the invention, the advantages of

o

embodhuneits of the d he

1¢ disclosure may be moic readily ascertaincd from the description of
) certain examples of embodiments of the disclosure when recad in conjunction with the

accompanying drawings, in which:
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FIG. 1 is a schematically illustrated cross-sectional side view of a multilayer
substrate that includes a layer of strained semiconductor material over an insulating layer
on a base substrate;

FIG. 2 is a schematically illustrated top plan view of a portion of the multilayer
substrate of FIG. 1 after a plurality of first fin structures and a plurality of second fin
structures have been defined in the layer of strained semiconductor material;

FIG. 3 is a schematically illustrated cross-sectional side view of a portion of the
substrate of FIG. 2 and illustrates two fin structures thereof having different lengths;

FIGS. 4 and 5 are similar to FIG. 3, but illustrate the relaxation of a fin structure

' upon subjecting the multilayer substrate to a thermal treatment process;

FIG. 6 is similar to FIG. 3, but illustrates one fin in a strained state and one fin in a
relaxed state;

FIGS. 7 through 10 are simplified cross-sectional side views similar to that of
FIG. 6 and illustrate the inducement of a stress and strain into the relaxed fin shown in
FIG. 6;

FIG. 11 is a schematically illustrated top plan view of a portion of another
multilayer substrate like that of FIG. 1 after a plurality of first fin structures have been
defined in the layer of strained semiconductor material;

FIG. 12 is a schematically illustrated cross-sectional side view of a portion of the
substrate of FIG. 11 and illustrates one fin structure thereof;

FIG. 13 is a top plan view like that of FIG. 11 illustrating the structure after
performing a thermal treatment process on the structure of FIGS. 11 and 12 to relax the fins
thereof;

FIG. 14 is a schematically illustrated cross-sectional side view of a portion of the
substrate of FIG. 13 and illustrates a relaxed fin structure thereof;

FIG. 15 is similar to FIG. 14, and illustrates the fin after inducing a stress and strain
into the fin structure shown therein;

FIG. 16 is a top plan view like that of FIG. 13, but further illustrating the formation
of a plurality of second fin structures thereon, such that the structure includes fin structures
having different stress/strain states;

FIG. 17 is a schematically illustrated cross-sectional side view of a portion of the
substrate of FIG. 16 and illustrates two fin structure thereof having different stress/strain

states; and



WO 2015/171362 PCT/US2015/027974
-4 -

FIG. 18 illustrates an example structure of a finFET transistor.

MODE(S) FOR CARRYING OUT THE INVENTION
Embodiments of the present disclosure are described below reference to the

»  attached figures. The illustrations presented herein arc not meant to be actual views of any
particular semiconductor structure or device, but are merely idealized representations that
are used to describe embodiments of the disclosure. The figures are not drawn to scale.

The terms first and second in the description and the claims are used for
distinguishing between similar elements.

) As used herein, the term “fin” means an elongated, three-dimensional finite and
bounded volume of semiconductor material having a length, a width, and a height, wherein
the length is greater than the width. The width and height of the fin may vary along the
length of the fin in some embodiments.

Described below with reference to the figures are methods that may be used to

i fabricate semiconductor devices. As discussed in further detail below, the methods
generally involve the formation of at least one first fin in a layer of strained semiconductor
material overlying an insulating layer on a basc substrate. After forming the at least one
{irst fin, a heat treatment may be conducted to cause relaxation of stress within the at least
one first fin. At least one second fin may also be formed in the layer of straincd

) semiconductor material. The at least one second fin may have a longer length than the first
fin structure such that the second fin does not relax during the heat treatment used to relax
the at least one first fin, or the at least one second fin may be formed after conducting the
heat treatment to avoid relaxing the at least one sccond fin.

FIG. 1 illustrates an example of a multilayer substrate 100 that may be employed in

»  cmbodiments of the present disclosure.  As shown in FIG. 1, the multilayer substrate 100
may include a layer of strained semiconductor material 102 overlying an insulating
layer 104 on a base substrate 106.

The base substrate 106 may comprisc a dic or wafer of, for example, semiconductor
maicrial (e.g., silicon, germanium, a Hi-V seiiconductor material, ¢tc.), a ceramic material

) (c.g.. silicon oxide, aluminum oxide, silicon carbide, etc.), or a metal material (c.g.,

molybdenum, etc.). The base substrate 106 may have a monocrystalline or polycrystalline

microstructure in some embodiments. [n other embodiments. the basc substrate 106 may
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be amorphous. The base substrate 106 may have a thickness ranging from about 400 um to
about 900 um (e.g., about 750 pm).

The insulating layer 104 may comprise what is often referred to in the art as a
“buried oxide layer” or “BOX.” The insulating layer 104 may comprise, for example, an
oxide, a nitride, or an oxynitride. The insulating layer 104 may be crystalline or
amorphous. In some embodiments, the insulating layer 104 may comprise a glass, such as
a borophosphosilicate (BPSG) glass. The insulating layer 104 may have an average layer
thickness of, for example, between about 10 nm and about 50 nm, although thicker or
thinner insulating layers 104 may also be employed in embodiments of the present
disclosure.

The layer of strained semiconductor material 102 may comprise, for example, a
layer of strained silicon, strained germanium, or a strained 1lI-V semiconductor rﬁaterial.
Thus, the semiconductor material 102 may have a crystal structure exhibiting lattice
parameters that are either above (tensile strained) or below (compressively strained) the
relaxed lattice parameters that would normally be exhibited by the crystal structure of the
respective semiconductor material 102 if the semiconductor material 102 existed in free-
standing, bulk form. The layer of strained semiconductor material 102 may have an
average layer thickness of about 50 nm or less, or even about 35 nm or less, although
thicker layers of strained semiconductor material 102 may also be employed in
embodiments of the present disclosure.

Although many methods are known in the art for providing a strained layer of
semiconductor material 102 on a multilayer substrate 100 such as that shown in FIG. 1 and
may be employed in embodiments of the present disclosure, the strained layer of
semiconductor material 102 may be provided on the multilayer substrate 100 using what is
referred to in the art as a SMARTCUT® process. In such processes, the layer of
semiconductor material 102 is bonded over the base substrate 106 with the insulating
layer 104 therebetween at elevated temperatures. The stress and strain within the layer of
semiconductor material 102 may be tensile or compressive in nature. Counteracting stress
and strain may aiso be generaied within the insulating layer 104 and/or the base
substrate 106, although the magnitude of the counteracting stress and strain within the
insulating layer 104 and/or the base substrate 106 may be significantly lower than the
magnitude of the stress and strain within the semiconductor material 102 due to the fact

that the combined thickness of the insulating layer 104 and/or the base substrate 106 is
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significantly larger than the thickness of the layer of strained semiconductor material 102.
As a non-limiting example, when the stress level in the layer of semiconductor
material 102 is about 1.0 GPa. the stress in the insulating layer 104 and/or the base
substrate 106 may be on the order of about 0.1 MPa.

As shown in FIG. 2, one or morc first fins 108 may be formed in the layer of
strained semiconductor material 102. The first fins 108 may be formed in the layer of
semiconductor material 102 using a masking and etching process, such as those commonly
employed in the industry. The first fins 108 may comprise fins that are intended to be fins
of one of n-type finfFET transistors and p-type finFET transistors, although each of the first

I fins 108 may be intended be of the same type (i.c., cither n-type or p-type).

The first fins 108 may have a length L; that is below a critical length L. As
discussed in further detail below, the critical length Le is the length at which the
semiconductor material 102 in the fins 108 will relax during a subsequent heat treatment
process. In other words, a subsequent heat trcatment may be carried out under conditions
at which the stress and strain within the crystal lattice of the semiconductor material 102
generally will not relax.  However, the stress and strain may be relaxed during the
subsequent heat treatment process in the semiconductor material 102 within the discrete
volumes thereof in the first fins 108, which have lengths 1.1 below the critical length Lc.

As shown in FIG. 2, optionally, one or more second fins 110 may also be formed in

i the layer of semiconductor material 102. The one or more second fins 110 may be formed
in the layer of semiconductor material 102 using a masking and etching process. In some
embodiments, the first fins 108 and the second fins 110 may be formed together in a
common masking and etching process. The sccond fins 110 may comprise fins that arc
intended to be fins of one of n-type finFET transistors and p-type finFET transistors,
although each of the second fins 110 may be intended be of the same type (i.e., either n-
type or p-type). The second fins 110 also may be intended to be of the opposite type
relative to the first fins 108. In other words. if the first fins 108 are to be n-type fins. the
second fins 110 may be p-type fins. If the first [ins 108 are to be p-type fins, the second
iins 110 may be n-iype iins.

) The second fins 110 may have a length 1., that is above the critical length Le at
which the semiconductor material 102 in the {ins 108.110 will relax during the subsequent
heat treatment process. Thus, in a subsequent heat treatment carried out under conditions

(c.g.. time, temperature, and pressure) at which the stress and strain within the crystal

&
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lattice of the first fins 108 will relax, the stress and strain within the crystal lattice of the
second fins 110 will not entirely relax, although there may be at least some measurable
relaxation in regions within the second fins 110.

FIG. 3 is a cross-sectional view of a portion of the multilayer substrate 100 taken
along scction line 3-3 of FIG. 2, and illustrates the length L; of one first fin 108 and the
length 1, of one second fin 110. The first and second fins 108, 110 may have heights and
widths that are much smaller compared to the lengths L;, L, of the first and second
fins 108, 110. As non-limiting examples, the fins 108, 110 may have widths and heights
less than about 0.1 um, less than about 0.065 pm, or even less than about 0.045 pm. For
example, the heights and widths of the first and second fins 108. 110 may be between about
30 nm and about 10 nm respectively. The second fins 110, however, may not entirely relax
in the longitudinal direction parallel to the length L, during the heat treatment, while the
first fins 108 do at least substantially entirely relax in the longitudinal direction parallel to
the length L; during the same heat treatment.

As non-limiting example, the layer of strained semiconductor material 102 may
comprise a layer of tensile strained silicon, and the insulating layer 104 may comprise a
layer of silicon oxide. Tensile strained silicon on an insulating layer 104 of silicon oxide
may exhibit a stress of, for example, between about 1 GPa and about 3 GPa. In such
embodiments, the critical length Le may be about 1.0 um, for cxample. In such an

I instance, as an example, the lengths L; of the first fins 108 may be below about 1 pum,
below about 0.5 pm, or even below about 0.3 pm, and the lengths L, of the second fins 110
may be above about 1.0 pm, above about 1.5 pm, or even about 2.0 pum.

As shown in FIG. 4, when a fin 108, 110 of a predefined length L is cut in the layer
of strained semiconductor material 102, a concentration of strain is observed in
portions 114 (the regions within the dashed lines) of the insulting layer 104 located
underneath the opposing longitudinal ends ot the fin 108. 110 of predefined length L. This
strain concentration may be sufficient to induce a local deformation (e.g., viscous flow,
creep) of the insulating layer 104 by conducting a heat treatment under moderately elevated
iemperatures, which inay cause the f{in 108, 110 to relax in the longitudinal dircction

b parallel to the length L. For example, when the stress within the strained semiconductor
material 102 within fins 108, 110 having lengths 1. of about 0.5 pm is about 1 GPa. the
magnitude of the stress induced in the portions 114 of the insulating layer 104 underlying

the longitudinal ends of the fins 108, 110 may be above about 100 MPa. Such increased
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magnitudes of stress within the portions 114 of the insulating layer 104 may be sufficient to
induce viscous tlow. creep or other forms of localized deformation in the insulating
layer 104 during the thermal trcatment process, which may allow the overlying portions of
the fins 108, 110 to relax.

For example, FIG. 5 illustrates the fin 108, 110 of FIG. 4 at an intermediate stage
during a heat treatment. As shown in FIG. 5. the longitudinal ends 112 of the fin 108, 110
have relaxed (as indicated by the less dense stippling), while a longitudinal mid-
portion 113 of the fin 108, 110 remains in a strained state. The regions portions 114 of the
insulating layer 104 in which strain is concentrated under the relaxing fin 108, 110 have
migrated inwardly toward the center of the fin 108, 110 underneath the mid-portion 113 of
the fin 108. 110 which remains in strained state.

The applicant has observed that the processing parameters of the heat treatment for
at least substantially entirely and homogenously relaxing a fin 108, 110 depend on the fin
length 1.. The longer the length of the fin 108, 110, the higher is the thermal budget
required to fully relax the fin 108, 110 during a heat treatment. As a consequence, the
applicants has achieved at least substantially entirely and homogenously relaxed fins
having longer lengths relative to known prior art.

The thermal treatment duration needed to relax a stressed domain can be evaluated
by roughly At~5.1.Ac/(c.Y). where n is the viscosity, ¢ the initial stress, Ao the stress loss
and Y Young's modulus (~100 GPa). Since the goal is a complete rclaxation, Ao=c and the
relaxation time is then At~3.1/Y.

The table below describes the typical time to relax a 50 nm domain, and a | pm

long Fin, for different T° for a dense SiOs.

T(°C) n (Pa.s) ,\1(9) fora50nm | Timeto relax a
domain I pm long Fin
/800 10" 50000 6 days
90 |30 15000 42 hours 7
1000 13107 11500 | 4 hours o
1100 6.10' 300 50 mn
1200 6.10" 130 5 mn

From this table it appears clearly that relaxing a 1 pm Fin at a T° below 1000°C

requires processing times that are not well suited to industrial manulacturing.
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Using techniques that reduce the BOX viscosity enable to reduce the annealing T°
by 100°C for each decade of reduction in 1, while maintaining a similar processing time.

In addition, it is possible to tailor the parameters of the heat treatment process so as
to at least substantially completely and homogenously relax relatively shorter first fins 108
having lengths L, below the critical length L¢, without entirely relaxing relatively longer
second fins 110 having lengths L, above the critical length L¢. Thus, tensile or
compressive stress and strain may be attained in at least a significant portion of the second
fins 110 throughout the heat treatment. As a result, the first fins 108 may have a first
latticc constant after conducting the heat treatment. and the second fins 110 may have a
lattice constant that is different from the first lattice constant of the first fins 108 after the
heat treatment.

Various techniques are known in the art for tailoring the insulating layer 104 to
facilitate the relaxation of the overlying first fins 108 during the thermal treatment process.

For example, in some embodiments, the insulating layer 104 may not be completely
dense, and may undergo densification during the thermal treatment process. Prior to the
thermal treatment process, the insulating layer 104 may have a density lower than a density
that may be achieved by thermally annealing the insulating layer 104 at a temperature
above 750°C. The non-densified material may have a substantially lower viscosity and the
ability of the insulating layer 104 to undergo densification during the thermal annealing
process in regions of concentrated stress therein may facilitate the relaxation of the
overlying first fins 108 during the thermal treatment process.

In some embodiments, atomic species may be implanted in the insulating layer 104
prior to the thermal trcatment process, and the composition and concentration of the
implanted atomic species may be selected to reduce a glass transition temperature and/or
reduce a viscosity of the insulating layer 104 to facilitate localized redistribution of the
insulating layer 104 and rclaxation of overlying first fins 108 during the thermal treatment
process. As a non-limiting example, atomic species implanted in the insulating layer 104
prior to the thermal treatment process may include one or both of boron and phosphorous.
Hence. the viscosity of the insuiating layer 104 with the impianted ciements therein at the
temperature of the thermal treatment process may be reduced relative to the viscosity of the
insulating layer 104 in the absence of the implanted atomic species. As a consequence.

relaxation of the first fins 108 during the heat treatment process may be achicved at
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relatively lower temperatures using such insulating layers 104 with implanted atomic
species.

By enhancing the ability of the insulating layer 104 to undergo localized
deformation during the heat treatment process, the heat treatment temperature for relaxing

i longitudinal stress in the fins 108 may be reduced, and/or relatively longer fins 108 may be
at least substantially entirely relaxed for a giver thermal treatment temperature.

Referring to FIG. 6, the heat treatment process may be carried out at temperatures,
pressures, and for a time selected such that the first fins 108 will at least substantially
completely relax, while at least a longitudinal portion (e.g., a mid-portion 113) of each of

) the second fins 110 remains in a strained state. The un-patterned regions of the layer of
strained semiconductor material 102 may also remain in the strained state throughout the
heat treatment process.

As a non-limiting example, in embodiments in which the layer of strained
semiconductor material 102 comprises a layer of tensile strained silicon, and the insulating

i layer 104 comprises a layer of silicon oxide, the heat treatment may be conducted at a
temperature between about 950°C and about 1250°C in an inert atmosphere for a time of
between about ten hours (10 hours) and about one minutes (I mn). As non-limiting
specific examples, the heat treatment process may be conducted at about 1050°C in an inert
atmosphere for about one hour (1 hour), or at about 1150°C in an inert atmosphere for

) about five minutes (5 minutes). Stress and strain within the second fins 110 may be
maintainable when the heat treatment is carried out at a temperature up to about 1250°C.
The stress and strain within the first fins 108 may be relaxed when the heat treatment is
carried out at temperatures between about 950°C and about 1250°C, which temperatures
are compatible with complementary metal oxide semiconductor (CMOS) processing.

j It may be possible to relax first fins 108 having lengths below about 0.5 pm at heat
treatment temperatures as low as about 600°C. When the heat treatment is conducted at
such low temperatures, the stress and strain within at least portions of the second fins 110
may be maintained as long as the lengths L, of the second fins 110 are about 1 um or more.

Considering a 25 nrm ihick insulating layer 104 of silicon oxide, and a 35 nm thick

) layer of strained semiconductor material 102 comprising tensile strained silicon (Si), heat
treatment processing conditions as a function the length L; of the first fins 108 may be as

set forth in Table 1 below:
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First Fin length (um)

Heat treatment

Processing duration

temperature (°C) (mn)
1 1100 | hour
0.5 1100 30 mn
0.3 1100 15 mn

As previously mentioned, the strained layer of semiconductor material 102 also
may comprise a compressively strained semiconductor layer, such as a compressively
strained silicon germanium (SiGe) layer. Compressively strained SiGe on an insulator
layer 104 may exhibit a stress of from about 0 GPa to about -4 GPa.

Considering a 25 nm thick insulator layer 104 comprising silicon oxide, and a 30
nm thick compressively strained Si25Geq 75 layer, heat treatment processing conditions as a

function the length 1.1 may be as set forth in table 2 below:

TABLE 2
. . Heat treatment Processing duration ]
First Fin length (um) temperature (°C) (mn)
1 1100 I hour
0.5 1100 30 mn
0.3 1100 15 mn

As shown in Tables 1 and 2 above, full longitudinal stress relaxation of the first
fins 108 may be attained at lower temperatures for fins 108 having shorter lengths 1.;.

After the anneal, the strain within the insulating layer 104 underneath the first
fins 108 also may be at least substantially reduced or climinated, although strain may
remain in the insulating layer 104 underneath at least a portion of each of the scecond
fins 110.

If the layer of semiconductor material 102 is a tensile strained layer, the first
fins 108 may have a smaller lattice constant than the second fins 110 after the heat
treatment. In such embodiments. the first fins [U¥ may be used to form p-type finkETs,
and the second tins 110 may be used to form n-type finFETS. for example. If the layer of
semiconductor material 102 is a compressively strained layer, the first fins 108 may have a

larger latticc constant than the second fins 110 after the heat treatment. In such
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embodiments, the first fins 108 may be used to form n-type f{inFETs, and the second
fins 110 may be used to form p-type finkETs, for example.

It may be desirable to form n-type finFETs having fins that arc in a state of tensile
stress, and to form p-type finFETs having fins that are in a relaxed state or in a state of
compressive stress. Thus, in some embodiments, whichever of the first fins 108 and the
second fins 110 has the highest latticc constant may be selected and used to form the fins of
n-type {inFETs, and whichever of the first fins 108 and the second fins 110 has the lowest
lattice constant may be selected and used to form the fins of p-type finFETs.

In embodiments in which the layer of strained semiconductor material 102
comprises a tensile strained semiconductor layer, the crystal lattice of the first fins 108 may
undergo rclaxation characterized by a decrease of the lattice constant of the semiconductor
material 102 within first fins 108. Therefore, the lattice constant within the first fins 108
will be lower than the lattice constant within the second fins 110. In such embodiments, p-
type finFLETs may be formed using the first fins 108. and n-type finFETs may be formed
using the second fins 110. The performance of n-type finFETs may be improved by the
presence of tensile strain within the second fins 110 thereof, and no degradation of the
performance of the p-type finFETs fabricated using the first fins 108 may be observed.
Additionally, since the relaxation of each of the first fins 108 may be at least substantially
homogeneous across the entire length of the first fin 108, the mobility of electron holes
within the p-type finFETs formed using the first fins 108 may not be reduced relative to the
known prior art, and almost no threshold voltage (Vt) variation may be observed.

On the contrary, in embodiments in which the layer of strained semiconductor
material 102 comprises a compressively strained semiconductor layer. the crystal lattice of
the first fins 108 may undergo relaxation characterized by an increase of the lattice constant
of the semiconductor material 102 within first fins 108. Therefore. the lattice constant of
the first fins 108 is higher than the lattice constant of the second fins 110 after the heat
treatment, and the p-type finFETs may be formed using the second tins 110, while the n-
type finFETS may be formed using the first fins 108. The performance of p-type finFETs
may be nnproved by the presciice of compiessive strain withii the sceoind fins 110 thereot.
while no degradation of the performance of n-type finFET's formed using the first fins 108
may be observed. Additionally, since the relaxation of the first fins 108 may be at least

substantially homogeneous across the lengths of the first fins 108, the mobility of electrons
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within the n-type finFETs formed using the first fins 108 may not be degraded compared to
the known prior art, and threshold voltage (Vt) variation may not be observed.

As previously mentioned, in some cmbodiments, the layer of strained
semiconductor material 102 may comprise a tensile strained semiconductor layer, such as a
tensile strained silicon (Si) layer. Such a tensile strained silicon layer may exhibit tensile
stress therein above about 1.3 GPa. The electron mobility within an n-type finFET formed
using a tensile strained silicon fin having a tensile stress of about 1.3 GPa therein may be
about 60 % higher than the electron mobility within an n-type finFET formed using a
relaxed silicon fin.

In some embodiments of the present disclosure, after conducting the heat treatment
process and relaxing the first fins 108, a stress or strain may again be generated within the
first fins 108. The stress or strain generated within the first fins 108 after the heat treatment
process may be opposite in nature to the stress and strain remaining within the second
fins 110 after the heat treatment process. For example, if the second fins 110 are in a state
of tensile stress and strain after the heat treatment, compressive stress and strain may be
induced within the first fins 108 (while maintaining the tensile stress and strain within the
second (ins 110). As another example, if the second fins 110 are in a state of compressive
stress and strain after the heat treatment, tensile stress and strain may be induced within the
first fins 108 (while maintaining the compressive stress and strain within the second
fins 110).

As a specific non-limiting example. in embodiments in which the layer of strained
semiconductor material 102 comprises a tensile strained silicon layer, the relaxed silicon in
the first fins 108 after the heat treatment process may be converted to compressively
strained silicon germanium (SiGe) using processes known in the art, such as an oxidation
condensation process or a thermal mixing process. as described below with reference to
FIGS. 7 through 10. For cxample, the oxidation condensation process disclosed in S.
Nakaharai et al., J. Appl. Phys. 105:024515 (2009), which is hereby incorporated herein in
its entircty by this reference. may be used to convert tensile strained silicon in the first
{ins 108 o compressively siratned siticon gennanium (SiGe).

As shown in FIG. 7. either the first fins 108 or the second fins 110 may be masked
with a mask material 116. and the other of the first fins 108 and the second fins 110 may be
exposed through the mask material 116. In the embodiment shown in FIGS. 7 through 10,

the second {ins 110 have been masked with the mask material 116 while the first fins 108
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remain exposed through the mask material 116. The mask material 116 also may cover
other portions of the layer of strained semiconductor material 102. The mask material 116
may comprise, for example, a layer of silicon dioxide. a layer of silicon nitride, or a layer
of silicon oxynitride, and may be deposited over the multilayer substrate 100 using a
deposition process. Conventional photolithography processes then may be performed to
selectively etch through selected portions of the mask material 116 to form openings
therein. In some embodiments, the mask material 116 may be deposited over the layer of
strained semiconductor material 102 prior to forming the fins 108, 110, and a single etching
process may be used to ctch through the mask material 116 and the layer of semiconductor

b material 102 to pattern the mask material 116 and form the first fins 108 at the same time.
Etching of the mask material 116 and the layer of strained semiconductor material 102 may
be carried out, for example, by plasma etching.

As previously discussed, the first fins 108 may comprise relaxed silicon (Si)
subsequent to the heat treatment process, while the second fins 110 comprise tensile
strained silicon (Si) after the heat treatment process.

As shown in FIG. 8, an epitaxial layer of silicon germanium alloy 118 may be
epitaxially deposited over either the fins 108, 110 that are exposed through the mask
material 116. In the embodiment shown in FIGS. 7 through 10, the epitaxial silicon
germanium alloy is shown deposited over the first fins 108. The mask material 116

I prevents deposition of the silicon germanium alloy on the second fins 110.

After depositing the silicon germanium alloy 118 on the first {ins 108, an oxidation
condensation process or a thermal mixing process may be carried out to introduce
germanium atoms in the first fins 108 and convert the relaxed silicon of the first fins 108,
which is represented by stippling in FI1G. 8, to a strained SiGe alloy, which is represented
by cross-hatching in FIG. 9. After the oxidation condensation process or a thermal mixing
process. a layer of silicon oxide may be present at the surface of the first tins 108, and any
such layer of silicon oxide and the mask material 116 may be removed to form the structure
shown in FIG. 10. which includes compressively strained SiGe first fins 108 and tensile
strained silicon {Si} sccond iins 110.

) Thus, as described above with reference to FIGS. 7 through 10, while the second
fins 110 are under tensile stress and strain, a compressive stress and strain may be induced

in the first fins 108 after conducting the heat treatment process to relax the first fins 108.
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The presence of the compressive strain in the first fins 108 may enhance the performance
of p-type finFETs, which may be formed using the first fins 108.

As previously mentioned, in some embodiments, the layer of strained
semiconductor material 102 may comprisc a compressively strained semiconductor layer,
such as a compressively strained silicon germanium (Sip75Geozs) layer. Such a
compressive strained silicon layer may exhibit compressive stress therein above about -1.6
GPa. The hole mobility within a p-type finFET formed using a compressively strained
SiGe fin having a compressive stress of about -1.6GPa therein may be about 100 % higher
than the hole mobility within a p-type finFET formed using a relaxed SiGe {in. The
mobility increase is about 60% fully strained for Sig sGega (Ref Khakifirooz, EDL 2013).

In some embodiments of the disclosure, the size and/or shape of the first fins 108
and the second fins 110 may be altered after the thermal treatment process. but in such a
manncr as to preserve the respective stresses and strains therein. For example, the length
1., of the second fins 110 optionally may be reduced subsequent to the using a masking and
etching process. For example, the length L2 of the second fins 110 may be reduced to a
level substantially similar to the length L1 of the first fins 108 subsequent to the thermal
treatment process.

In the embodiments discussed above, the one or more second fins 110 are at lcast
initially formed such that they have a length L> above the critical length above Le during
the thermal treatment process so that the heat treatment will not eliminate the longitudinal
stress within the second fins 110. In such embodiments, the second fins 110 may be formed
before or afler conducting the heat trcatment. Thus. the second fins 110 may
advantageously be formed simultaneously together with the first fins 108.

In additional embodiments, the one or more second fins 110 may be formed initially
with a length L, that is lcss than the critical length Lc, but after first forming the (irst
fins 108 and conducting the heat treatment process. such that the second fins 110 arc not
exposed to the heat treatment process. Such methods are illustrated in FIGS. 11 through
[7. In such embodiments, the longitudinal stress and strain of the second fins 110 is
mainiained since e second fins 110 are not formed uniil atter conducting the heat

I treatment to relax the first fins 108.
As shown in FIGS. 11 and 12, first fins 108 may be defined in the layer of strained

semiconductor material 102 using, for example, a masking and ctching process as
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previously described herein. The first fins 108 may have a length L; that is less than a
critical length L. as also previously discussed.

Referring to FIGS. 13 and 14, after forming the first fins 108 and prior to forming
any second fins 110, the heat treatment process may be conducted as previously described
herein so as to at least substantially relax the strained semiconductor material 102 within
the first fins 108 (as represented by stippling of lower density) and without relaxing the
remainder of the layer of strained semiconductor material 102.

As shown in FIG. 15, after relaxing the strained semiconductor material within the
first fins 108, a stress and/or strain may be induced within the semiconductor material of

i the first fins 108 (represented in FIG. 15 by cross-hatching). The stress or strain generated
within the first fins 108 after the heat treatment process may be opposite in nature to the
stress and strain remaining within the remainder of the strained semiconductor material 102
after the heat treatment process. For example, if the remainder of the strained
semiconductor material 102 is in a state of tensilce stress and strain after the heat treatment,
compressive stress and strain may be induced within the first fins 108 (while maintaining
the tensile stress and strain within the remainder of the semiconductor material 102). As
another example, if the remainder of the strained semiconductor material 102 is in a state of
compressive stress and strain after the heat trcatment, tensile stress and strain may be
induced within the first fins 108 (while maintaining the compressive stress and strain
within the remainder of the semiconductor material 102).

As a non-limiting example, the methods previously described with reference to
FIGS. 7 through 10 may be used to convert relaxed silicon within the first fins 108 to
strained SiGe within the first fins 108.

As shown in FIGS. 16 and 17, the sccond fins 110 may be formed in the layer of
strained semiconductor material 102 after conducting the heat treatment process to relax
the first fins 108. The sccond fins 110 may be formed using a masking and etching process
as previously described, and may be formed to have a length Lo, As previousty mentioned.
in ecmbodiments in which the second fins 110 are formed after conducting the heat
treatment process as described with reference o FiGS. 11 through 17, ine second fins 110

) may have lengths L, that are above, equal to, or below the critical length l.¢. Furthermore,
the second fins 110 optionally may have lengths 1, equal to the lengths Ly of the first

fins 108 in such cmbodiments.
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After forming the first fins 108 and the second fins 110 as previously described
herein, one of n-type and p-type fiInFET transistors may be formed using either the first
fins 108 or the second fins 110, and the other of n-type and p-type fin['E'T transistors may
be formed using the other of the first fins 108 and the second fins 110. For example, n-type
finFET transistors may be formed using the first fins 108, and p-type finFET transistors
may be formed using the second fins 110. As another example, p-type finFET transistors
may be tormed using the first fins 108, and n-type [inFET transistors may be formed using
the second fins 110. In some embodiments, the n-type finFET transistors may be formed
using whichever of the first fins 108 and the second fins 110 is in a state of tensile strain,
and the p-type finFET transistors may be formed using whichever of the first fins 108 and
the second fins 110 is in either a relaxed state or a state of compressive strain. In some
embodiments, the p-type finFET transistors may be formed using whichever of the first
fins 108 and the second fins 110 is in a state ol compressive strain, and the n-type finFET
transistors may be formed using whichever of the first fins 108 and the second fins 110 is
in either a relaxed state or a state of tensile strain.

FI1G. 18 illustrates a simplified example embodiment of a finFET structure that may
be fabricated using the first fins 108 and/or the second fins 110 in accordance with
embodiments of the present disclosure. It should be noted that many different
conligurations of finFETs are known in the art and may be employed in accordance with
embodiments of the disclosure, and the [inFET structure shown in FIG. 18 is sct forth
mercly as an example of such finFET structures.

As shown in FIG. 18, a finFET transistor 120 compriscs a source region 122, a
drain region 124, and a channel extending between the source region 122 and the drain
region 124. The channel is defined by and comprises a fin, such as either a first fin 108 or
a second fin 110. In some embodiments, the source region 122 and the drain region 124
may include, or be defined by, longitudinal end portions of the fin 108, 110. A conductive
gate 126 extends over and adjacent at least a portion of the fin 108. [ 10 between the source
region 122 and the drain rcgion 124. The gate 126 may be separated from the fin 108, 110
by a diciectric material 128. The gate 126 may inciude a muliiiayer siructure, and may
include semiconductive and/or conductive layers. A low-resistance layer including a
metal, a metal compound or both. such as a conductive silicide, may be deposited over the

source region 122 and/or the drain region 124 (o form electrical contacts therewith.
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So advantageously. tensile stress in the channel can increase the nFET performance
and reduce the threshold voltage, while compressive stress in the channel can increase the
pFET performance and reduce the threshold voltage. For some functions, strained devices
are beneficial because high performance is needed, and for some other functions,
performance is not as important, but a high threshold voltage is beneficial. With this
invention, the user can select which device is strained and which is not. For instance, the
invention can advantageously be used to incorporate in the same circuit:

- Ultra-fast Logic logic parts with tensily strained nFETs and
compressively strained pFETs
- SRAM parts with relaxed nFETs and pFETs (lower leakage).

Additional non-limiting example embodiments of the disclosure are set forth below.

Embodiment 1: A method of fabricating a semiconductor device, comprising:
forming at least one first fin in a layer of strained semiconductor material overlying an
insulating layer on a base substrate, the at least one first fin having a length below a critical
length Lc; after forming the at least one first fin, conducting a heat treatment causing
relaxation of stress within the at least one first fin having a [ength below the critical length
Lc; and forming at least one second fin in the layer of strained semiconductor material;
wherein the at least one second fin has a length above the critical length Lc, or the at least
one second fin is formed after conducting the heat treatment.

Embodiment 2: The mecthod of Embodiment 1, wherein the at least one first fin has
a first lattice constant after conducting the heat treatment, and the at least one second fin
has a second lattice constant being different from the first lattice constant, and wherein the
method further comprises: forming an n-type ficld effect transistor comprising one fin
selected from the at least one first fin and the at least one second fin. the one fin having the
highest lattice constant; and forming a p-type ficld effect transistor comprising another fin
selected from the at least one [irst fin and the at least onc second fin, the another fin having
the lowest lattice constant.

Embodiment 3: The method of Embodiment | or 2, wherein the layer of strained
semiconducior materiai is in a siaie of iensiic siress.

Embodiment 4: The method of any one of Embodiments | through 3. wherein the
layer of strained semiconductor material comprises a tensile strained silicon layer.

Embodiment 5: The method of any one of Embodiments 1 through 4. further

comprising forming the at least one second {in to have a length of at least | pm.
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Embodiment 6: The method of any one of Embodiments 1 through 4, further
comprising forming the at least one first fin to have a length less than 1 pm.

Embodiment 7: The method of any onc of Embodiments 1 through 4, wherein
conducting the heat treatment comprises performing the heat treatment at a temperature
between 950°C and 1250°C in an inert atmosphere for a time of between 5 minutes and 10
hours.

Embodiment 8: The method of Embodiment 2. further comprising the following
actions performed after conducting the heat treatment and prior to forming the p-type field
effect transistor comprising the another of the at least one first fin and the at least one
second fin: depositing an epitaxial silicon germanium alloy on the another of the at least
one first fin and the at least one second fin; performing an oxidation condensation process
to introduce germanium atoms into the another of the at lcast one first fin and the at least
one second fin and to form a silicon oxide layer over a surface of the another of the at least
one first fin and the at least one second fin; and removing the silicon oxide layer.

Embodiment 9: The method of Embodiment 8, further comprising masking the one
of the at least onc first {in and the at least one second fin before depositing the epitaxial
silicon germanium alloy over the another of the at least one first fin and the at lcast one
second fin.

Embodiment 10: The method of Embodiment 1 or 2, wherein the laycr of strained
semiconductor material is in a state of compressive stress.

Embodiment 11: The method of Embodiment 10. wherein the layer of strained
semiconductor material comprises a compressively strained silicon-germanium layer,

Embodiment 12: The method of Embodiment 10 or 11, further comprising forming
the at least one second fin to have a length of at least 1 pm.

Embodiment 13: The method of any onc of Embodiments 10 through 12, further
comprising forming the at least one first {in to have a length less than 1 pm.

Embodiment 14: The method of any onc of Embodiments 10 through 13, wherein
conducting the heat treatment comprises performing the heat treatment at a temperature

v

peiween 950°C and 1250 "C in an inert atmosphiere ior a time of beiween | runuie and 10
hours.
Embodiment 15: The method of any onc of Embodiments 1 through 14, wherein

conducting the heat treatment further comprises increasing a density of the insulating layer.
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Embodiment 16: The method of any one of Embodiments | through 15, further
comprising implanting ions into the insulating layer prior to forming the at least one first
fin and reducing a viscosity of the insulating layer using the implanted ions.

The example embodiments of the disclosure described above do not limit the scope

i of the invention, since these embodiments arc merely examples of embodiments of the
invention, which is defined by the scope of the appended claims and their legal cquivalents.
Any equivalent embodiments are intended to be within the scope of this invention. Indeed,
various modifications of the invention, in addition to those shown and described herein,
such as alternate useful combinations of the clements described, will become apparent to

) those skilled in the art from the description. In other words, one or more features of one
example embodiment described herein may be combined with one or more features of
another example embodiment described herein to provide additional embodiments of the
invention. Such modifications and embodiments are also intended to fall within the scope

of the appended claims.




wn

10

30

CLAIMS

What is claimed is:

1. A method of fabricating a semiconductor device, comprising:

forming at least one strained first {in in a layer of strained semiconductor material overlying
an insulating layer on a basc substrate, the at least one strained first fin having a first
length below a critical length Le below which the strained semiconductor material of
the at least strained first fin relaxes upon subsequently conducting a heat treatment
between 950°C and 1250°C;

after forming the at least one strained first fin. conducting the heat treatment between 950°C
and 1250°C, the heat treatment causing relaxation of stress within the at least one
strained first fin so as io form at least one relaxed first fin; and

{forming at least one strained second fin in the layer of strained semiconductor material;

wherein the at least one strained sccond fin has a second length above the critical length Le
such that the at least one strained second fin does not relax while conducting the heat
treatment at the temperature or temperatures between 950°C and 1250°C, or the at

least one strained second fin is formed after conducting the heat treatment.

2. The method of ¢laim 1, wherein the at least one relaxed first fin has a first lattice
constant, and the at least one second strained fin has a second lattice constant different from the
first lattice constant, and wherein the method further comprises:
forming an n-type field effect transistor comprising one fin selected from the at least one

refaxed first fin and the at least one strained second fin, the one fin having the highest

lattice constant among the first lattice constant and the sccond lattice constant; and
forming a p-type field effect transistor comprising another {in sclected from the at least one
relaxed first fin and the at least one strained second 1in, the another fin having the

lowest lattice constant among the first lattice constant and the second lattice constant.

3. The method of claim 2, wherein the layer of strained semiconductor material is

in a state of tensile stress prior to forming the at least one strained first fin in the layer of strained
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semiconductor material and prior to forming the at least one strained second fin in the layer of

strained semiconductor material.

4. The method of claim 3, wherein the layer of strained semiconductor material
compriscs a tensile strained silicon layer prior to forming the at Jeast one strained first [in in the
layer of strained semiconductor matertal and prior to forming the at least one strained second fin

in the layer of strained semiconductor matenal.

5. The method of any onc of claims 1 through 4, [urther comprising forming the at
least onc strained second fin to have a length of at least 1 um, and forming the at least one

strained first fin to have a length less than 1 pm.

6. The method of claim 4, wherein conducting the heat treatment comprises
performing the heat treatment in an inert atmosphere for a time of between 5 minutes and 10

hours.

7. The method of any one of claims 2 through 4, further comprising the following
actions performed after conducting the heat treatment and prior to forming the p-type field cffect
transistor comprising the another of the at least one relaxed first fin and the at least one strained
second fin:
depositing an epitaxial silicon germanium alloy on the another of the at least one relaxed first fin

and the at least one strained sccond fin;
performing an oxidation condensation process to introduce germanium atoms into the another of

the at least one relaxed first fin and the at least one strained second fin and to form a

silicon oxide layer over a surtace of the another of the at least one relaxed first fin and

the at least one strained second fin; and

removing the silicon oxide layer.

8. The method of claim 7, further comprising masking the one of the at least onc
relaxed first fin and the at least one strained second fin before depositing the epitaxial silicon
germanium alloy over the another of the at least one relaxed first fin and the at least one strained

second fin.
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0. The method of claim 1, wherein the layer of strained semiconduetor material
is in a state of compressive stress prior to forming the at least onc strained first fin in the layer
of straincd semiconductor material and prior to forming the at least one strained second fin in

the layer of strained semiconductor material.

10.  The method of claim 9, wherein the layer of strained semiconductor material
comprises a compressively strained silicon-germanium layer prior to forming the ar least onc
strained {irst fin in the layer of strained semiconductor material and prior to forming the at
least one strained second {in in the layer of strained semiconductor material.

Il.  The method of claim 9. further comprising forming the at least one strained
second fin to have a length of at least 1 pum, and forming the at least one relaxed fivst fin to

have a length less than 1 pm.

12.  The method of any one of ¢laims 9 through 11, wherein conducting the beat
treatment comprises performing the heat treatment in an inert atmosphere for a time of

between 10 hours and 1 minute.

13.  The method of claim 1, wherein conducting the heat treatment further

comprises increasing a density of the insulating layer.

14, The method of claim 13, wherein the at lcast onc relaxed first fin has a first
lattice constant after conducting the heat treatment, and the at Ieast one strained sccond fin
has a second lattice constant differcnt from the first lattice constant, the method further
comprising:
forming an n-iype field effect transistor comprising one fin selected from the at least one

relaxed first fin and the at least onc strained second fin, the one fin having the highest

lattice constant among the first lattice constant and the second lattice constant; and
forming a p-type ficld effect transistor comprising another fin selected from the at lcast one
relaxed first fin and the at least one strained sceond fin, the another fin having the

lowest lattice constant.
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15. The method of claim 14, wherein the layer of strained semiconductor material
comprises a tensile strained silicon layer, the method further comprising the following actions
performed after conducting the heat treatment and prior to forming the p-type field effect
transistor comprising the another of the at least one relaxed first fin and the at least one
strained second fin:
depositing an epitaxial silicon germanium alloy on the another of the at least one relaxed first fin

and the at least one strained second fin;
performing an oxidation condensation process to introduce germanium atoms into the another of

the at least one relaxed first fin and the at least one strained second fin and form a silicon
oxide layer over a surface of the another of the at least one relaxed first fin and the at
least one strained second fin; and

removing the silicon oxide layer.

16.  The method of claim 15, wherein depositing the epitaxial silicon germanium
alloy on the another of the at least one relaxed first fin and the at least one strained second fin
comprises depositing the epitaxial silicon germanium alloy on the at least one relaxed first
fin, and wherein the method further comprises masking the at least one strained second fin

before depositing the epitaxial silicon germanium alloy on the at least one relaxed first fin.

17.  The method of claim 1, further comprising implanting ions into the insulating
layer prior to forming the at least one strained first fin and reducing a viscosity of the

insulating layer using the implanted ions.

18. The method of claim 17, wherein the at least one relaxed first fin has a first
lattice constant after conducting the heat treatment, and the at least one strained second fin
has a second lattice constant different from the first lattice constant, the method further
comprising;
forming an n-type field effect transistor comprising one fin selected from the at least one

relaxed first fin and the at least one strained second fin, the one fin having the highest

lattice constant among the first lattice constant and the second lattice constant; and
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forming a p-type ficld effect transistor comprising another {in selected from the at least one
relaxed first fin and the at least one strained second fin, the another fin having the

lowest lattice constant among the first lattice constant and the second lattice constant.

19, The method of claim 18, wherein the layer of strained scmiconductor material
comprises a tensile strained silicon layer, the method further comprising the following actions
performed after conducting the heat treatment and prior to forming the p-type field effect
transistor comprising the another of the at least one relaxed first fin and the at least one
strained second fin:
depositing an epitaxial silicon germanium alloy on the another of the at least one relaxed first fin

and the at least one strained second fin;
performing an oxidation condensation process to infreduce germanivin atoms into the another of

the at least one relaxcd first fin and the at least one strained second {in and form a silicon
oxide layer over a suriace of the another of the at Jeast one relaxed first {in and the at
least one strained sccond fin; and

removing the silicon oxide layer.

20.  The method of claim [9. further comprising masking the one fin of the at least
one relaxed first fin and the at least one strained second fin before depositing the epitaxial
silicon germanium alloy on the another fin of the at least one relaxed first fin and the at least

one strained second fin.

21. A method of fabricating a semiconductor device, comprising:

forming at least one strained first fin in a layer of strained semiconductor material overlying
an insulating layer on a basc substrate, the at least one strained first fin having a first
length less than 1 pum and below a critical length Le below which the strained
semiconductor material of the at least strained first fin relaxes upon subsequently
conducting a heat treatment:

after forming the at least onc strained first fin, conducting the heat treatinent between 950°C
and 1250°C in an incrt atmosphere for a time of between 5 minutes and 10 hours, the
heat treatinent causing rclaxation of stress within the at Icast one strained first {in so

as to form at least onc relaxed {irst fin; and
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forming at least one strained second fin having a second length of at least 1 pm in the layer of
strained semiconductor material;

whetein the second length of the at least one strained second fin is above the critical length
Lc such that the at least one strained second fin does not relax while conducting the
heat treatment between 950°C and 1250°C, or the at least one strained second fin is

formed after conducting the heat treatment.




