WO 2008/073845 PCT/US2007/086848
011316 PCT P/FEP/P3IVAG

PLASMA IMMERSED ION IMPLANTATION PROCESS

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Embodiments of the invention generally relate to the field of
semiconductor manufacturing processes and devices, more particular, to
methods of implanting ions into a substrate by a plasma immersion ion

implantation process.

Description of the Related Art

[0002] Integrated circuits may include more than one million micro-electronic
field effect transistors (e.g., complementary metal-oxide-semiconductor {CMOS)
field effect transistors) that are formed on a substrate (e.g., semiconductor
wafer) and cooperate to perform various functions within the circuit. A CMOS
transistor comprises a gate structure disposed between source and drain
regions that are formed in the substrate. The gate structure generally comprises
a gate electrode and a gate dielectric layer. The gate electrode is disposed over
the gate dielectric layer to control a flow of charge carriers in a channel region
formed between the drain and source regions beneath the gate dielectric layer.

[0003] An ion implantation process is typically utilized to implant and dope
ions into the substrate, forming the gate and source drain structure with desired
profile and concentration on the substrate. During an ion implantation process,
different process gases or gas mixtures may be used to provide ion source
species. As the process gases supplied into the ion implantation processing
chamber, a RF power may be generated to produce a plasma to promote ion
dissociation in the process gases and accelerate the dissociated ions toward
and into the surface of the substrate. Impurities, such as byproducts combined
from the dissociated ion species, may be formed during plasma dissociation and
be driven and/or implanted along with the desired ions into the substrate,
thereby contaminating the structure in the substrate. The undesired ion species

may also alter the concentration, profile, dimension, and ion distribution of the
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structure formed on the substrate, thereby adversely influencing the overall
electrical device performance.

[0004] Therefore, there is a need for an improved ion implantation process.

SUMMARY OF THE INVENTION

[0005] Methods for implanting ions into a substrate by a plasma immersion
ion implanting process are provided. in one embodiment, a method for
implanting ions into a substrate includes providing a substrate into a processing
chamber, supplying a gas mixiure including a reacting gas and a reducing gas
into the chamber, and implanting ions from the gas mixture into the substrate.
{0006] in another embodiment, a method for implanting ions into a substrate
includes providing a substrate into a processing chamber, supplying a gas
mixture including reacting gas and a hydrogen containing reducing gas into the
chamber, and implanting ions from the gas mixture into the substrate.

[0007] In yet another embodiment, a method for implanting ions into a
substrate includes providing a substrate into a processing chamber, supplying a
gas mixture including a reacting gas and a hydrogen containing reducing gas
selected from a group containing SiHi, B2Hs, NH3, and Hs into the chamber,
applying a BF power to form a plasma, dissociating the gas mixture as ion
species, wherein the ion species from the reducing gas reacts with a first portion
of ion species and pumping out of byproducts from the chamber, and implanting

a second portion of the ion species from the gas mixture into the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] So that the manner in which the above recited features of the present

invention can be understood in detail, a more particular description of the
invention, briefly summarized above, may be had by reference to embodiments,
some of which are illustrated in the appended drawings. [t is to be noted,
however, that the appended drawings illustrate only typical embodiments of this
invention and are therefore not to be considered limiting of its scope, for the

invention may admit to other equally effective embodiments.
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[o009] Figures 1A-1B depict one embodiment of a plasma immersion ion
implantation tool suitable for practice the present invention; and

[0010] Figure 2 depicts a process diagram illustrating a method for plasma
immersion ion implantation process according to one embodiment of the
present invention.

{0011} To facilitate understanding, identical reference numerals have been
used, where possible, to designate identical elements that are common to the
figures. It is contemplated that elements and features of one embodiment may
be beneficially incorporated in other embodiments without further recitation.
[0012] It is to be noted, however, that the appended drawings illustrate only
exemplary embodiments of this invention and are therefore not to be considered
limiting of its scope, for the invention may admit to other equally effective

embodiments.

DETAILED DESCRIPTION

[0013] The present invention provides methods for implanting ions into a
substrate by a plasma immersion ion implantation process. In one embodiment,
the ion implantation process is performed by supplying a gas mixture including a
reacting gas and a reducing gas inio a processing chamber. A plasma is
generated to dissociate ions from the gas mixture, thereby forming a source of
ions that are accelerated toward and implanted into the substrate with bias
voltage as desired. The supplied gas mixture provides different ion species,
providing certain dissociated ions that are interactively reacted and/or combined
with byproducts that are then pumped out of the processing chamber. The
interacted reaction and/or combination of certain ions prevents undesired ions
from being implanted along with the desired ions into the substrate.

[0014] Figure 1A depicts a plasma reactor 100 that may be utilized to
practice an ion implantation process according to one embodiment of the
invention. One suitable reactor in which the process may be practiced is a P3i®
reactor, available from Applied Materials, Inc., of Santa Clara, California. It is
contemplated that the methods described herein may be practiced in other

suitably adapted plasma reactors, including those from other manufacturers.
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[0015] The plasma reactor 100 includes a chamber body 102 having a
bottom 124, a top 126, and side walls 122 enclosing a process region 104. A
substrate support assembly 128 is supported from the bottom 124 of the
chamber body 102 and is adapted to receive a substrate 106 for procéssing. A
gas distribution plate 130 is coupled to the top 126 of the chamber body 102
facing the substrate support assembly 128. A pumping port 132 is defined in the
chamber body 102 and coupled to a vacuum pump 134. The vacuum pump
134 is coupled through a throttle valve 136 to the pumping port 132. A gas
source 152 is coupled to the gas distribution plate 130 to supply gaseous
precursor compounds for processes performed on the substrate 106.

[0016] The reactor 100 depicted in Figure 1A further includes a plasma
source 190 best shown in the perspective view of Figure 1B. The plasma source
190 includes a pair of separate external reentrant conduits 140, 140’ mounted
on the outside of the top 126 of the chamber body 102 disposed transverse to
one another {or orthogonal to one another as the exemplary embodiment
depicted in Figure 1B). The first external conduit 140 has a first. end 140a
coupled through an opening 198 formed in the top 126 into a first side of the
process region 104 in the chamber body 102, A second end 140b has an
opening 196 coupled into a second side of the process region 104. The second
external reentrant conduit 140b has a first end 140a’ having an opening 194
coupled into a third side of the process region 104 and a second end 140b'
having an opening 192 into a fourth side of the process region 104. In one
embodiment, the first and second external reentrant conduits 140, 140" are
configured to be orthogonal to one another, thereby providing the two ends
140a, 140a’, 140b. 140b’ of each external reentrant conduits 140, 140’ disposed
at about 90 degree intervals around the periphery of the top 126 of the chamber
body 102. The orthogonal configuration of the external reentrant conduits 140,
140’ allows a plasma source distributed uniformly across the process region
104. It is contemplated that the first and second external reentrant conduits 140,
140’ may be configured as other distributions utilized to provide uniform plasma

distribution into the process region 104.
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[0017] Magnetically permeable iorroidal cores 142, 142’ surround a portion
of a corresponding one of the external reentrant conduits 140, 140°. The
conductive coils 144, 144’ are coupled to respective RF plasma source power
generators 146, 146’ through respective impedance match circuits or elements
148, 148’. Each extermal reentrant conduits 140, 140" is a hollow conductive
tube interrupted by an insulating annular ring 150, 150’ respectively that
interrupts an otherwise continuous electrical path between the two ends 140a,
140b (and 140a’, 104b’) of the respective external reentrant conduits 140, 140°.
lon energy at the substrate surface is controlled by an RF plasma bias power
generator 154 coupled to the substrate support assembly 128 through an
impedance match circuit or element 156.

[0018] Referring back to Figure 1A, process gases including gaseous
compounds supplied from the process gas source 152 are introduced through
the overhead gas distribution plate 130 into the process region 104. RF source
plasma power 146 is coupled from the power applicator 142, 144 to gases
supplied in the conduit 140, which creates a circulating plasma current in a first
closed torroidal path including the external reentrant conduit 140 and the
process region 104. Also, RF source power 146" may be coupled from the other
power applicator 142’, 144’ to gases in the second conduit 140’, which creates a
circuiating plasma current in a second closed torroidal path transverse (e.g.,
orthogonal) to the first torroidal path. The second torroidal path includes the
second external reentrant conduit 140" and the process region 104. The plasma
currents in each of the paths oscillate {(e.g., reverse direction) at the frequencies
of the respective RF source power generators 146, 1468’, which may be the
same or slightly offset from one another.

[0019] In one embodiment, the process gas source 152 provides different
process gases that may be utilized to provide ions implanted to the substrate
106. Suitable examples of process gases include B;Hg, BF3, SiHi, SiFs, PHs,
P2Hs, POs, PF3, PFs and CF4, among others. The power of each plasma source
power generators 146, 146’ is operated so that their combined effect efficiently
dissociates the process gases supplied from the process gas source 152 and

produces a desired ion flux at the surface of the substrate 106. The power of
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the RF plasma bias power generator 154 is controlled at a selected level at
which the ion energy dissociated from the process gases may be accelerated
toward the substrate surface and implanted at a desired depth below the top
surface of the substrate 106 with desired ion concentration. For example, with
relatively low RF power, such as less than about 50 eV, relatively low plasma
ion energy may be obtained. Dissociated ions with low ion energy may be
implanted at a shallow depth between about 0 A and about 100 A from the
substrate surface. Alternatively, dissociated ions with high ion energy provided
and generated from high RF power, such as higher than about 50eV, may be
implanted into the substrate having a depth substantially over 100A depth from
the substrate surface.

[0020] The combination of the controlled RF plasma source power and RF
plasma bias power dissociates ion in the gas mixture having sufficient
momentum and desired ion distribution in the processing chamber 100. The
ions are biased and driven toward the substrate suiface, thereby implanting ions
into the substrate with desired ion concentration, distribution and depth from the
substrate surface. Furthermore, the controlled ion energy and different types of
ion species from the supplied process gases facilitates ions implanted in the
substrate 106, forming desired device structure, such as gate structure and
source drain region on the substrate 106.

[o021] Figure 2 depicts a process flow diagram of a method 200 for
implanting ions into a substrate by a plasma immersion ion implantation
process. The process 200 may be performed in a plasma immersion ion
implantation processing chamber, such as the processing chamber 100, as
described in Figure 1A-1B.

[0022] The method 200 begins at step 202 by providing a substrate in the
processing chamber 100. In one embodiment, the substrate may be a material
such as silicon oxide, silicon carbide, crystalline silicon (e.g., Si<100> or
Si<111>), strained silicon, silicon germanium, doped or undoped polysilicon,
doped or undoped silicon wafers, doped silicon, germanium, gallium arsenide,
gallium nitride, glass, and sapphire. The substrate may have various

dimensions, such as 200 mm or 300 mm diameter wafers, as well as,
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rectangular or square panes. Unless otherwise noted, embodiments and
| examples described herein are conducted on substrates with a 200 mm
diameter or a 300 mm diameter. In embodiments where the substrate is utilized
to form a gate structure, a polysilicon layer may be disposed on a gate dielectric
layer on the substrate.

[0023] At step 204, a gas mixture is supplied into the processing chamber
100 to provide ion species for the subsequent implantation process. The gas
mixture may be supplied from the process gas source 152 to the gas distribution
system 130, as described in Figure 1A, or by other suitable means.

[0024) In one embodiment, the gas mixture supplied into the processing
chamber 100 includes a reacting gas and a reducing gas. The reacting gas
provides desired ions to be implanted into the substrate. For example, the
reacting gas may provide a source of desired ion species, such as B, P, Ga, As,
and the like, used to form active dopants in the electric device to produce
desired electrical performance of the doped region of the substrate. In one
embodiment, the reacting gases that may be used to provide an ion specie
source include BF3, BoHg, BCls, PoHs, PHz, GaN, AsFs, PFs, and the like.

[0025] In one embodiment, the reducing gas may be a hydrogen containing
gaé. The reducing gas is configured to react with the ion species other than the
desired ion species to prevent undesired ions being implanted along with the
desired ions into the substrate. For example, in embodiments where the
reacting gas is BF3 gas, the BFs; gas may be dissociated during the subsequent
implantation process as further detailed discussed below and produced
byproduct ion species in form of BF**, BF,** and F ions. The hydrogen ions
generated from the reducing gas efficiently react with the incompletely
dissociated B*, BF?* and/or BF,* ions and/or the by-product F~ ions which are
then pumped out of the chamber, thus preventing the undesired ion species
from co-implanted into the substrate. In one embodiment, the hydrogen
containing reducing gas may include SiHg4, BaHs, NH3, Hz, and the like.

[0026] In another embodiment, the gas mixture supplied into the processing
chamber 100 may include an inert gas. Examples of suitable i.nert gases include
Nz, Ar, He, Xe, and Kr and the like. The inert gas in the processing chamber
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100 promotes the ion bombardment in the gas mixture, thereby efficiently
increasing the possibility of process gas collision, resulting in reduced
recombination of ion species.

[0027] Optionally, a nitrogen containing gas may be supplied with the gas
mixture to assist the formation of the volatite byproducts which are more readily
pumped out of the processing chamber. The nitrogen containing gas may
include NO, NOz, NH3z, Nz, NoO and the like. In one embodiment, the nitrogen
containing gas may be supplied into the processing chamber at between about
0 sccm and about 500 sccm, such as between about 5 sccm and about 100
scem.

[0028] At step 206, a plasma immersion ion implantation process is
performed to implant ions generated from the gas mixture at step 204 into the
substrate. A RF source power is applied to generate a plasma from the gas
mixture in the processing chamber 100. The generated plasma dissociates the
gas mixture in the chamber 100 as ion species. A RF bias power may be
applied along with the RF source power to dissociate and drive the dissociated
the ion species from the gas mixture toward and into a desired depth from the
substrate surface. The RF source and bias power applied to the chamber 100
may be controlled at a desired energy level, thereby allowing the ion species to
be dissociated and doped with a desired concentration and depth in the
substrate.

[0029] In one embodiment, the source RF power may be maintained ai
between about 50 Watts and about 2000 Watts. The bias RF power may be
maintained at between about 50 Waits and about 11000 Watts at a RF voltage
between about 0 Volts and about 12000 Volt.

[0030] Several process parameters may also be regulated during the plasma
immersion ion implantation process at step 206. In one embodiment, the
chamber pressure may be maintained at between about 4 mTorr and about 500
mTorr. The substrate temperature may be maintained at between about 25
degrees Celsius and about 400 degrees Celsius.

[0031} The gas mixture flow rate and/or gas mixture flow ratio among the
reacting gas, reducing gas and the inert gas supplied at step 204 may be
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selected to control the relative amounts of the dissociated ion species between
each type of gases. The selected gas mixture flow rate and/or flow ratio enables
the gas mixture to be dissociated as a predetermined amount and/or ratios
among different kinds of ion species, thereby preventing generating excess
amount of certain types of ions in the processing chamber, resulting in
unwanted side reaction andfor forming undesired film on the subsirate. For
example, an excess amount of certain type of ion species, such as fluorine or
argon ions, may sputter and bombard the substrate surface, thereby damaging
and roughening the substrale surface. Also, an excess amount of another
certain types of ion species, such as ByHy polymers, may not be readily and
efficiently pumped out of the processing chamber, thereby accumutating on the
substrate and resulting in substrate contamination and dopant profile change.

[0032] In one embodiment, the flow rate ratio of the reacting gas and the
reducing gas may be controlled at between about 1:0.5 and about 1:0.1. In
another embodiment, the reacting gas may be flowed into the processing
chamber at a rate of between about 5 sccm and aboui 600 sccm, such as
between about 10 sccm and about 400 sccm. The hydrogen containing
reducing gas may be flowed in {o the processing chamber at a rate between
about 0 scem and about 800 scem, such as between about 5 scem and about
500 sccm, for example between abut 5 scem and about 100 sccm. The inert gas
may be flowed in to the processing chamber at a rate between about 0 scem
and about 1200 sccm, such as between about 5 scem and about 1000 scem.

[0033] In an exemplary embodiment of the invention, the gas mixture may
include BF; and SiHs. As described above, the BF; and SiH; gas are
dissociated as ion species by the plasma in form of B¥, BF?*, BF,**, F, Si* and
H*. The active H species provided from the SiH, gas reacts with the F species
and other dissociated byproducts, forming HF or other types of volatile species,
thus preventing the F species and other types of the byproducts being co-
implanted into the substrate. A suitable amount of SiH,; gas flow is selected to
prevent excess dissociated Si ions forming an undesired silicon film on the
substrate surface. In one embodiment, the BF3 gas and the SiHs gas may have
a flow rate ratio between about 1:50 and about 1:100, such as 1:80.
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Altematively, the BF3 gas flow rate may be supplied between 50 sccm and 400
scem and the SiHas gas may be supplied between 1 scem and 20 sccm, such as
5 scem. The source RF power may be controlled at between about 100 Volts
and between about 2000 Volits and the bias RF power may be conirolled at
between about 100 Volts and between about 12000 Volts.

[0034] In another exemplary embodiment according to the present invention,
the gas mixture supplied into the processing chamber 100 may include BFs;,
B2Hs and a nitrogen containing gas, such as No. The BF;, BoHg and Ny gas are
dissociated as ion species by the plasma in form of B®*, BF**, BF.*, F, BxHy,
N* and H*. The active H species provided from the ByHg gas reacts with the F
species and other dissociated byproducts, forming HF or other types of volatile
species which are pumped out of the chamber, thus preventing the F species
and other types of the byproducts being co-implanted into the substrate.
Incompletely dissociated BoHs gas may form a polymer gas in form of BxHy. N
ion species, generaied from the N. gas, may be utilized to react with the
polymer gas BygHy, to form a volatile gas that is readily pumped out of the
chamber, thereby preventing the polymer gas from depositing on the substrate
and adversely affecting the device structure. In one embodiment, the BF; gas
and the BaHg gas may have a flow rate ratio between about 1:0.01 and about
1:0.5. Alternatively, the BFs gas flow rate may be supplied between 50 sccm
and 400 scem, such as 100 sccm and the BoHg gas may be supplied between
10 sccm and 100 sccm, such as 10 sccm and the N2 gas may be supplied
between about 5 sccm and 20 scem, such as 10 sccm. The source RF power
may be controlled at between about 100 Watts and between about 1000 Watts
and the bias RF power may be controlled at between about 100 Voits and
between about 12000 Volts.

[0035) In yet another exemplary embodiment of the present invention, the
gas mixture supplied into the processing chamber 100 may include BFz, BoHg
and SiHs. The BFs;, BoHg and SiHy gas are dissociated as ion species by the
plasma in form of B¥, BF?*, BF.*, F, Si*, B{Hy, and H*. The B species is
accelerated and implanted into the substrate to a depth between about 10 A
and about 800 A below the substrate surface. The active H species provided
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from the B:Hgs gas reactively react with the F species and other dissociated
byproducts, forming HF or other types of volatile species, preventing the F
species and other iypes of the byproducts being co-implanted into the substrate.
The incompletely dissociated ByHy gas and H ions may form a volatile gas
which is pumped out of the chamber, thereby preventing the polymer gas and
silicon ions depositing on the substrate and adversely affecting the device
structure. In one embodiment, the BF; gas, B:Hs gas and SiH; gas may have a
flow rate ratio between about 1:0.01:0.01 and about 1:0.1:0.01. Altematively,
the BF3 gas flow rate may be supplied between 50 sccm and 400 scem and the
BoHs gas may be supplied beiween 10 scem and 100 sccm and the SiH4 gas
may be supplied between about 5 scem and 20 scem. The source RF power
may be controlled at between about 100 Watts and between about 1000 Watts
and the bias RF power may be controlled at between about 100 Volts and
between about 12000 Volts.

[0036] Thus, methods for implanting ions into a substrate by a plasma
immersion ion implanting process are provided. The improved method
advantageously implants a desired amount of dopants into a desired depth from
a substrate surface, without adversely contaminating or altering dopant ion
concentration on the substrate, thereby forming electric devices on the
substrate with desired electrical performance.

[0037] While the foregoing is directed to embodiments of the present
invention, other and further embodiments of the invention may be devised
without departing from the basic scope thereof, and the scope thereof is

determined by the claims that follow.
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What is claimed:

1. A method for implanting ions into a subsirate by a plasma immersicn ion implantation
process, comprising:

providing a substrate into a processing chamber;

generating a plasma from a gas mixture comprising a reacting gas and a reducing
gas in the chamber; and

implanting ions from the plasma into the substrate by the plasma immersion ion
implantation process, wherein the reacting gas comprises BF; and the reducing gas
comprises ByHs.

2. The method of claim 1, wherein the generating a plasma further comprises;
supplying a nitrogen containing gas with the gas mixture into the processing
chamber.

3. The method of claim 1, wherein the generating a plasma further comprises:
supplying the reacting gas at between about 5 sccm and about 600 scem; and

supplying the reducing gas at between about 0 sccm and about 500 scem.

4, The method of claim 1, wherein the supplying the gas mixture further comprises:
supplying an inert gas with the gas mixture into the processing chamber, wherein the
inert gas includes at least one of Ar, He, Xe, Kr or Ns.

. The method of claim 1, wherein the implanting ions further comprises:
applying a RF source power; and

applying a RF bias power.

6. The method of claim 1, wherein the generating the plasma further comprises:

reacting the reducing gas with a portion of dissociated ions from the reacting gas.
7. The methed of claim 1, wherein the implanting further comprises:
implanting the ions into the substrate to a depth between about 10 A and about 800 A

from the substrate surface.

8. The method of claim 1, wherein the reacting gas and the reducing gas are supplied at

a gas flow ratio of the reacting gas to the reducing gas between about 1:0.01 and about 1:0.5.

9. The method of claim 1, wherein the reducing gas is a hydrogen containing gas.
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10. The method of claim 2, wherein the nitrogen containing gas includes at least one of
NO, NOQ, NH3, N2 or Ngo

11. The method of claim 5, wherein the implanting ions comprises:
applying the RF source power at between about 50 Watts and about 2000 Watts; and
applying the RF bias power at between about 50 Watts and about 11000 Watts.

12. The method of claim 6, further comprising:

forming a volatile gas pumping out of the processing chamber.

13. A method for implanting ions into a substrate by a plasma immersion ion implantation
process, comprising:

providing a substrate into a processing chamber;

generating a plasma from a gas mixture comprising a reacting gas and a reducing
gas in the chamber; and

implanting ions from the plasma into the substrate by the plasma immersion ion
implantation process, wherein the reacting gas comprises BFs and BzHg and the reducing gas

comprises SiH,.

14. A method for implanting icns into a substrate by a plasma immersion ion implantation
process, comprising:

providing a substrate into a processing chamber;

supplying a gas mixture comprising a reacting gas and a hydrogen containing
reducing gas selected from a group consisting of SiH,, BsHg, NHa, and H, into the chamber;

applying a RF power to form a plasma;

dissociating the gas mixture as ion species, wherein the ion species from the
reducing gas reacts with F ions and pumping out of byproducts from the chamber; and

implanting B ions from the gas mixture into the subsirate by the plasma immersion

jon implantation process, wherein the reacting gas comprises BFs.

15. The method of claim 14, wherein the ion species from the reducing gas is H ions.
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