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SEMICONDUCTOR DEVICE FORMED WITH
SOURCE/DRAIN NITROGEN IMPLANT

This relates to semiconductor devices and methods for forming semiconductor devices.
BACKGROUND

There is a continuing trend in the semiconductor industry to manufacture low-cost,
high-performance, and low-power integrated circuits (ICs). These goals have been achieved in
great part by scaling down the dimensions of semiconductor ICs and thus increasing device and
circuit densities. Achieving higher densities calls for smaller feature sizes, smaller separations
between features and layers, and more precise feature shapes. The scaling down of IC
dimensions can facilitate faster circuit performance (e.g., faster switching speeds) and can lead
to higher effective yield in IC fabrication processes by providing (i.e., “packing”) more circuits
on a semiconductor die and/or more die on a semiconductor wafer. However, as scaling moves
into the nanometer-scale regime, scaling the physical dimensions alone is not sufficient as new
phenomenon appear that, for example, reduce the transistor drive current.

SUMMARY

The above problems are addressed by a method of forming a semiconductor device with
source/drain nitrogen implant, and related device. At least some of the illustrative embodiments
are methods comprising forming a gate stack over a substrate, implanting a dopant species into
an active region adjacent to the gate stack, and reducing a diffusivity of the dopant species by
implanting nitrogen into the active region.

Other illustrative embodiments are semiconductor devices comprising a substrate
having a surface, an active region within the substrate comprising a dopant species implanted
such that a peak concentration of the dopant species is located at a depth ‘x’ from the surface,
and a nitrogen region comprising nitrogen implanted such that a peak concentration of the
nitrogen is located at a depth ‘y’ from the surface. The depth °y’ is greater than the depth ‘x’.

Yet other illustrative embodiments are methods comprising forming a gate stack over a
substrate, implanting boron into an active region adjacent to the gate stack, and reducing a
diffusivity of the boron by implanting nitrogen into the active region.

BRIEF DESCRIPTION OF THE DRAWINGS
For a more detailed description of the various embodiments, reference will now be

made to the accompanying drawings, wherein:
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FIG. 1 shows a perspective view of a MOS transistor;

FIG. 2 shows a cross sectional view illustrating the formation of a MOS transistor
after formation of a polysilicon layer;

FIG. 3 shows a cross sectional view illustrating the formation of a MOS transistor
after formation of a gate stack and source/drain extension regions; and

FIG. 4 shows a cross sectional view illustrating the formation of a MOS transistor
after formation of source and drain regions.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

The term “active region” means a region wherein a semiconductor device is formed
within and/or on a semiconductor substrate, and wherein the active region does not comprise
isolation structures, such as shallow trench isolation (STT) structures or field oxide (FOX)
regions. Unless otherwise stated, when a layer is said to be “deposited over the substrate” or
“formed over the substrate”, it means that the layer is deposited or formed over any topography
that already exists on the substrate.

A fundamental building block of semiconductor ICs is the metal-oxide semiconductor
(MOS) transistor. FIG. 1 illustrates a cross-section of a basic MOS transistor 100. The
transistor 100 is fabricated on a semiconductor substrate 110 and comprises a gate stack 120.
The gate stack 120 comprises a gate dielectric 130 (e.g., silicon dioxide) and a gate electrode
140 (e.g., polysilicon) on the gate dielectric 130. The transistor 100 also comprises a source
region 150 and a drain region 160 each formed within the semiconductor substrate 110. A
channel 170 is defined between the source and drain regions 150, 160, under the gate dielectric
130, and within the semiconductor substrate 110. The channel 170 has an associated channel
length “I.” and an associated channel width “W”. When a bias voltage greater than a threshold
voltage (Vt) (i.e., turn-on voltage) for the transistor 100 is applied to the gate electrode 140
along with a concurrently applied bias voltage between the source and drain regions 150, 160,
an electric current (e.g., a transistor drive current) flows between the source and drain regions
150, 160 through the channel 170. The amount of drive current developed for a given bias
voltage (e.g., applied to the gate electrode 140 or between the source and drain regions 150,
160) is a function of, among others, the width-to-length ratio (W/L) of the channel 170. To
enhance performance of the transistor 100 (e.g., increase drive current), physical dimensions

and applied voltages are scaled down. As a result, MOS transistors have become cheaper,
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faster, and less power-hungry with each new technology generation. To date, most scaling of
the transistor 100 physical dimensions has been achieved by thinning the gate dielectric 130 or
reducing the channel length “L.”.

The subject matter disclosed herein is directed to methods associated with construction
of a semiconductor device, such as a MOS transistor. A semiconductor is a material (e.g.,
silicon or germanium) having properties somewhere between a conductor and an insulator. By
adding impurities (e.g., by a process known as “doping”), a semiconductor can be classified as
being electron-rich (N-type) or electron-poor (P-type). Through a series of semiconductor
processing techniques (e.g., deposition, photolithography, etching, ion implantation),
semiconductor materials are used to make semiconductor devices (e.g., transistors) which are
in turn used to make integrated circuits (ICs). Moreover, N-type MOS transistors (NMOS) and
P-type MOS (PMOS) transistors are often used together to form complementary metal-oxide
semiconductor (CMOS) ICs.

As CMOS ICs are scaled down to the nanometer-scale regime, new challenges to
enhancing transistor performance are encountered (e.g., polysilicon gate electrode depletion
effects (“poly-depletion”)). Referring to FIG. 1, the poly-depletion effect is characterized by a
polysilicon gate electrode 140 that is no longer fully conductive and contributes an additional
capacitance (within the gate electrode 140) that is in series with a capacitance of the gate
dielectric 130. This additional capacitance within the gate electrode 140 reduces the equivalent
capacitance between the gate electrode 140 and the silicon substrate 110, which increases the
effective thickness of the gate dielectric 130 (i.e., Tox Inversion), and results in reduced
transistor 100 drive current. To overcome the poly-depletion effect, it is desirable to increase
the doping concentration within the gate electrode 140. In some embodiments, the polysilicon
gate electrode 140 and the source and drain regions 150, 160 are doped with a dopant species
(e.g., boron for PMOS transistors, and phosphorous and/or arsenic for NMOS transistors)
using, for example, a self-aligned ion implantation process (discussed below). By increasing a
dose of the dopant species used for the ion implantation process (i.e., an implant dose), it is
possible to increase the doping of the polysilicon gate electrode 140 to a point at which the
poly-depletion effect is removed or at least lessened. However, diffusion of the dopant species
through the source and drain regions 150, 160 can adversely affect performance of the

transistor 100. By implanting nitrogen together with the dopant species implanted during the
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ion implantation, it is possible to reduce the diffusivity of the dopant species such that the
dopant species does not diffuse through the source and drain regions 150, 160 enough to be
detrimental to performance of the transistor 100.

For purposes of this disclosure, the nitrogen implant may be equivalently referred to as
a nitrogen co-implant. However, use of the term “co-implant” does not limit how or when the
nitrogen implant may be performed. In some embodiments, a nitrogen implant is simultaneous
with a dopant species implant. In other embodiments, the nitrogen implant is sequentially
before the dopant species implant. In yet other embodiments, the nitrogen implant is
sequentially after the dopant species implant.

Diffusion of a dopant species beyond the desired source and drain regions 150, 160
may also be observed in cases where the dose of the dopant species used for the ion
implantation process remains substantially constant but where the physical dimensions of the
transistor 100 (e.g., a sidewall spacer dimension) are scaled down from one technology
generation to the next. In such a case (i.e., where the dose of the dopant species for a given
technology generation is substantially the same as a dose used for a previous technology
generation), a nitrogen co-implant can also be used to reduce the diffusivity of the dopant
species. Thus, embodiments disclosed herein relate to performing a nitrogen co-implant
together with an ion implantation process to reduce the diffusivity of a dopant species within
the source and drain regions 150, 160.

Referring to FIG. 2, isolation structures 205 are formed within a substrate 200 in order
to define an active area 232 and to electrically isolate neighboring devices (e.g., transistors)
from one another. In some embodiments, the substrate 200 comprises a P-type single crystal
silicon substrate that may be formed, for example, by epitaxial growth. In other embodiments,
the substrate 200 comprises a silicon germanium (SiGe) substrate or a silicon-on-insulator
(SOI) substrate. The isolation structures 205 can be formed by a shallow trench isolation (STI)
process. A well 210 is then formed within the substrate 200, for example, by performing an
ion implantation into the substrate 200 followed by a high-temperature anneal. The well 210 is
doped with N-type dopants (e.g., phosphorous or arsenic) or P-type dopants (e.g., boron)
depending on the type of transistor (NMOS or PMOS) to be formed within the well 210.

A dielectric layer 225 is then formed over the substrate 200. The dielectric layer 225

comprises a non-conductive material (e.g., a silicon oxide (i.e., Si0,), a silicon oxynitride, or a
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high dielectric constant (“high-K”) material such as a hafnium-based metal-oxide or a hafnium-
based silicate). Depending on the material used for the dielectric layer 225, the dielectric layer
225 can be formed by a variety of techniques (e.g., thermal oxidation, thermal oxidation
followed by a thermal nitridation, atomic layer deposition (ALD), or chemical vapor deposition
(CVD)).

A polysilicon layer 230 (i.e., a gate electrode) is then formed over the dielectric layer
225. The polysilicon layer 230 is formed, for example, by using a low-pressure chemical vapor
deposition (LPCVD) process. An antireflective coating (ARC) layer 245 (e.g., an organic or
inorganic ARC layer) can be formed over the polysilicon layer 230 for patterning of a gate
stack as discussed below. ARC layers are used to suppress reflections from underlying layers
during a lithographic process and to improve the quality of a subsequently patterned layer. The
ARC layer 245 can be removed after the gate stack has been patterned and etched.

As shown in FIG. 3, the ARC layer 245 (FIG. 2) has been removed (e.g., by a wet or
dry etching process), and the dielectric layer 225 and the polysilicon layer 230 (FIG. 2) have
been patterned and etched to form a gate stack 250, where the gate stack 250 comprises a
dielectric layer 225A and a polysilicon layer 230A. The patterning process can be performed
in any suitable manner, such as with lithographic techniques where lithography broadly refers
to processes for transferring one or more patterns between various media. In photolithography,
a light sensitive layer (e.g., photoresist) is deposited (e.g., by spin-coating) upon a layer to
which a pattern is to be transferred. The light sensitive layer is then patterned by exposing it to
one or more types of radiation or light which selectively pass through an intervening mask
which comprises a pattern defined by various transparent and opaque regions. The light causes
exposed or unexposed regions of the light sensitive layer to become more or less soluble,
depending on the type of light sensitive layer used. A developer (i.e., an etchant) is then used
to remove the more soluble areas, thereby transferring the mask pattern to the light sensitive
layer. The patterned light sensitive layer can then serve as a mask for an underlying layer or
layers, wherein the underlying layer or layers can be etched to form the pattern as defined by
the light sensitive layer. In particular, the dielectric layer 225 and the polysilicon layer 230
(FIG. 2) are patterned simultaneously by way of the light sensitive layer, and various (dry or
wet) etchants can be used to remove each of the layers in sequence, using the patterned light

sensitive layer as a mask. After etching of the dielectric layer 225 and the polysilicon layer 230
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(FIG. 2) to form the gate stack 250, the light sensitive layer is stripped by an “ashing” process,
where for example, the light sensitive layer is removed by exposure to oxygen ambient at a
high-temperature in the presence of radio frequency (RF) power.

After forming the gate stack 250 and stripping the light sensitive layer, an ion
implantation 255 is performed. Depending on the type of transistor being formed (NMOS or
PMOS), the ion implantation 255 implants either N-type or P-type dopants (e.g., boron for
PMOS transistors, and phosphorous and/or arsenic for NMOS transistors). In some
embodiments, the ion implantation 255 comprises a nitrogen co-implant, where the nitrogen
implant energy (i.e., projected range (Rp) of the implant) and dose (Q) (i.e., concentration of
the N-type or P-type dopant) are set according to the projected range and dose of the N-type or
P-type dopants. In some embodiments, the projected range of the nitrogen co-implant is
between about 0.33 and about 1.33 of the projected range of the N-type or P-type dopant
implant. Thus, in some embodiments a peak concentration of the N-type or P-type dopant is
located at a depth x; from a surface 271 of the substrate 200, and a peak concentration of the

nitrogen is located between a depth y,” (corresponding to about 0.33 of the depth x;) and a
depth y,” (corresponding to about 1.33 of the depth x;) from the surface 271. Each of xy, y1’,
and y,”, as illustrated in FIG. 3 and herein described, are intended to indicate a depth from the

surface 271 and are not intended to indicate any lateral positioning of either the dopant or the
nitrogen. Also, in some embodiments, the dose of the nitrogen co-implant is between about 0.7
and about 1.3 of the N-type or P-type dopant dose. The ion implantation 255 is performed into
an active region 252 and into an active region 262 in order to define a lightly doped source
region 260 and a lightly doped drain region 265. The ion implantation 255 is a self-aligned ion
implantation process in that the gate stack 250 is used as a mask to define each of the lightly
doped source and drain regions 260, 265. Thus, the gate stack 250 is simultaneously subjected
to the ion implantation 255, and the ion implantation 255 also dopes the polysilicon layer
230A. However, the gate stack 250 masks a portion of the substrate 200 from the ion
implantation 255, such that the lightly doped source and drain regions 260, 265 are formed
within the substrate 200 immediately adjacent to the gate stack 250. The lightly doped source
and drain regions 260, 265 may be equivalently referred to as source and drain extension

regions. In some embodiments, a thermal process, such as a rapid thermal anneal, is performed
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to activate the dopants within the lightly doped source and drain regions 260, 265, which may
cause a slight lateral diffusion of the lightly doped source and drain regions 260, 265 under the
gate stack 250.

In some embodiments, a thin conformal oxide or nitride layer may be deposited over
the gate stack 250 prior to the ion implantation 255 in order to protect (i.e., block the ion
implantation 255) sidewalls of the gate stack 250. In some embodiments, the thin conformal
oxide or nitride layer is used to block the ion implantation 255 from the polysilicon layer 230A.
In this manner, the doping of the lightly doped source and drain regions 260, 265 can remain
separate and independent of the doping of the polysilicon layer 230A.

Still referring to FIG. 3, a channel 275 is defined between the lightly doped source
region 260 and the lightly doped drain region 265, under the gate dielectric 225A, and within
the substrate 200. The channel 275 has an associated channel length “L.”” and an associated
channel width. The lightly doped source and drain regions 260, 265 reduces an electric field
across the channel 275 that can cause hot electron effects which degrade transistor
performance.

FIG. 4 shows a transistor 300, where a spacer 270 is formed on each sidewall of the
gate stack 250. Each spacer 270 comprises an insulating material such as an oxide and/or
nitride based material. In some embodiments, the spacers 270 comprise a bistertiary-
butylaminosilane (BTBAS) silicon nitride layer. The spacers 270 are formed by depositing one
or more layers of such material(s) over the substrate 200 in a conformal manner, followed by
an anisotropic etch thereof, thereby removing spacer material from the top of the gate stack 250
and the substrate 200, while leaving the spacers 270 on each of the sidewalls of the gate stack
250. Thereafter, an ion implantation 280 is performed. Depending on the type of transistor
being formed (NMOS or PMOS), the ion implantation 280 implants either N-type or P-type
dopants (e.g., boron for PMOS transistors, and phosphorous and/or arsenic for NMOS
transistors). In particular, the ion implantation 280 is performed into the exposed portion of the
active region 252 and into the exposed portion of the active region 262 in order to define a
source region 285 and a drain region 290. The ion implantation 280 is a self-aligned ion
implantation process in that the gate stack 250 and the spacers 270 are used as a mask to define
each of the source and drain regions 285, 290. Thus, the gate stack 250 and spacers 270 are

simultaneously subjected to the ion implantation 280, and the ion implantation 280 also dopes
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the polysilicon layer 230A. However, the gate stack 250 and spacers 270 mask a portion of the
substrate 200 from the ion implantation 280, such that the source and drain regions 285, 290
are formed within the substrate 200 immediately adjacent to the spacers 270. Moreover, the
spacers 270 mask an inside portion of the initial lightly doped source and drain regions 260,
265 from the ion implantation 280.

In some embodiments, the spacers 270 serve to protect (i.e., block the ion implantation
280) the sidewalls of the gate stack 250. In other embodiments, a thin conformal oxide or
nitride layer is deposited over the gate stack 250 prior to the ion implantation 280 and is used to
block the ion implantation 280 from the polysilicon layer 230A. In this manner, the doping of
the source and drain regions 285, 290 can remain separate and independent of the doping of the
polysilicon layer 230A.

The dose (Q) of the ion implantation 280 used for the source and drain regions 285, 290
is high as compared to the dose of the ion implantation 255 (FIG. 3) that is used for the lightly
doped source and drain regions 260, 265. Highly doped source and drain regions 285, 290 are
desirable, for example, to maintain a low contact resistance to the source and drain regions 283,
290, where the contacts are made during subsequent transistor processing. However, in order
for the lightly doped source and drain regions 260, 265 to properly perform their function of
reducing the electric field across the channel 275 (FIG. 1) (and thus reduce hot electron effects)
it is desirable that dopants from the highly doped source and drain regions 285, 290 do not
substantially diffuse from the source and drain regions 285, 290 into the lightly doped source
and drain regions 260, 265. Thus, in some embodiments, the ion implantation 280 comprises a
nitrogen co-implant, where the nitrogen is used to reduce the diffusivity of the dopant species
(e.g., boron, phosphorous, or arsenic) by, for example, reducing an amount of net interstitial
locations within a semiconductor lattice (e.g., within the substrate 200) that are available for
diffusion of the dopant species. For the nitrogen co-implant, the nitrogen implant energy (i.e.,
projected range (Rp) of the implant) and dose are set according to the projected range and dose
of the dopant species (e.g., boron, phosphorous, or arsenic). Consider for example the case of
using boron as the dopant species (e.g., for a PMOS transistor) of the ion implantation 280 to
define the source and drain regions 285, 290. In some embodiments, the projected range of the
nitrogen co-implant is between about 0.33 and about 1.33 of the projected range of the boron

implant. Thus, in some embodiments a peak concentration of the dopant species (e.g., boron)
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is located at a depth x, from the surface 271 of the substrate 200, and a peak concentration of
the nitrogen is located between a depth y,” (corresponding to about 0.33 of the depth x) and a
depth y,” (corresponding to about 1.33 of the depth x,) from the surface 271. Each of x,, y5’,
and y,”, as illustrated in FIG. 4 and herein described, are intended to indicate a depth from the
surface 271 and are not intended to indicate any lateral positioning of either the dopant species
or the nitrogen. Also, in some embodiments, the dose of the nitrogen co-implant is between
about 0.7 and about 1.3 of the boron dose. In other embodiments, the nitrogen co-implant is
used together with other dopant species such as phosphorous, arsenic, or a combination of
different dopants. Thus, the nitrogen co-implant enables the source and drain regions 285, 290
maintain their high doping concentration as compared to the lightly doped source and drain
regions 260, 265 and thus maintain a low electric field across the channel 275 (FIG. 3) and low
contact resistance to the source and drain regions 285, 290. In some embodiments, a thermal
process, such as a rapid thermal anneal, is performed to activate the dopants within the source
and drain regions 285, 290, which may cause a slight lateral diffusion of the source and drain
regions 285, 290 under the spacers 270.

Still referring to FIG. 4, while the dose of the ion implantation 280 used for the source
and drain regions 285, 290 is high as compared to the dose of the ion implantation 255 (FIG. 3)
that is used for the lightly doped source and drain regions 260, 265, scaling down into the
nanometer-scale regime means that it is possible that the transistor 300 is still subject to poly-
depletion effects. By further increasing the dose of the dopant species used for the ion
implantation 280, the doping of the polysilicon layer 230A can be increased such that the poly-
depletion effect is removed or at least lessened. This results in an increased equivalent
capacitance between the polysilicon layer 230A and the well 210, which decreases the effective
thickness of the gate dielectric 225A (i.e., Tox Inversion), and results in increased transistor
300 drive current. Further, the co-implanted nitrogen in the source and drain regions 285, 290
assures that the diffusivity of the dopant species within the source and drain regions 285, 290 is
reduced enough such that the dopant species within the source and drain regions 285, 290 will
not substantially diffuse into the lightly doped source and drain regions 260, 265. Thus, a low
electrical field across the channel 275 (FIG. 3) and low contact resistance to the source and

drain regions 285, 290 are both maintained. In some embodiments, the physical dimensions of
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the transistor 300 (e.g., dimensions of the spacers 270) are scaled down from one technology
generation to the next without substantially changing the dose of the dopant species used for
the ion implantation 280. That is, the dose of the dopant species for a given technology
generation is substantially the same as a dose used for a previous technology generation.
Without the nitrogen co-implant, the dopant species within the source and drain regions 285,
290, for example, can more easily diffuse into the lightly doped source and drain regions 260,
265. However, the nitrogen introduced into the source and drain regions 285, 290 during the
co-implant of the ion implantation 280 reduces the diffusivity of the dopant species such that
the dopant species within the source and drain regions 285, 290 will not substantially diffuse
into the lightly doped source and drain regions 260, 265. Thus, the physical dimensions of the
transistor 300 (e.g., dimensions of the spacers 270) can be scaled down from one technology
generation to the next without substantially changing the dose of the dopant species used for
the ion implantation 280. After processing as shown in FIG. 4, other CMOS processing may
follow (e.g., interlayer dielectric and metallization layers can be formed).

A nitrogen co-implant may be used in cases where the polysilicon layer 230A is doped
independently from the source and drain regions 285, 290. Also, unless otherwise indicated,
any one or more of the layers set forth herein can be formed in any number of suitable ways
(e.g., with spin-on techniques, sputtering techniques (e.g., magnetron and/or ion beam
sputtering), thermal growth techniques, deposition techniques such as chemical vapor
deposition (CVD), physical vapor deposition (PVD) and/or plasma enhanced chemical vapor
deposition (PECVD), or atomic layer deposition (ALD)). Further, unless otherwise indicated,
any one or more of the layers can be patterned in any suitable manner (e.g., via lithographic
and/or etching techniques).

Those skilled in the art will appreciate that many other embodiments and variations are
also possible within the scope of the claimed invention. Embodiments having different
combinations of one or more of the features or steps described in the context of example
embodiments having all or just some of such features or steps are also intended to be covered

hereby.
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CLAIMS
What is claimed is:
1. A method comprising:
forming a gate stack over a substrate;

implanting a dopant species into an active region adjacent to the gate stack;

and
implanting nitrogen into the active region to reduce a diffusivity of the dopant
species.
2. The method according to claim 1, wherein forming the gate stack further
comprises:

forming a dielectric layer over the substrate; and
forming a polysilicon layer over the dielectric layer.

3. The method according to claim 1, further comprising forming a spacer along a
sidewall of the gate stack after implanting the nitrogen.

4. The method according to claim 2, wherein forming the gate stack further
comprises forming an antireflective layer over the polysilicon layer.

5. The method according to claim 1, wherein implanting the nitrogen further
comprises setting a nitrogen implant energy or nitrogen implant dose according to a dopant
species implant energy or dopant species implant does.

6. The method according to any of claims 1-5, wherein setting the nitrogen
implant energy further comprises setting the nitrogen implant energy such that the nitrogen
has a projected implant range of between about 0.33 and about 1.33 of a dopant species
implant range.

7. The method according to claim 7, wherein setting the nitrogen implant dose
further comprises setting the nitrogen implant dose to between about 0.7 and about 1.3 of the
dopant species implant dose.

8. The method according to claim 1 wherein implanting the dopant species into
the active region is simultaneous with implanting the nitrogen into the active region.

9. The method according to claim 2, wherein implanting the dopant species
further comprises implanting the dopant species such that the polysilicon layer is

substantially fully conductive.
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10. The method according to any of claims 1-5 or 8, wherein the dopant species is
boron.

11. The method according to any of claims 1-5 or 8, further comprising:

implanting the dopant species such that a peak concentration of the dopant
species is located at a depth ‘x’ from a surface of the substrate; and

implanting the nitrogen such that a peak concentration of the nitrogen is
located at a depth ‘y’ from the surface of the substrate;

wherein the depth °y’ is greater than the depth ‘x’.

12. A semiconductor device comprising:

a substrate having a surface;

an active region within the substrate comprising a dopant species implanted
such that a peak concentration of the dopant species is located at a depth ‘x” from the surface;
and

a nitrogen region comprising nitrogen implanted such that a peak
concentration of the nitrogen is located at a depth ‘y’ from the surface;

wherein the depth °y’ is greater than the depth ‘x’.
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