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(57) ABSTRACT

A strain enhanced CMOS device using amorphous carbon
films and fabrication methods of forming the same. The
amorphous carbon (a-C) film, such as fluorinated amorphous
carbon (a-C:F), is formed of a tensile film or a compressive
film to act a stress capping film on the pMOS device region
or the nMOS device region. The amorphous carbon film also
acts a contact etching stop layer during a contact hole
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STRAIN ENHANCED CMOS ARCHITECTURE
WITH AMORPHOUS CARBON FILM AND
FABRICATION METHOD OF FORMING THE
SAME

TECHNICAL FIELD

[0001] The present invention relates to CMOS devices in
integrated circuit manufacturing processes, and more par-
ticularly to strain enhanced CMOS devices using amorphous
carbon films and fabrication methods of forming the same.

BACKGROUND

[0002] A principal factor in maintaining adequate perfor-
mance in field effect transistors (FETs) is carrier mobility
that affects the amount of current or charge in a doped
semiconductor channel under control of a voltage placed on
a gate electrode insulated from the channel by a very thin
dielectric. Reduced carrier mobility in an FET reduces not
only the switching speed of a given transistor but also the
difference between “on” resistance and “off” resistance.
Particularly, in the development of complementary metal-
oxide-semiconductor (CMOS) field effect transistors, carrier
mobility is a design concern. One problem facing CMOS
manufacturing is that nMOS and pMOS devices require
different types of stress in order to achieve increased carrier
mobility.

[0003] Currently, the CMOS manufacturing techniques
selectively address pMOS and nMOS devices. A pMOS
fabrication method includes using substrate structures that
apply a compression stress to the channel, and an nMOS
fabrication method includes using a tensile film to improve
carrier mobility. In one approach, using selective epitaxial
SiGe in silicon recesses of the source and drain regions,
longitudinal uniaxial compressive stress is introduced into
the pMOS device to increase hole mobility. Also, using a
tensile SiN capping layer on the gate structure, tensile strain
is introduced into the nMOS device to enhance electron
mobility. In the embedded SiGe source/drain approach, the
SiGe profile in the silicon recess is critical for strain profile
which impacts device performance greatly. However, the
embedded SiGe process needs extra lithography, etching,
hard mask film deposition and clean process, causing high
process costs. Also, it is difficult to control the etching depth
and the silicon recess profile since the recess etching process
is a time-mode control without using an etching stop layer,
thereby consuming heavy cost on process monitor. In addi-
tion, the tensile SiN capping layer, also serving as a contact
etching stop layer (CESL), will be consumed by about 200
Angstroms and have poor uniformity in subsequent contact
hole etching step by the use of dry strip on photoresist and
BARC with O,/H, and CF, flow gas, high power, significant
ion bombardment and over-etch time control. A subsequent
step for removing the CESL, a plasma process with an
over-etch time control further causes significant loss of
silicide and/or oxides on the contact bottom and/or at
shallow trench isolation (STI) edge. The weak spots on the
thinner silicide or the junction at the STI edge cause defects
of shorts and/or high junction leakage, imposing severe
limitations in forming shallow junctions.

[0004] In another approach, tensile and compressive SiN
capping layers are prepared to induce tensile strain and
compressive strain in nMOS/pMOS channel regions respec-
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tively. In detailed, after silicidation process, a compressive
SiN film with a thin buffer oxide layer are provided and then
selectively removed from the nMOS device region. Simi-
larly, a tensile SiN film with a thin buffer oxide layer are
provided and then selectively removed from the pMOS
device region. The buffer oxide layer is needed for acting an
etching stop layer during the steps of removing the SiN films
on specified MOS regions so as to prevent etching through
the source/drain regions, the gate, and the sidewall spacers.
Each of the compressive SiN films and the tensile SiN film
also acts a CESL. The SiN film, however, is a high-k
dielectric material that may result in capacitive coupling
noise between adjacent voltage transients. Since the CESL is
close to gate oxide and the SiN film usually contains high
level of hydrogen, transistors reliability performance (e.g.
hot carriers lifetime, negative bias temperature instability
(NBTI), . . . etc.) is disadvantageously degraded. In addition
to those problems in the contact hole etching process as
discussed above, since the etching rate between the tensile
and compressive SiN films is different, more significant
contact over-etch is required, which causes more loss of
silicide and/or oxides and worsens junction leakage.

[0005] Tt is therefore desirable to provide strain enhanced
CMOS devices and fabrication methods for preventing the
conventional problems from the use of SiN stress capping
layers.

SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention include
strain enhanced CMOS devices using amorphous carbon
films and fabrication methods of forming the same. The
amorphous carbon (a-C) film, such as fluorinated amorphous
carbon (a-C:F), is formed of a tensile film or a compressive
film to act a stress capping film on a pMOS device region
and/or an nMOS device region. The amorphous carbon film
also acts a contact etching stop layer during a contact hole
etching process.

[0007] In one aspect, the present invention provides a
semiconductor device that has a pMOS device region and an
nMOS device region defined on a semiconductor substrate.
A first gate structure is overlying the pMOS device region
and a second gate structure is overlying the nMOS device
region. Each of the first gate structure and the second gate
structure has a gate electrode overlying the semiconductor
substrate and a source/drain region in the semiconductor
substrate laterally adjacent to the gate electrode. Silicide
regions are on the gate electrodes and the source/drain
regions of the first gate structure and the second gate
structure respectively. An amorphous carbon film with ten-
sile stress is formed overlying the first gate structure, the
second gate structure and the silicide regions. A dielectric
layer is formed overlying the amorphous carbon film and has
contact holes passing through the dielectric layer and the
amorphous carbon film to expose the silicide regions on the
source/drain regions of the first gate structure and the second
gate structure respectively.

[0008] In another aspect, the present invention provides a
semiconductor device having a pMOS device region and an
NMOS device region defined on a semiconductor substrate.
A first gate structure is overlying the pMOS device region
and a second gate structure is overlying the nMOS device
region. Each of the first gate structure and the second gate
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structure has a gate electrode overlying the semiconductor
substrate and a source/drain region in the semiconductor
substrate laterally adjacent to the gate electrode. Silicide
regions are on the gate electrodes and the source/drain
regions of the first gate structure and the second gate
structure respectively. A first amorphous carbon film with
compressive stress is formed overlying the first gate struc-
ture and the silicide regions on the pMOS device region. A
second amorphous carbon film with tensile stress is formed
overlying the second gate structure and the silicide regions
on the nMOS device region. A dielectric layer is formed
overlying the first amorphous carbon film and the second
amorphous carbon film and comprising contact holes pass-
ing through the dielectric layer, the first amorphous carbon
film and the second amorphous carbon film to expose the
silicide regions on the source/drain regions of the first gate
structure and the second gate structure respectively.

[0009] In another aspect, the present invention provides a
method of forming a semiconductor device. A semiconduc-
tor substrate is provided with a pMOS device region and an
nMOS device region. A first gate structure is formed over-
lying the pMOS device region, and a second gate structure
is formed overlying the nMOS device region. Each of the
first gate structure and the second gate structure has a gate
electrode overlying the semiconductor substrate and a
source/drain region in the semiconductor substrate laterally
adjacent to the gate electrode. Silicide regions are formed on
the gate electrodes and the source/drain regions of the first
gate structure and the second gate structure respectively. An
amorphous carbon film with tensile stress is formed on the
semiconductor substrate to cover the first gate structure, the
second gate structure and the silicide regions. A dielectric
layer is formed overlying the amorphous carbon film. Con-
tact holes are formed to pass through the dielectric layer and
the amorphous carbon film to expose the silicide regions on
the source/drain regions of the first gate structure and the
second gate structure respectively.

[0010] In another aspect, the present invention provides a
method of forming a semiconductor device. A semiconduc-
tor substrate is provided with a pMOS device region and an
nMOS device region. A first gate structure is formed over-
lying the pMOS device region, and a second gate structure
is formed overlying the nMOS device region. Each of the
first gate structure and the second gate structure has a gate
electrode overlying the semiconductor substrate and a
source/drain region in the semiconductor substrate laterally
adjacent to the gate electrode. Silicide regions are formed on
the gate electrodes and the source/drain regions of the first
gate structure and the second gate structure respectively. A
first amorphous carbon film with compressive stress is
formed to cover the first gate structure and the silicide region
on the pMOS device region. A second amorphous carbon
film with tensile stress is formed to cover the second gate
structure and the silicide region on the nMOS device region.
A dielectric layer is formed overlying the first amorphous
carbon film and the second amorphous carbon film. Contact
holes are formed to pass through the dielectric layer, the first
amorphous carbon film and the second amorphous carbon
film to expose the silicide regions on the source/drain
regions of the first gate structure and the second gate
structure respectively.

[0011] In another aspect, the present invention provides a
method of forming a semiconductor device. A semiconduc-
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tor substrate is provided with a pMOS device region and an
nMOS device region. A first gate structure is formed over-
lying the pMOS device region, and a second gate structure
is formed overlying the nMOS device region. Each of the
first gate structure and the second gate structure has a gate
electrode overlying the semiconductor substrate and a
source/drain region in the semiconductor substrate laterally
adjacent to the gate electrode. A first amorphous carbon film
with tensile stress is formed to cover the second gate
structure on the nMOS device region. An activation anneal
process is performed to achieve tensile stress in a channel of
the second gate structure. After removing the first amor-
phous carbon film, silicide regions are formed on the
exposed portions of the gate electrodes and the source/drain
regions of the first gate structure and the second gate
structure respectively. A second amorphous carbon film with
tensile stress is formed on the semiconductor substrate to
cover the first gate structure, the second gate structure and
the silicide regions. A dielectric layer is formed overlying
the second amorphous carbon film. Contact holes are formed
to pass through the dielectric layer and the second amor-
phous carbon film to expose the silicide regions on the
source/drain regions of the first gate structure and the second
gate structure respectively.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The aforementioned objects, features and advan-
tages of this invention will become apparent by referring to
the following detailed description of the preferred embodi-
ments with reference to the accompanying drawings,
wherein:

[0013] FIGS. 1A to 1D are cross-sectional diagrams illus-
trating an exemplary embodiment of a method of forming a
strain enhanced CMOS architecture using a tensile amor-
phous carbon film;

[0014] FIGS. 2A to 2G are cross-sectional diagrams illus-
trating an exemplary embodiment of a method of forming a
strain enhanced CMOS architecture using amorphous car-
bon films as a tensile stress capping film and a compressive
stress capping film on the nMOS device and the pMOS
device respectively; and

[0015] FIGS. 3A to 3E are cross-sectional diagrams illus-
trating an exemplary embodiment of a method of forming a
strain enhanced CMOS architecture using amorphous car-
bon films as an activation capping film and a tensile stress
capping film on the nMOS device.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0016] Embodiments of the present invention provide
strain enhanced CMOS devices using amorphous carbon
films and fabrication methods of forming the same, which
overcome the aforementioned problems of the prior art
through the use of SiN capping films. The amorphous carbon
(a-C) film, such as a fluorinated amorphous carbon (a-C:F)
film, is a low-temperature deposition material formed by
chemical vapor deposition (CVD) or physical vapor depo-
sition (PVD). The amorphous carbon film has low dielectric
constant. For example, a-C:F has a k value less than 2.8.
Depending on deposition conditions (e.g., power, tempera-
ture, and the like), the amorphous carbon film may be
formed of a tensile film or a compressive film to act a stress
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capping film that may be selectively formed on a pMOS
device region and/or an nMOS device region. The amor-
phous carbon film may also act a contact etching stop layer
(CESL) because of its good selectivity to oxide, nitride and
silicide, thus the problems caused by the etching rate dif-
ference existed between capping stress films on the NMOS
device region and the pMOS device region respectively are
overcome, the loss of silicide and/or oxide is prevented
during the contact hole etching process, and the conven-
tional use of buffer oxide layers is unnecessary. This can
introduce strained-silicon on the channel regions of the
CMOS device by a simple and low cost process flow. For
stress memorization technique (SMT) applications, the
amorphous carbon film is easily to be stripped by dry ash
with high selectivity to the underlying layer. In addition, the
amorphous carbon film contains no hydrogen therein, which
enlarges etching process window and makes subsequent
contact etching flow become a simple and fully in-situ
process.

[0017] The embodiments of the present invention benefit
advanced CMOS transistor in 65 nm generations and
beyond. In the manufacturing aspect, the amorphous carbon
film simplifies strained Si process and has process costs
much lower than conventional methods of using SiGe pro-
cess and SiN capping layers. The contact hole etching steps
are also reduced because of simultaneous stripping of pho-
toresist, BARC and CESL within one chamber. The final
scheme offers the enhancement of productivity and process
control with great precision. In the process integration
aspect, compared with the conventional use of SiN capping
films, the amorphous carbon film serving as the stress
capping layer and the contact etch stop layer has advantages
of low temperature deposition, good selectivity to underly-
ing layers (such as oxide and silicide), good thermal stabil-
ity, facilitation in stripping, tunable stress, and low dielectric
constant (such as k value less than 2.8). In the transistor
design aspect, the inventive scheme provides shallower
junction due to negligible loss of silicide and/or oxide. In the
device or product reliability aspect, the hydrogen-free prop-
erty of the amorphous carbon film (e.g., a-C:F) certainly
assures high reliability performance in hot carrier and nega-
tive bias temperature instability (NBTI) of CMOS transis-
tors.

[0018] Reference will now be made in detail to the present
embodiments, examples of which are illustrated in the
accompanying drawings. Wherever possible, the same ref-
erence numbers are used in the drawings and the description
to refer to the same or like parts. In the drawings, the shape
and thickness of one embodiment may be exaggerated for
clarity and convenience. This description will be directed in
particular to elements forming part of, or cooperating more
directly with, apparatus in accordance with the present
invention. It is to be understood that elements not specifi-
cally shown or described may take various forms well
known to those skilled in the art. Further, when a layer is
referred to as being on another layer or “on” a substrate, it
may be directly on the other layer or on the substrate, or
intervening layers may also be present.

[0019] Herein, cross-sectional diagrams of FIGS. 1A to
1D illustrate an exemplary embodiment of a method of
forming a strain enhanced CMOS architecture using an
amorphous carbon film with tensile stress. Referring to FIG.
1A, a semiconductor substrate 10 comprises isolation struc-

Aug. 30, 2007

tures 12 for isolating a first device region 14A and a second
device region 14B. As will be described in the following
disclosure in greater detail, the first device region 14A for
forming a pMOS device refers to a pMOS device region
14A, and the second device region 14B for forming an
nMOS device refers to an nMOS device region 14B. The
nMOS and pMOS devices may be fabricated on a P-well and
N-well structure, and may be fabricated directly onto or
within the semiconductor substrate. In the present example,
the isolation structure 12 between the nMOS and pMOS
device may utilize isolation technology, such as local oxi-
dation of silicon (LOCOS) and shallow trench isolation
(STD).

[0020] The semiconductor substrate 10 is bulk silicon, but
other commonly used materials and structures such as
silicon on insulator (SOI) or a silicon layer overlying a bulk
silicon germanium may also be used. Two gate structures
16A and 16B separated by the isolation structure 12 are
formed on the semiconductor substrate 10 within the pMOS
device region 14A and the nMOS device region 14B respec-
tively. Each of the gate structures 16A and 16B includes a
gate dielectric 17 patterned on the substrate 10, a gate
electrode 18 patterned on the gate dielectric 17, and source/
drain regions 20, 24 in the substrate 10 laterally adjacent to
the gate electrode 18. The gate dielectric 17 may be formed
of silicon oxide or a high-k dielectric material. The gate
electrode 18 may be formed of amorphous polysilicon,
doped polysilicon, metal, single crystalline silicon or other
conductive materials.

[0021] On the pMOS device region 14A, impurities are
implanted into the substrate 10 to form source/drain regions
20 (that may include doped extension regions), and recesses
21 are formed in the source/drain regions 20 by etching
isotropically and/or anisotropically. Through epitaxial
growth in the recesses 21, epitaxy regions 22 are therefore
embedded in the source/drain regions 20. For example, SiGe
epitaxy regions are formed in the pMOS device. The SiGe
epitaxy regions will introduce a compressive stress in the
channel region so that the pMOS device drive current will be
enhanced. Whether a transistor is nMOS or pMOS will
depend on the conductivity type of the substrate and the
source/drain regions. For pMOS transistors, the source/drain
regions will be p-type and the substrate will be n-type. For
nMOS ftransistors, the source/drain regions will be n-type
and the substrate will be p-type.

[0022] Through deposition and anisotropical etching pro-
cesses, dielectric spacers 26 are formed on the sidewalls of
the gate electrodes 18, respectively. The dielectric spacer 26
may be formed of oxide, nitride, oxynitride, or combinations
thereof. For example, the dielectric spacer 26 includes an
oxide liner 25 and a nitride layer 27. A silicidation process
is then performed to form silicide regions 28 on exposed
semiconductor materials, such as the epitaxy regions 22,
gate electrodes 18 and source/drain regions 24. The silicide
region 28 may be a metal silicide layer comprising metals
such as titanium, cobalt, nickel, palladium, platinum,
erbium, and the like.

[0023] In FIG. 1B, an amorphous carbon film 30 with
tensile stress is deposited on the resulted structure as illus-
trated in FIG. 1A. The amorphous carbon film 30 acts not
only a tensile stress capping film for introducing tensile
strain into the nMOS device and enhancing its electron

TSMC Exhibit 1041, Page 20 of 24
TSMC v. Marlin - IPR2025-00847



US 2007/0200179 Al

mobility, but also a contact etch stop layer (CESL) for
controlling the end point and minimizing silicide loss during
subsequent contact hole formation. The amorphous carbon
film 30 may be formed by PVD, CVD or plasma assisted
methods, such as using a high-density plasma chemical
vapor deposition (HDP-CVD) system. The amorphous car-
bon film 30 has a tensile stress of 0~10 Gpa, a dielectric
constant of less than about 2.8 and a hydrogen-free property,
thus improving device performance, reliability and yield.
The amorphous carbon film 30 has a thickness from about 50
Angstroms to about 1000 Angstroms. The amorphous car-
bon film 30 may refer to undoped or fluorine doped amor-
phous carbon. For example using a plasma CVD method
with a fluorine source target and a carbon source target such
as graphite, at a temperature of from about 25° C. to about
400° C., a low dielectric constant fluorinated amorphous
carbon film having a dielectric constant of approximately
2.0 to 2.4 is formed. The fluorinated amorphous carbon may
have a fluorine concentration of from about 10 atomic
weight % to about 60 atomic weight %.

[0024] 1In FIG. 1C, an interlayer dielectric layer 32 is
blanket deposited on the amorphous carbon film 30. The
interlayer dielectric layer 32 may be a silicon oxide con-
taining layer formed of doped or undoped silicon oxide by
a thermal CVD process or high-density plasma (HDP)
process, e.g., undoped silicate glass (USG), phosphorous
doped silicate glass (PSG) or borophosphosilicate glass
(BPSGQG). Alternatively, the interlayer dielectric layer 32 may
be formed of doped or P-doped spin-on-glass (SOG),
PTEOS, or BPTEOS. Following planarization, e.g., chemi-
cal mechanical planarization (CMP) on the interlayer dielec-
tric layer 32, a dielectric anti-reflective coating (DARC)
or/and a bottom anti-reflectance coating (BARC) and a
lithographically patterned photoresist layer are provided,
which are omitted in the Figures for simplicity and clarity.
A dry etching process is then carried out to form contact
openings 34 that pass though the interlayer dielectric layer
32 and stop on the amorphous carbon film 30. Next, a dry
etching process is further performed to remove the exposed
portions of amorphous carbon film 30 and in-situ strip the
patterned photoresist and the BARC layer so as to extend the
contact openings 34" to the silicide regions 28 positioned
over the source/drain regions 20 and 24, as illustrated in
FIG. 1D. It will be appreciated that contact openings may
also be formed to expose the silicide region on the gate
electrode.

[0025] Referring to FIG. 1C, in the step of etching the
interlayer dielectric layer 32, plasma source gases C,Fq
and/or C,F, together with CF, are used. Alternatively, an
etching chemistry such as CH,F, together with O, and argon
plasma source gases may be used. Referring to FIG. 1D, in
the step of in-situ etching the photoresist layer, the BARC
layer and amorphous carbon film 30, the amorphous carbon
film 30 is removed simultaneously in a dry stripping process
using a dry stripping chemistry of H, and O, together with
CF, as plasma source gases, an RF power source of about
800 Watts to about 1200 Watts, a bias RF power of about 30
Watts to about 70 Watts and a plasma process pressure of
less than about 50 mTorr. Advantageously, there is negli-
gible loss of critical material layers underlying the amor-
phous carbon film 30, including silicide and/or oxide from
adjacent isolation structures 12. The capability of stripping
the amorphous carbon film 30 results in the unique process
step that possibly strips the photoresist, BARC and contact
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etch stop layer simultaneously. Following the formation of
the contact openings 34", a conductive material, such as
tungsten or metals, will backfill the contact openings 34" to
form contact plugs in the interlayer dielectric layer 32.

[0026] Cross-sectional diagrams of FIGS. 2A to 2G illus-
trate an exemplary embodiment of a method of forming a
strain enhanced CMOS architecture using amorphous car-
bon films as a tensile stress capping film and a compressive
stress capping film on the nMOS device and the pMOS
device respectively. Explanation of the same or similar
portions to the description in FIGS. 1A-1D is omitted herein.

[0027] In FIG. 2A, the semiconductor substrate 10 is
provided with isolation structures 12 for isolating the pMOS
device region 14A and the NMOS device region 14B. Two
gate structures 16 A and 16B are formed on the pMOS device
region 14A and the NMOS device region 14B respectively.
Each of the gate structures 16A and 16B includes a gate
dielectric 17, a gate electrode 18, and source/drain regions
20,24 laterally adjacent to the gate electrode 18. The dielec-
tric spacers 26, for example including an oxide liner 25 and
a nitride layer 27, are formed on the sidewalls of the gate
electrodes 18, respectively. A silicidation process is per-
formed to form silicide regions 28 on exposed semiconduc-
tor materials, such as the source/drain regions 20 and 24 and
gate electrodes 18.

[0028] 1InFIG. 2B, a first amorphous carbon film 30a with
compressive stress is deposited on the resulted structure as
illustrated in FIG. 2A. The first amorphous carbon film 30a
acts a compressive stress capping film for introducing com-
pressive strain into the pMOS device and enhancing its hole
mobility. The first amorphous carbon film 30a also acts a
contact etch stop layer (CESL) for controlling the end point
and minimizing silicide loss during subsequent contact hole
formation. The first amorphous carbon film 30e¢ may be
formed by PVD, CVD or plasma assisted methods, such as
using a high-density plasma chemical vapor deposition
(HDP-CVD) system. The first amorphous carbon film 30a
has a compressive stress of 0~10 Gpa, a dielectric constant
of less than about 2.8 and a hydrogen-free property, thus
improving device performance, reliability and yield. The
first amorphous carbon film 304 has a thickness from about
50 Angstroms to about 1000 Angstroms. The first amor-
phous carbon film 30a may refer to undoped or fluorine
doped amorphous carbon film.

[0029] Optionally, a first barrier layer 31a may be depos-
ited on the first amorphous carbon film 30a for severing as
an etch stop layer in a subsequent removal of photoresist.
The first barrier layer 31a may be formed of oxide, oxyni-
tride, nitride, carbide, or combinations thereof. Although the
embodiment illustrates the first barrier layer 31a in the
Figures, the present invention provides value when the first
barrier layer 31a is omitted herein. A first photoresist layer
36a is coated on the substrate 10 and then lithographically
patterned to cover the pMOS device region 14A.

[0030] In FIG. 2C, by the use of dry etching process with
the first photoresist layer 36a as a mask, the exposed
portions of the first barrier layer 31a and the first amorphous
carbon film 30aq are selectively removed from the uncovered
nMOS device region 14B. The first photoresist layer 36a is
then removed by dry ash or wet strip. In the selective
removal of the first amorphous carbon film 30a from the
uncovered nMOS device region 14B, O, optionally together
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with N, and C,F, are used as the etching gases in the dry
etching process with a high selectivity (greater than about
10) to the underlying layers including silicon, oxide or
silicide.

[0031] In FIG. 2D, a second amorphous carbon film 305
with tensile stress is deposited on the resulted structure as
illustrated in FIG. 2C. The second amorphous carbon film
306 acts a tensile stress capping film for introducing tensile
strain into the nMOS device and enhancing its electron
mobility. The second amorphous carbon film 305 also acts a
contact etch stop layer (CESL) for controlling the end point
and minimizing silicide loss during subsequent contact hole
formation. The second amorphous carbon film 306 may be
formed by PVD, CVD or plasma assisted methods, such as
using a high-density plasma chemical vapor deposition
(HDP-CVD) system. The second amorphous carbon film
306 has a compressive stress of 0~10 Gpa, a dielectric
constant of less than about 2.8 and a hydrogen-free property,
thus improving device performance, reliability and yield.
The second amorphous carbon film 305 has a thickness from
about 50 Angstroms to about 1000 Angstroms. The second
amorphous carbon film 305 may refer to undoped or fluorine
doped amorphous carbon film.

[0032] Optionally, a second barrier layer 315 may be
deposited on the second amorphous carbon film 306 for
serving as an etch stop layer in a subsequent removal of
photoresist. The second barrier layer 315 may be formed of
oxide, oxynitride, nitride, carbide, or combinations thereof.
Although the embodiment illustrates the second barrier layer
315 in the Figures, the present invention provides value
when the second barrier layer 316 is omitted herein. A
second photoresist layer 365 is coated on the substrate 10
and then lithographically patterned to cover the nMOS
device region 14B.

[0033] In FIG. 2E, by the use of dry etching process
with-the second photoresist layer 365 as a mask, the exposed
portions of the second barrier layer 316 and the second
amorphous carbon film 305 are selectively removed from
the uncovered pMOS device region 14A. The second pho-
toresist layer 3654 is then removed by dry ash or wet strip. In
the selective removal of the second amorphous carbon film
305 from the uncovered pMOS device region 14A, O,
optionally together with N, and C,F, are used as the etching
gases in the dry etching process with a high selectivity
(greater than about 10) to the underlying layers including
silicon, oxide or silicide.

[0034] In FIG. 2F, an interlayer dielectric layer 32 is
blanket deposited on the resulted structure as illustrated in
FIG. 2E. Following planarization, e.g., CMP on the inter-
layer dielectric layer 32, a dielectric anti-reflective coating
(DARC) or/and a bottom anti-reflectance coating (BARC)
and a lithographically patterned photoresist layer are pro-
vided. A dry etching process is then carried out to form
contact openings 34 that pass though the interlayer dielectric
layer 32 and stop on the amorphous carbon films 30a and
305. Next, a dry etching process is further performed to
remove the amorphous carbon film 30 and in-situ strip the
patterned photoresist and the BARC layer so as to extend the
contact openings 34" to the silicide regions 28 over the
source/drain regions 20 and 24, as illustrated in FIG. 2G. It
will be appreciated that contact openings may also be
formed to expose silicide regions on the gate electrodes.
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Advantageously, in the step of in-situ etching the photoresist
layer, the BARC layer and amorphous carbon films 30a and
305, there is negligible loss of critical material layers
underlying the amorphous carbon films 30a and 304, such as
silicide and/or oxide adjacent to isolation structures 12. The
capability of stripping the amorphous carbon films 30ae and
305 results in the unique process step that possibly strips the
photoresist, BARC and contact etch stop layer simulta-
neously. Following the formation of the contact openings
34", a conductive material, such as tungsten or metals, will
backfill the contact openings 34" to form contact plugs in the
interlayer dielectric layer 32.

[0035] Cross-sectional diagrams of FIGS. 3A to 3E illus-
trate an exemplary embodiment of a method of forming a
strain enhanced CMOS architecture using amorphous car-
bon films as an activation capping film and a tensile stress
capping film on the nMOS device. Explanation of the same
or similar portions to the description in FIGS. 1A-1D and
FIGS. 2A-2G is omitted herein.

[0036] In FIG. 3A, the semiconductor substrate 10 is
provided with isolation structures 12 for isolating the pMOS
device region 14A and the nMOS device region 14B. Two
gate structures 16 A and 16B are formed on the pMOS device
region 14A and the nMOS device region 14B respectively.
Each of the gate structures 16A and 16B includes a gate
dielectric 17, a gate electrode 18, and source/drain regions
20, 24 laterally adjacent to the gate electrode 18. The
dielectric spacers 26, for example including an oxide liner
25 and a nitride layer 27, are formed on the sidewalls of the
gate electrodes 18, respectively.

[0037] A first amorphous carbon film 40a with tensile
stress is deposited on the resulted structure. The first amor-
phous carbon film 40q acts an activation capping film in
subsequent annealing process. The first amorphous carbon
film 40a may be formed by PVD, CVD or plasma assisted
methods, such as using a high-density plasma chemical
vapor deposition (HDP-CVD) system. The first amorphous
carbon film 40a has a compressive stress of 0~10 Gpa, a
dielectric constant of less than about 2.8 and a hydrogen-free
property. The first amorphous carbon film 404 has a thick-
ness from about 50 Angstroms to about 1000 Angstroms.
The first amorphous carbon film 40a may refer to undoped
or fluorine doped amorphous carbon film. A photoresist
layer 36¢ is coated on the substrate 10 and then lithographi-
cally patterned to cover the nMOS device region 14B.

[0038] In FIG. 3B, by the use of dry etching process with
the photoresist layer 36¢ as a mask, the exposed portions of
the first amorphous carbon film 40q is selectively removed
from the uncovered pMOS device region 14A. The photo-
resist layer 36¢ is then removed by dry ash or wet strip. In
the selective removal of the first amorphous carbon film 40a,
O, optionally together with N, and C,F, are used as the
etching gases in the dry etching process with a high selec-
tivity (greater than about 10) to the underlying layers.
Thereafter, an activation anneal 38 is performed on the
resulted structure to introduce tensile stress across the chan-
nel region of the nMOS device, achieving high tensile stress
in the channel region 39. The activation anneal 38 may be
performed at a furnace temperature of 800° C. to 1100° C.,
using a rapid thermal anneal or a spike anneal. The first
amorphous carbon film 40a is then removed from the nMOS
device region 14B as illustrated in FIG. 3C.
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[0039] In FIG. 3D, a silicidation process is performed to
form silicide regions 28 on exposed semiconductor materi-
als, such as the source/drain regions 20 and 24 and gate
electrodes 18. The silicide regions 28 may comprise metals
such as titanium, cobalt, nickel, palladium, platinum,
erbium, and the like. Next, a second amorphous carbon film
405 with tensile stress is deposited on the resulted structure.
The second amorphous carbon film 4054 acts not only a
tensile stress capping film for introducing tensile strain into
the nMOS device and enhancing its electron mobility, but
also a contact etch stop layer (CESL) for controlling the end
point and minimizing silicide loss during subsequent contact
hole formation. The second amorphous carbon film 4056 may
be formed by PVD, CVD or plasma assisted methods, such
as using a high-density plasma chemical vapor deposition
(HDP-CVD) system. The second amorphous carbon film
4056 has a tensile stress of 0~10 Gpa, a dielectric constant of
less than about 2.8 and a hydrogen-free property, thus
improving device performance, reliability and yield. The
second amorphous carbon film 405 has a thickness from
about 50 Angstroms to about 1000 Angstroms. The second
amorphous carbon film 405 may refer to undoped or fluorine
doped amorphous carbon film.

[0040] In FIG. 3E, an interlayer dielectric layer 32 is
blanket deposited on the resulted structure as illustrated in
FIG. 3D. Following planarization, e.g., CMP on the inter-
layer dielectric layer 32, a dielectric anti-reflective coating
(DARC) or/and a bottom anti-reflectance coating (BARC)
and a lithographically patterned photoresist layer are pro-
vided. A dry etching process is then carried out to form
openings that pass though the interlayer dielectric layer 32
and stop on the second amorphous carbon film 405. Next, a
dry etching process is further performed to remove the
second amorphous carbon film 405 and in-situ strip the
patterned photoresist and the BARC layer so as to extend the
contact openings 34" to the silicide regions 28 over the
source/drain regions 20 and 24. It will be appreciated that
contact openings may also be formed to expose silicide
regions on the gate electrodes.

[0041] Although the present invention has been described
in its preferred embodiments, it is not intended to limit the
invention to the precise embodiments disclosed herein.
Those skilled in this technology can still make various
alterations and modifications without departing from the
scope and spirit of this invention. Therefore, the scope of the
present invention shall be defined and protected by the
following claims and their equivalents.

What is claimed is:
1. A semiconductor device, comprising:

a semiconductor substrate having a pMOS device region
and an nMOS device region;

a first gate structure overlying said pMOS device region
and a second gate structure overlying said nMOS
device region, wherein each of said first gate structure
and said second gate structure comprises a gate elec-
trode overlying said semiconductor substrate and a
source/drain region in said semiconductor substrate
laterally adjacent to said gate electrode;

silicide regions on said gate electrodes and said source/
drain regions of said first gate structure and said second
gate structure respectively;

Aug. 30, 2007

an amorphous carbon film with tensile stress overlying
said first gate structure, said second gate structure and
said silicide regions; and

a dielectric layer overlying said amorphous carbon film
and comprising contact holes passing through said
dielectric layer and said amorphous carbon film to
expose said silicide regions on said source/drain
regions of said first gate structure and said second gate
structure respectively.

2. The semiconductor device of claim 1, further compris-
ing an epitaxy region in a recess of said source/drain region
of said first gate structure.

3. The semiconductor device of claim 2, wherein said
silicide region is formed on said epitaxy region.

4. The semiconductor device of claim 2, wherein said
epitaxy region comprises SiGe.

5. The semiconductor device of claim 1, wherein said
amorphous carbon film comprises fluorinated amorphous
carbon (a-C:F).

6. The semiconductor device of claim 1, wherein said
amorphous carbon film serves as a stress capping layer and
a contact etch stop layer.

7. A semiconductor device, comprising:

a semiconductor substrate having a pMOS device region
and an nMOS device region;

a first gate structure overlying said pMOS device region
and a second gate structure overlying said nMOS
device region, wherein each of said first gate structure
and said second gate structure comprises a gate elec-
trode overlying said semiconductor substrate and a
source/drain region in said semiconductor substrate
laterally adjacent to said gate electrode;

silicide regions on said gate electrodes and said source/
drain regions of said first gate structure and said second
gate structure respectively;

a first amorphous carbon film with compressive stress
overlying said first gate structure and said silicide
regions on said pMOS device region;

a second amorphous carbon film with tensile stress over-
lying said second gate structure and said silicide
regions on said nMOS device region; and

a dielectric layer overlying said first amorphous carbon
film and said second amorphous carbon film and com-
prising contact holes passing through said dielectric
layer, said first amorphous carbon film and said second
amorphous carbon film to expose said silicide regions
on said source/drain regions of said first gate structure
and said second gate structure respectively.

8. The semiconductor device of claim 7, wherein said
amorphous carbon film comprises fluorinated amorphous
carbon (a-C:F).

9. The semiconductor device of claim 7, wherein each of
said first amorphous carbon film and said second amorphous
carbon film serves as a stress capping layer and a contact
etch stop layer.

10. The semiconductor device of claim 7, further com-
prising:

a first barrier layer between said first amorphous carbon
film and said dielectric layer on said pMOS device
region; and
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a second barrier layer between said second amorphous
carbon film and said dielectric layer on said nMOS
device region.

11. A method of forming a semiconductor device, com-

prising:

providing a semiconductor substrate having a pMOS
device region and an nMOS device region;

forming a first gate structure overlying said pMOS device
region and a second gate structure overlying said
nMOS device region, wherein each of said first gate
structure and said second gate structure comprises a
gate electrode overlying said semiconductor substrate
and a source/drain region in said semiconductor sub-
strate laterally adjacent to said gate electrode;

forming silicide regions on said gate electrodes and said
source/drain regions of said first gate structure and said
second gate structure respectively;

forming an amorphous carbon film with tensile stress on
said semiconductor substrate to cover said first gate
structure, said second gate structure and said silicide
regions;

forming a dielectric layer overlying said amorphous car-
bon film; and

forming contact holes passing through said dielectric
layer and said amorphous carbon film to expose said
silicide regions on said source/drain regions of said first
gate structure and said second gate structure respec-
tively.
12. The method of claim 11, before forming silicide
regions on said gate electrode and said source/drain region
of said first gate structure, further comprising:

forming a recess in said source/drain region of said first
gate structure; and

forming an epitaxy region in said recess of said source/

drain region of said first gate structure.

13. The method of claim 12, wherein said epitaxy region
comprises SiGe.

14. The method of claim 11, wherein said amorphous
carbon film comprises fluorinated amorphous carbon
(a-C:F).

15. A method of forming a semiconductor device, com-
prising:

providing a semiconductor substrate having a pMOS
device region and an nMOS device region;

forming a first gate structure overlying said pMOS device
region and a second gate structure overlying said
nMOS device region, wherein each of said first gate
structure and said second gate structure comprises a
gate electrode overlying said semiconductor substrate
and a source/drain region in said semiconductor sub-
strate laterally adjacent to said gate electrode;

forming silicide regions on said gate electrodes and said
source/drain regions of said first gate structure and said
second gate structure respectively;

forming a first amorphous carbon film with compressive
stress covering said first gate structure and said silicide
region on said pMOS device region;

forming a second amorphous carbon film with tensile
stress covering said second gate structure and said
silicide region on said nMOS device region;
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forming a dielectric layer overlying said first amorphous
carbon film and said second amorphous carbon film;
and

forming contact holes passing through said dielectric
layer, said first amorphous carbon film and said second
amorphous carbon film to expose said silicide regions
on said source/drain regions of said first gate structure
and said second gate structure respectively.

16. The method of claim 15, wherein said amorphous
carbon film comprises fluorinated amorphous carbon
(a-C:F).

17. The method of claim 15, before forming said dielectric
layer, further comprising:

forming a first barrier layer on said first amorphous
carbon films on said pMOS device region.

18. The method of claim 15, before forming said dielectric
layer, further comprising:

forming a second barrier layer on said second amorphous
carbon films on said NMOS device region.

19. A method of forming a semiconductor device, com-
prising:

providing a semiconductor substrate having a pMOS
device region and an nMOS device region;

forming a first gate structure overlying said pMOS device
region and a second gate structure overlying said
nMOS device region, wherein each of said first gate
structure and said second gate structure comprises a
gate electrode overlying said semiconductor substrate
and a source/drain region in said semiconductor sub-
strate laterally adjacent to said gate electrode;

forming a first amorphous carbon film with tensile stress
to cover said second gate structure on said nMOS
device region;

performing an activation anneal process to achieve tensile
stress in a channel region of said second gate structure;

removing said first amorphous carbon film;

forming silicide regions on exposed portions of said gate
electrodes and said source/drain regions of said first
gate structure and said second gate structure respec-
tively;

forming a second amorphous carbon film with tensile
stress on said semiconductor substrate to cover said
first gate structure, said second gate structure and said
silicide regions;

forming a dielectric layer overlying said second amor-
phous carbon film; and

forming contact holes passing through said dielectric
layer and said second amorphous carbon film to expose
said silicide regions on said source/drain regions of said
first gate structure and said second gate structure
respectively.

20. The method of claim 19, wherein said amorphous

carbon film comprises fluorinated amorphous carbon
(a-C:F).
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