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A METHOD FOR MANUFACTURING

A SEMICONDUCTOR DEVICE HAVING SILICIDED REGIONS
[0001] The present invention is directed to a method for manufacturing a semiconductor device
having silicided gate electrode layer regions and silicided source/drain regions, and to a method
for manufacturing an integrated circuit including the same.
BACKGROUND OF THE INVENTION
[0002] Conventional metal-oxide-semiconductor (MOS) transistors often use metal silicide
layers to reduce resistance. A self-aligned silicidation process (salicide) is often used to form the
region of titanium, cobalt or tungsten silicide on the gate electrode and source/drain regions of
the MOS transistor. In this process, a blanket metal film is deposited on the silicon substrate
containing the MOS transistor structure. The metal is then reacted with the underlying silicon
regions to form a low resistance metal silicide. Any unreacted metal remaining on the substrate
is then removed using a metal etch process that is selective to the remaining metal silicide.
[0003] During this process it is critical that the metal silicide is confined to the source/drain and
gate regions. In the case of the source/drain regions, if the metal silicide forms under the
transistor ;sidewall structures, the transistors could become inoperable. Furthermore the metal
silicide layer should form a relatively smooth interface with the underlying source/drain region.
Any unevenness in the metal silicide source/drain interface will lead to increased leakage
currents and reduced breakdown voltages.
[0004] In order to reduce the resistances associated with the metal silicide regions, nickel is
finding increasing use in forming the metal silicide regions in MOS transistors, particularly for
transistors with physical gate lengths of less than 40nm and/or MOS transistors with ultra-
shallow junctions. Nickel has a very high diffusivity in silicon leading to the formation of nickel
silicide regions that extend beneath the transistor sidewall structures. In addition, nickel silicide
regions formed using existing methods have a very rough interface with underlying p-type
source/drain regions. As described above, this results in transistors with higher leakage currents
and reduced breakdown voltages.
[0005] There is therefore a need for a method to form metal silicide regions on the gate electrode

and source/drain regions of a MOS transistor that have a smooth interface with the underlying

-1-



WO 2006/014783 PCT/US2005/025923

source/drain region as well as not extend under the transistor sidewall structures.
SUMMARY OF THE INVENTION
[0006] To address the above-discussed deficiencies of the prior art, the present invention
provides a method for manufacturing a semiconductor device, and a method for manufacturing
an integrated circuit including the semiconductor device. The method for manufacturing a
semiconductor device, among other steps, includes forming a gate structure over a substrate and
forming source/drain regions in the substrate proximate the gate structure. The method further
includes subjecting the gate structure and substrate to a dry etch process and placing fluorine in
the source/drain regions to form fluorinated source/drains, subsequent to subjecting the gate
structure and substrate to the dry etch process. Thereafter, the method includes forming metal
silicide regions in the gate structure and fluorinated source/drains.
[0007] The method for manufacturing the integrated circuit, in addition to that discussed above,
includes the step of forming interconnects within dielectric layers located over the substrate for
electrically contacting the semiconductor devices. Additionally, the method includes forming a
high performance capacitor over the gate structure, wherein the metal silicide region formed in
the gate structure is used as a bottom electrode for the high performance capacitor.
[0008] The foregoing has outlined preferred and alternative features of the present invention so
that those skilled in the art may better understand the detailed description of the invention that
follows. Additional features of the invention will be described hereinafter that form the subject
of the claims of the invention. Those skilled in the art should appreciate that they can readily use
the disclosed conception and specific embodiment as a basis for designing or modifying other
structures for carrying out the same purposes of the present invention. Those skilled in the art
should also realize that such equivalent constructions do not depart from the scope of the
invention.
BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Embodiments of the invention are described with reference to accompanying drawings, in
which: 7

FIG. 1 illustrates a cross-sectional view of a partially completed semiconductor device

manufactured in accordance with the principles of the present invention;

2-



WO 2006/014783 PCT/US2005/025923

FIG. 2 illustrates a cross-sectional view of the partially completed semiconductor device
illustrated in FIG. 1, after subjecting the gate structure and substrate to a dry etch process;

FIG. 3 illustrates a cross-sectional view of the partially completed semiconductor device
illustrated in FIG. 2, after placing fluorine in the source/drain regions to form fluorinated
source/drains;

FIG. 4 illustrates a cross-sectional view of the partially completed semiconductor device
illustrated in FIG. 3, after forming a metal layer over the gate electrode layer and source/drain
regions;

FIG. 5 illustrates a cross-sectional view of the partially completed semiconductor device
illustrated in FIG. 4, after subjecting the metal layer to an anneal, thereby causing the metal layer
to react with the underlying silicon regions to form metal silicide regions;

FIG. 6 illustrates a sectional view of a conventional integrated circuit (IC) incorporating a
semiconductor device constructed according to the principles of the present invention; and

FIG. 7 illustrates a cross-sectional view of the IC illustrated in FIG. 6, including a
capacitor located on at least one of the semiconductor devices.

DETAILED DESCRIPTION

[0010] As physical gate lengths continue to decrease in metal-oxide-semiconductor (MOS)
devices, especially those below the 40 nm level, certain obstacles must be overcome to continue
using nickel as a metal silicide for contacting conventional source/drain regions. One of those
obstacles, piping defects extending underneath the sidewall spacer of the semiconductor device,
is believed to be a function of the relatively easy diffusion of nickel in silicon. Another of those
obstacles, nickel di-silicide (NiSi,) spike formations on p-type doped source/drain regions, is
believed to be due in part to the NiSi, sites on the p-type doped silicon.

[0011] Given these obstacles, the present invention has recognized that applying a fluorine
treatment to the silicon area where the nickel silicide is formed will ultimately substantially
reduce the piping defects and effectively eliminate the nickel di-silicide (NiSiz) spike formation.
Unfortunately, the conventional dry etch pretreatment that immediately precedes the formation
of the nickel silicide regions may not be performed, as it would reduce the effectiveness of the

fluorine treatment. Nevertheless, without the conventional dry eich pretreatment, substantially
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higher sheet resistance results for narrow polysilicon gate electrode lines.

[0012] Accordingly, the present invention uniquely recognized that a dry etch pretreafment could
be performed on the surface of the substrate as well as the gate structure prior to the fluorine
treatment. Using this process flow, the semiconductor devices manufactured in accordance with
the principles of the present invention would obtain the benefits associated with both the dry etch
pretreatment and the fluorine treatment. Therefore, the use of the inventive methodology is
capable of both reducing the piping defects and effectively eliminating nickel di-silicide spikes,
while maintaining good sheet resistance for narrow polysilicon gate electrode lines.

[0013] Turning now to FIGS. 1-5, illustrated are cross-sectional views of detailed manufacturing
steps instructing how one might, in an advantageous embodiment, manufacture a semiconductor
device in accordance with the principles of the present invention. The partially completed
semiconductor device 100 of FIG. 1 includes a substrate 110. The substrate 110 may, in an
exemplary embodiment, be any layer located in the partially completed semiconductor device
' 100, including a wafer itself or a layer located above the wafer (e.g., epitaxial layer).

[0014] As is illustrated in FIG. 1, a gate structure 120 is formed over the substrate 110. The gate
structure 120, in the embodiment shown, includes a gate dielectric layer 123 and a gate electrode
layer 128. The gate dielectric layer 123 may, for example, comprise an oxide, thermally grown
Si0,, a nitride, an oxynitride, or any combination thereof, and preferably has a thickness ranging
from about 1 nm to about 20 nm. The gate dielectric layer 123 can also be formed using a high
K dielectric material with a dielectric constant greater than about 3.9. Some examples of high K
dielectric material include hafnium containing dielectrics such as hafnium oxide, hafnium
oxynitride, etc.

[0015] As previously indicated, the gate structure 120 further includes a gate electrode layer 128.
The gate electrode layer 128 in one advantageous embodiment comprises a layer of silicon-
containing material formed on the gate dielectric layer 123. Preferably, this silicon-containing
material is comprised of polycrystalline silicon (“poly” or “polysilicon”), but it may comprise
amorphous silicon, epitaxial silicon or any other suitable semiconductor material.

[0016] Located within the substrate 110, and between isolation regions 130, is a well region 140.

The well region 140 in the substrate 110 shown in FIGS. 1-5 can be either n-type or p-type. In
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forming CMOS integrated circuits, n-type and p-type well regions 140 are formed in the
substrate 110. In the case of a p-well region, an NMOS transistor will be formed. In a similar
manner, for an n-well region, a PMOS transistor will be formed.

[0017] With the gate structure 120 defined using standard photolithography processes and
polysilicon etching, a spacer 150 is formed, for example, by first thermally growing about 1 nm
to about S nm of oxide, followed by depositing about 15 nm of TEOS oxide. In other
embodiments, the spacer 150 can comprise a combination of silicon nitride and/or silicon oxide
(either grown or deposited) layers.

[0018] For an NMOS transistor, where the well region 140 comprises a portion of a p-type well,
a blanket n-type lightly doped implant is performed, resulting in the lightly doped n-type
extension implants 160. The n-type lightly doped extension implants 160 are often referred to as
lightly doped drain (LDD) or moderately doped drain (MDD) extension regions. The n-type
lightly doped extension implants 160 are conventionally formed and generally have a peak
dopant concentration ranging from about 1E19 atoms/cm’ to about 2E20 atoms/cm”.

[0019] In addition to the n-type lightly doped extension implants 160, pocket implants (not
shown) are sometimes performed. For the case where the semiconductor device 100 shown in
FIG. 1 is an NMOS transistor, the pocket implants would comprise a p-type dopant species. In
current integrated circuit technology, pocket implants refer to an implant that is used to reduce
the effect of the short transistor gate length on transistor properties such as threshold voltage.
The effect of the pocket implant is not however limited to threshold voltage. The pocket implant
for a particular transistor type usually results in a doping profile that extends beyond the drain
extension of the transistor. The species of the p-type pocket implant can consist of B, BF;, Ga,
In, or any other suitable p-type dopant. The species of the lightly doped extension implants 160
implant can consist of As, P, Sb, or any other suitable n-type dopant. The order of the implants
is somewhat arbitrary and the lightly doped extension implants 160 could be performed before
the pocket implant.

[0020] Similarly, for a PMOS transistor where well region 140 comprises a portion of an n-type
well, a blanket p-type lightly doped implant is performed resulting in p-type lightly doped

extension implants 160. The p-type lightly doped extension implants 160 are also conventionally
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formed and likewise generally have a peak dopant concentration ranging from about 1E19
atoms/cm® to about 2E20 atoms/cm’. Similarly to the NMOS transistor, pocket implants are also
sometimes performed in addition to the p-type lightly doped extension implants 160 for the
PMOS transistor. In this case, however, the pocket implants comprise an n-type dopant species.
The species of the n-type pocket implant can consist of As, P or any other suitable n-type dopant.
The species of the p-type lightly doped extension implants 160 can consist of boron or any other
suitable p-type dopant. As stated already, the order of the implants is somewhat arbitrary and the
pocket implant can be performed before or after the p-type lightly doped extension implants 160.

[0021] After the completion of the lightly doped extension implants 160 (and pocket implant, if
performed), and any subsequent processing, sidewall structures 170 are formed, as shown in
FIG. 1. In an embodiment of the instant invention, the sidewall structures 170 comprise a
plurality of silicon oxide and silicon nitride dielectric layers. The sidewall structures 170 are
formed by first depositing blanket layers of suitable dielectric material. An anisotropic etch is
then used to form the sidewall structures 170. The sidewall structures 170 can also be formed
using a single suitable dielectric material such as silicon nitride or silicon oxide.

[0022] Following the formation of the sidewall structures 170, highly doped source/drain
implants 180 are formed. For an NMOS transistor, n-type dopants, such as arsenic and/or
phosphorous, are implanted into the substrate 110 adjacent to the sidewall structures 170 to form
the highly doped source/drain implants 180. For a PMOS transistor, p-types dopants, such as
boron, are implanted into the substrate 110 adjacent to the sidewall structures 170 to form the
highly doped source/drain implants 180. The highly doped source/drain implants 180 are
conventionally formed and generally have a peak dopant concentration ranging from about 1E18
atoms/cm’ to about 1E21 atoms/cm’.

[0023] Following the formation of the highly doped source/drain implants 180, a high
temperature source/drain anneal may be performed to activate the implanted dopants and remove
the damage to the substrate 110 created during the ion implantation process. What results are
source/drain regions 190. The source/drain anneal can comprise a rapid thermal annealing (RTA)
process where the source/drain regions 190 are annealed at temperatures above 800°C for times

ranging from a second to minutes.
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[0024] Turning now to FIG. 2, illustrated is a cross-sectional view of the partially completed
semiconductor device illustrated in FIG. 1, after subjecting the gate structure 120 and substrate
110 to a dry etch process 210. The dry etch process 210, in an exemplary embodiment,
comprises an argon plasma sputter etch. In this embodiment, the argon gas flow would desirably
range from about 15 scem to about 100 scem. Additionally, the plasma chamber pressure would
advantageously range from about 0.1 mtorr to about 50 mtorr and the power level would range
from about 50 watts to about 100 watts. Additionally, an RF power of about 150 watts to about
450 watts may be applied to the wafer for bias. Other gases, flow rates, pressures and power
levels could nonetheless be used.

[0025] In an alternative embodiment, the dry etch process 210 comprises an oxide dry etch
process. The oxide dry etch could be any type of oxide dry etch, however, in an exemplary
embodiment of fhe invention the oxide dry etch is similar to a conventional cap oxide etch used
in the manufacture of semiconductor devices. This cap oxide etch typically uses plasma of gases
containing C and F. In an exemplary embodiment, plasma of CF4/CHF3/Ar is used. Such a
process can comprise flowing CF; at about 2 scem to about 10 scem, CHF3 at about 5 scem to
about 25 sccm and Ar at about 50 sccm to about 100 scem in a plasma chamber at pressures
ranging from about 35 mtorr to about 100 mtorr and power levels ranging from about 100 watts
to about 300 watts.

[0026] If the cap oxide etch were used, an optional oxygen ash and wet clean may be performed.
In one en‘{b;diment, the wet clean could be an extensive hot SC1 clean (e.g., hydrogen peroxide,
ammonijum hydroxide and DI water). The extensive hot SC1 clean could be performed at a
temperature ranging from about 500C to about 900C for a time period ranging from about 2
minutes to about 15 minutes. Other ashes and cleans are nevertheless within the scope of the
present invention.

[0027] Turning now to FIG. 3, illustrated is a cross-sectional view of the partially completed
semiconductor device illustrated in FIG. 2, after placing fluorine 310 in the source/drain regions
190 to form fluorinated source/drains 320. It should be noted that the fluorinated source/drains
320 are formed after all the source/drain annealing processes have been completed. The

fluorinated source/drains 320 are positioned near the surface of the substrate 110, with
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exemplary depths of around 0.5 nm to about 30 nm and fluorine concentrations ranging from
about 1E17 atoms/cm’ to about SE21 atoms/cm’.

[0028] In an embodiment, the fluorinated source/drains 320 are formed by exposing the
source/drain regions 190 to a fluorine containing plasma. Such a process can comprising
flowing NF; at about 0.2 sccm to about 20 sccm, Ny at about 0 scem to about 100 sccm, H; at
about 0 sccm to about 100 sccm and/or Ar at about 0 sccm to about 100 sccm in a plasma
chamber at pressures ranging from about 50 mtorr to about 100 mtorr and power levels ranging
from about 75 watts to about 200 watts. Other gases that can be used in the plasma to form the
fluorine containing region, without limitation, include NF3/Hp, NF3/NHj, NF3/Ny, NF5/Ar,
NF3/Ny/H,, CF4/Hy/Ar, CoF¢/Ar, and CoFe/Ha.

[0029] The fluorine containing plasma processes of the instant invention should be differentiated
from other fluorine containing plasmas used to etch oxides and/or perform other types of surface
treatments. These processes are optimized to not incorporate fluorine into the underlying silicon
regions and in fact are optimized to leave no fluorine containing residue. The ability of fluorine
to confine the formation of metal silicide regions was unknown prior to the instant invention and
the formation of a near surface region of fluorine using plasmas is counter intuitive to the current
uses of fluorine containing plasmas in the semiconductor arts.

[0030] In another embodiment of the instant invention, the fluorinated source/drains 320 can be
formed by ion implanting fluorine and/or fluorine containing species into the source/drain
regions 190 at energies ranging from about 0.2 KeV to about 5 KeV and doses ranging from
about 1E10 atoms/cm® to about 1E16 atoms/cm’. Those skilled in the art appreciate that
choosing between the fluorine plasma process and the fluorine implantation process may require
an analysis into the specific device being manufactured.

[0031] During the process of forming the fluorinated source/drains 320 in the source/drain
regions 190, a fluorinated gate electrode region 330 may also be formed in the gate electrode
layer 128. The fluorinated gate electrode region 330 in the gate electrode layer 128 will
desirably assist in the subsequent formation of the nickel silicide layer that will be formed in the
gate electrode layer 128. In those instances where no fluorinated gate electrode region 330 is

desired in the gate electrode layer 128, a blocking layer or mask can be used to mask the gate
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electrode layer 128 during the fluorine incorporation process.

[0032] Turning now to FIG. 4, illustrated is a cross-sectional view of the partially completed
semiconductor device illustrated in FIG. 3, after forming a metal layer 410 over the gate
electrode layer 128 and source/drain regions 190. In an embodiment of the instant invention the
metal layer comprises nickel. In addition to nickel, other metals include cobalt, molybdenum,
platinum, etc. For the case where nickel is used to form the metal layer 410, the thickness of the
metal layer 410 is optimally between about 3 nm and about 40 nm. An optional cap layer (not
shown), such as TiN, can be used to prevent potential adverse impact of ambient gas.

[0033] Turning to FIG. 5, illustrated is a cross-sectional view of the partially completed
semiconductor device illustrated in FIG. 4, after subjecting the metal layer 410 to an anneal,
thereby causing the metal layer 410 to react with the underlying silicon regions to form metal
silicide regions 510, 520. It should be noted that no reaction takes place between the metal layer
410 and the sidewall structures 170. Following the formation of the metal silicide regions 510,
520, the unreacted metal is chemically removed resulting in a device similar to that shown in
FIG. 5.

[0034] In the case where nickel is used to form the metal layer 410, nickel monosilicide (NiSi) is
formed 510, 520, by annealing the nickel metal layer 410 at temperatures ranging from about
250°C to about 550°C. In this embodiment, the fluorinated source/drains 320 will be at least
partially, if not totally consumed during the silicide formation process. Additionally, there will
typically be a pile-up of fluorine at the interface of the metal silicide regions 510 and the
source/drain regions 190. Following the process of the instant invention, the measured fluorine
concentration at the interface between the metal silicide regions 510 and the underlying
source/drain regions 190 will advantageously range from about 1E17 atoms/cm’ to about 5SE21
atoms/cm’. During the formation of the metal silicide regions 510 in the source/drain regions
190, a metal silicide region 520 may also be simultaneously formed in the gate electrode layer
128.

[0035] In some instances, the subjecting of the gate structure 120 and substrate 110 to the dry
etch process, the formation of the fluorinated source/drains 320, and the subsequent formation of

the metal layer 410 can be performed in-situ in multiple chambers of a single cluster tool or in a
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single chamber. Such a cluster tool may be purchased through Applied Materials, having the
corporate address of 3050 Bowers Avenue, Santa Clara, California 95054, under the Endura
Mainframe name. It should be noted that the plasma sputter etch would be the best suited dry
etch for this embodiment. It should also be noted that in this embodiment the optional clean
steps disclosed herein need not be performed.

[0036] In those instances where the various processing steps are accomplished ex-situ, a second
optional clean step may be required after the fluorine treatment and before forming the metal
layer 410 on the substrate 110 and gate structure 120. This second optional clean step, among
others, may include cleaning the surface with SC1 and hydrofluoric acid. It is believed that this
second i‘:lean step also passivates the substrate 110 against air oxidation.

[0037] The above described metal silicide formation process can be used for both NMOS and
PMOS transistors. In the case of NMOS transistors, the above described process minimizes the
formation of metal silicide regions under the sidewall structures that extend to the channel
regions, and results in a smooth metal silicide region 510 to source/drain region 190 interface. In
the case of PMOS transistors, the above described process minimizes the unevenness in the
metal silicide region 510 to source/drain region 190 interface and results in reduced leakage
currents and increased breakdown voltages.

[0038] Referring now to FIG. 6, illustrated is a sectional view of a conventional integrated
circuit (IC) 600 incorporating a semiconductor device 610 constructed according to the
principles of the present invention. The IC 600 may include devices, such as transistors used to
form CMOS devices, BICMOS devices, Bipolar devices, or other types of devices. The IC 600
may further include passive devices, such as inductors or resistors, or it may also include optical
devices or optoelectronic devices. Those skilled in the art are familiar with these various types
of devices and their manufacture. In the particular embodiment illustrated in FIG. 6, the IC 600
includes the semiconductor devices 610 having dielectric layers 620 located thereover.
Additionally, interconnect structures 630 are located within the dielectric layers 620 to
interconnect various devices, thus, forming the operational integrated circuit 600.

[0039] Referring finally to FIG. 7, illustrated is a cross-sectional view of the IC 600 illustrated in
FIG. 6; however, the IC of FIG. 7 includes a capacitor 710 located on at least one of the
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semiconductor devices 610. In the particular embodiment illustrated in FIG. 7, NiSi is formed
on a poly gate electrode and used as a bottom electrode for the high performance capacitor 710.
A dielectric layer (e.g., SiO;) is then deposited on top of the NiSi bottom electrode, followed by
a second electrode, such as TiN. The capacitor stack is then patterned to form the desirable
capacitor 710.

[0040] Although the present invention has been described in detail, those skilled in the art should
understand that they can make various changes, substitutions and alterations herein without

departing from the spirit of the invention in its broadest form.

-11-
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CLAIMS
1. A method for manufacturing a semiconductor device, comprising:

forming a gate structure over a substrate;

forming source/drain regions in the substrate proximate the gate structure;

subjecting the gate structure and substrate to a dry etch process;

placing fluorine in the source/drain regions, to form fluorinated source/drains subsequent
to subjecting the gate structure and substrate to the dry etch process; and

forming metal silicide regions in the gate structure and in the fluorinated source/drains.

2. The method as recited in Claim 1, wherein forming metal silicide regions includes
forming a metal layer over the gate structure and the fluorinated source/drains, and reacting the
metal layer with the gate structure and the fluorinated source/drains to form the metal silicide

regions in the gate structure and the fluorinated source/drains.

3. The method as recited in Claim 1 or 2, wherein subjecting the gate structure and substrate
to a dry etch process includes subjecting the gate structure and substrate to a) an argon plasma

spuiter etch, or b) to an oxide dry etch process followed by an oxygen ash and a wet clean.

4. The method as recited in any of Claims 1 - 3, wherein the fluorinated source/drains are
formed by exposing the source/drain regions to a fluorine containing plasma comprising flowing
NF; at about 0.2 sccm to about 20 sccm, N at about 0 scem to about 100 scem, and Hy at about 0
scem to about 100 scem in a plasma chamber at pressures of about 50 mtorr to about 100 mtorr

and at power levels of about 75 watts to about 200 watts.

5. The method as recited in any of Claims 1 — 3, wherein the fluorinated source/drains are
formed by ion implanting fluorine or a fluorine containing species into the source/drain regions

at energies of about 0.2 KeV to about 5 KeV and doses of about 1E10 atoms/cm? to about 1E16

atoms/cm®.
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6. The method as recited in any of Claims 1 — 5, wherein the metal silicide regions are nickel

silicide regions.

7. The method as recited in any of Claims 1 — 6, wherein the gate structure includes a
polysilicon gate electrode layer and wherein forming metal silicide regions in the gate structure

includes forming metal silicide regions in the polysilicon gate electrode layer.

8. A method for manufacturing an integrated circuit, comprising creating semiconductor devices
over a substrate, as recited in any of Claims 1 — 7, and further comprising:
forming interconnects within dielectric layers located over the substrate for

electrically contacting the semiconductor devices.

9. The method as recited in Claim 8, further including forming a high performance capacitor in
the gate structure, wherein the metal silicide region formed over the gate structure is used as a

bottom electrode for the high performance capacitor.
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