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(57) ABSTRACT

A plasma is formed from one or more gases in a plasma
chamber using at least a first power and a second power. A first
ion species is generated at said first power and a second ion
species is generated at said second power. In one embodi-
ment, the first ion species and second ion species are
implanted into a workpiece at two different energies using at
least a first bias voltage and a second bias voltage. This may
enable implantation to two different depths. These ion species
may be atomic ions or molecular ions. The molecular ions
may be larger than the gases used to form the plasma.
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1
METHOD OF IONIZATION

FIELD

This invention relates to the formation of molecular or
atomic ions and, more particularly, to the formation of poly-
atomic ions for implantation at different energies.

BACKGROUND

Ion implantation is a standard technique for introducing
conductivity-altering impurities into a workpiece. A desired
impurity material is ionized in an ion source, the ions are
accelerated to form an ion beam of prescribed energy, and the
ion beam is directed at the surface of the workpiece. The
energetic ions in the beam penetrate into the bulk of the
workpiece material and are embedded into the crystalline
lattice of the workpiece material to form a region of desired
conductivity.

Some applications require different ion species to be
implanted into a workpiece to form a particular dopant pro-
file. For example, a co-implant of two or more species may be
performed to obtain a desired level of amorphization and
dopant depth profile for ultra-shallow junctions (USJ). This
typically requires several implant steps of individual ion spe-
cies. Use of multiple implant steps may require multiple ion
implanters or may decrease throughput due to increased pro-
cessing time.

One way to avoid multiple implant steps is to implant a
molecular ion that includes the desired ion species. Molecular
ion beams may be more easily transported at a higher energy
and lower beam current than atomic ion beams. The atoms
(including dopant species) in a molecular ion share an overall
kinetic energy of the molecular ion according to their respec-
tive atomic masses. Furthermore, by having fewer ions
implanted to obtain the same dose, any space charge effect in
the ion beam and, consequently, beam “blow up” may be
minimized.

Use of molecular ions, however, may not implant the vari-
ous species at different desired energies or depths. Molecular
ions also may be difficult to form and maintain during the
ionization or implantation process. Use of an indirectly
heated cathode (IHC) or Bernas source tends to break up
molecules into atomic ions. For example, dopant molecules
like BF,, PH;, PF., AsH;, B,H,, or GeF tend to dissociate
easily in the thermal plasmas formed using an or Bernas
source. Thus, atomic ions may be formed instead of molecu-
lar ions. A plasma doping system that generates a plasma of
ions and neutrals and biases a workpiece for implantation
may not adequately control electron temperature or other
plasma conditions such as pressure, power, frequency, or gas
flow to form molecular ions. Thus, molecular ions may dis-
sociate within a high voltage sheath of such a plasma doping
system. This may be due to the electric charge and collisions
inside the high voltage sheath. So, for example, BF;* may
only survive as B*, BF*, or BF," ions after crossing the high
voltage sheath and implanting a workpiece. Additionally, as
the molecular ions increase in molecular weight, it may
become more difficult to not dissociate these molecular ions
into atomic ions or smaller molecular ions in a conventional
ion source. Other ion source systems may have lifetime issues
due to depositions on components or walls of the ion source
caused by a recombination process. Use of certain species
may cause deposits of various atomic or molecular com-
pounds to build up on surfaces within the ion source.
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Accordingly, there is a need in the art for an improved
method of forming ions, and, more particularly, implanting
polyatomic ion species at different energies.

SUMMARY

According to a first aspect of the invention, a method to
generate ions is provided. The method comprises flowing a
gas into a plasma chamber. A plasma is formed from the gas
in the plasma chamber using at least a first power and a second
power. A first ion species is generated at the first power and a
second ion species is generated at the second power. Both the
firstion species and the second ion species are generated from
the gas. The first ion species and second ion species are
implanted into a workpiece at two different energies using at
least a first bias voltage and a second bias voltage. The first
bias voltage corresponds to the first power and the first ion
species. The second bias voltage corresponds to the second
power and the second ion species.

According to a second aspect of the invention, a method to
generate molecular ions is provided. The method comprises
flowing a first gas and a second gas into a plasma chamber. A
plasma is formed from the first gas and the second gas in the
plasma chamber. A first molecular ion and a second molecular
ion are generated from the first gas and the second gas and
implanted into a workpiece at two different energies.

According to a third aspect of the invention, a method to
generate ions is provided. The method comprises flowing a
first molecular gas into a plasma chamber. A plasma is formed
from the first molecular gas in the plasma chamber with a first
power and a second power. The second power is greater than
the first power. A first ion and a second ion are generated from
the first molecular gas. The first ion is generated at the first
power and the second ion is generated at the second power.
The first ion and the second ion are implanted into a work-
piece.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present disclosure, refer-
ence is made to the accompanying drawings, which are incor-
porated herein by reference and in which:

FIG.1 is a cross-sectional view of a plasma doping system;

FIG. 2 is a block diagram of an ion source;

FIG. 3 is a block diagram of a plasma processing apparatus
having an insulating modifier;

FIG. 4A-B are cross-sectional views of a first embodiment
of implantation of multiple ions using a plasma doping sys-
tem;

FIG. 5 is a first embodiment of a timing diagram;

FIG. 6 is a second embodiment of a timing diagram;

FIG. 7 is a third embodiment of a timing diagram;

FIG. 8 is a fourth embodiment of a timing diagram;

FIG. 9 is a fifth embodiment of a timing diagram;

FIG. 10 is an exemplary dopant profile for carbon and
phosphorus;

FIG. 11 is an exemplary dopant profile for carbon and
phosphorus using an embodiment disclosed herein; and

FIGS. 12A-B are cross-sectional views of a first embodi-
ment of implanting to different depths.

DETAILED DESCRIPTION

The embodiments of this process are described herein in
connection with a plasma doping system. However, these
embodiments can be used with other systems and processes
involved in semiconductor manufacturing or other systems
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that use implantation. For example, in an alternate embodi-
ment, a beam-line ion implanter is used with an RF ion
source. Thus, the invention is not limited to the specific
embodiments described below.

Turning to FIG. 1, the plasma doping system 100 includes
aprocess chamber 102 defining an enclosed volume 103. The
process chamber 102 or workpiece 105 may be cooled or
heated by a temperature regulation system, such as within a
load lock or using a pre-chiller. A platen 104 may be posi-
tioned in the process chamber 102 to support a workpiece
105. The platen 104 also may be cooled or heated by a
temperature regulation system. Thus, the plasma doping sys-
tem 100 may incorporate hot or cold implantation of ions in
some embodiments. In one instance, the workpiece 105 may
be a semiconductor wafer having a disk shape, such as, in one
embodiment, a 300 mm diameter silicon wafer. However, the
workpiece 105 is not limited to a silicon wafer and may be a
flat panel, solar cell, light emitting diode (LED), compound
semiconductor, glass substrate, polymer substrate, or other
workpiece. The workpiece 105 may be clamped to a flat
surface of the platen 104 by electrostatic or mechanical
forces. In one embodiment, the platen 104 may include con-
ductive pins for making connection to the workpiece 105.

The plasma doping system 100 further includes a source
101 configured to generate a plasma 106 from an implant gas
within the process chamber 102. The source 101 may be an
RE source or other sources known to those skilled in the art.
In one instance, an RF source with at least one coil around the
process chamber 102 is used. This RF source may be coupled
to a matching network and RF generator.

The platen 104 may be biased. This bias may be provided
by a DC or RF power supply. The plasma doping system 100
may further include a shield ring, a Faraday sensor, or other
components. In some embodiments, the plasma doping sys-
tem 100 is part of a cluster tool, or operatively-linked process
chambers 102 within a single plasma doping system 100.
Thus, numerous process chambers 102 may be linked in
vacuum.

During operation, the source 101 is configured to generate
the plasma 106 within the process chamber 102. In one
embodiment, the source 101 is an RF source that resonates RF
currents in at least one RF antenna to produce an oscillating
magnetic field. The oscillating magnetic field induces RF
currents in the process chamber 102. The RF currents in the
process chamber 102 excite and ionize the implant gas to
generate the plasma 106. The bias provided to the platen 104
and, hence, the workpiece 105 will accelerate ions from the
plasma 106 toward the workpiece 105 during bias pulse on
periods. The frequency of the pulsed platen signal and/or the
duty cycle of the pulses may be selected to provide a desired
dose rate. The amplitude of the pulsed platen signal may be
selected to provide a desired energy. With all other parameters
being equal, a greater energy will result in a greater implanted
depth.

FIG. 2 is a block diagram of an ion source. The ion source
110, which may correspond to an ion source in a beam-line
ion implanter, includes a first ion source 111. This first ion
source 111 has a gas source 112 connected by a gas feed 113.
The first ion source 111 may be, for example, an RF or DC
pulsed ion source and may produce molecular or atomic ions.
An antenna 114 resonates RF or DC currents from the power
source 115. In one instance, the antenna 114 is attached to an
RF matching network. The power supply 115 may be either
an RF or DC power supply. This produces as oscillating
magnetic field that induces RF or DC currents within the first
ion source 111. In one particular embodiment, the first ion
source 111 is a multi-set point RF ion source. A multi-set
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point RF (MSPRF) ion source enables RF power to be modu-
lated as a function of time. Such an RF source may be coupled
to apower supply that can pulse. RF frequency, power, or duty
cycle may be modified using such an ion source. The first ion
source 111 in an alternate embodiment may have an
immersed RF antenna or may be an electron cyclotron reso-
nance (ECR) or microwave ion source.

ITons formed in the first ion source 111 are transported to a
second chamber 116 using a plasma pipe 117. The plasma
pipe 117 has a plurality of ring magnets 119 that may form a
multi-cusp arrangement to provide optimal plasma or ion
confinement. In an alternate embodiment, the plasma pipe
117 uses solenoids. Extraction optics may be located between
the first ion source 111 and the plasma pipe 117 or between
the plasma pipe 117 and the second chamber 116 to extract
the ions.

The second chamber 116 may be a diffusion chamber or an
arc chamber. This arc chamber may be part of an existing ion
implanter and may contain, for example, an IHC or Bernas
ion source. This arc chamber may or may not be operating
while the ions are transported to the second chamber 116 from
the first ion source 111. The ions 118 are then extracted from
the second chamber 116. These ions 118 may be partof an ion
beam in one embodiment. This extraction may use extraction
optics 124. The ions 118 may or may not be subsequently
mass analyzed. Thus, the ion source 110 may be used in
plasma doping, plasma immersion, flood implant, or sheath
modulation tools.

FIG. 3 is a block diagram of a plasma processing apparatus
having an insulating modifier. The plasma 106 is generated as
is known in the art and is generally a quasi-neutral collection
of positively-charged or negatively-charged molecular or
atomic ions and negatively-charged electrons. In a system
containing the plasma 106, ions 120 from the plasma 106 are
attracted toward a workpiece 105. The plasma 106 is bounded
by a region proximate the workpiece 105 referred to as a
plasma sheath 121. The plasma sheath 121 is a region that has
fewer electrons than the plasma 106. Hence, the differences
between the negative and positive charges cause a sheath
potential in the plasma sheath 121. The light emission from
this plasma sheath 121 is less intense than the plasma 106
because fewer electrons are present and, hence, few excita-
tion-relaxation collisions occur. Thus, the plasma sheath 121
is sometimes referred to as “dark space.”

The insulating modifier 122 is configured to modify an
electric field within the plasma sheath 121 to control a shape
of a boundary 123 between the plasma 106 and the plasma
sheath 121. Of course, while an insulator is explicitly dis-
closed other embodiments may use a semiconductor or con-
ductor. Accordingly, ions 120 that are attracted from the
plasma 106 across the plasma sheath 121 may strike the
workpiece 105 at a large range of incident angles, such as, for
example, between +0° and -6° centered around 0°. This
insulating modifier 122 may be referred to as, for example, a
focusing plate or sheath engineering plate.

Ions 120 may be attracted from the plasma 106 across the
plasma sheath 121 by different mechanisms. In one instance,
the workpiece 105 is biased to attract ions 120 from the
plasma 106 across the plasma sheath 121. In another instance,
a plasma source that generates the plasma 106 and walls
surrounding the plasma 106 are biased positively and the
workpiece 105 may be grounded. The biasing may be pulsed
in one particular embodiment In yet another instance, electric
ormagnetic fields are used to attract ions 120 from the plasma
106 toward the workpiece 105. When the workpiece 105 is
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biased, for example, the ions 120 are attracted across the
plasma sheath 121 through an aperture in the insulating modi-
fier 122.

Use of a pulsed plasma source, such as the source 101 in the
plasma doping system 100, the ion source 110, or others, may
be used to form polyatomic or molecular ions because elec-
tron heating may be controlled. Use of pulsed repetitive exci-
tation will produce at least two periods or phases. First, an
electron impact induced ionization and an electron excitation
phase when the voltage is applied. Second, the decay phase
between the pulses due to heavy particle volume recombina-
tion and diffusion. A pulse on period, such as that used to for
ionization or electron excitation, may be shorter than a pulse
off period. Due to this duration difference between pulse on
and pulse off periods, the time-averaged electron temperature
may be lower than in a steady-state discharge. Flectron tem-
perature is the temperature of a group of electrons that have
velocities following the Maxwell-Boltzmann distribution or a
percentage of an average energy of such a group of electrons.
Electron temperature is higher during pulse on periods and
rapidly falls down during pulse off periods. Thus, the average
between pulse on and pulse off periods may be lower than
some instances where only a pulse on period is used, such as
in a steady-state discharge.

The electron kinetics and, therefore, the plasma chemistry
may be tailored by modifying plasma parameters. These
parameters include power, pressure, temperature, peak volt-
age, pulse duration, repetition rate, residence time of a par-
ticle or ion, and duty cycle. By controlling these parameters,
different ion species can be produced within a pulsed period.
Such parameters may control an electron energy distribution
function (EEDF). These ion species that are formed may be
atomic or molecular ions. In one instance, the molecular ions
have a larger mass than the gases used to create them. For
example, a higher RF power generates lighter or atomic ions
while a lower RF power generates heavier or molecular ions.
Adjusting the RF power adjusts the electron energy, which
modifies the number of collisions, the ions formed, and the
potential reactions between ions and neutral particles. In
another example, a lower pressure may enable lighter or
atomic ions to be formed while by a higher pressure may
enable heavier or molecular ions to be formed because there
may be a lower electron energy at a higher pressure than a
lower pressure.

FIGS. 4A-B are cross-sectional views of a first embodi-
ment of implantation of multiple ions using a plasma doping
system. While the plasma doping system 100 is illustrated,
other ion implanters may be used. The plasma 106 in FIGS.
4A-B may be generated from one or more gases. These gases
may be made up of molecules or atoms. The source 101 in one
embodiment is an RF source. To have independent control of
electron energy distribution function and electron heating
processes versus ion flux and ion energy, a MSPRF generator
may be used to modulate the power of, for example, the
source 101 or other ion sources or plasma generation devices.

At a first time, a first ion species 107 is generated and
implanted into the workpiece 105. At a second time, a second
ion species 108 is generated and implanted into the workpiece
105. The first ion species 107 and second ion species 108 may
be atomic or molecular. Both the first ion species 107 and
second ion species 108 may be implanted to different depths,
at different energies, or at different doses in the workpiece
105. The process illustrated in FIGS. 4A-B may be repeated
multiple times in one instance and may be performed without
breaking vacuum. Of course, other embodiments where three
or more ion species are generated may be performed.
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Inone embodiment, the firstion species 107 and second ion
species 108 are both molecular ions and at least one is larger
than the one or more gases from which the plasma 106 was
formed. In this instance, neutral atoms or molecules that are
ionized and excited in the plasma 106 react with surrounding
neutral and ionic atoms and molecules in the plasma 106 to
form molecular ions of a larger mass and various stoichiom-
etries. By adjusting the ratio of the partial pressures of the
gases in the plasma 106 and modulating parameters of the
plasma 106, molecular ions of a desired stoichiometry may be
formed or residence time of particles or ions may be adjusted.
For example, at a higher power CH,* ions are formed while
P.H, or P.CH," ions are formed at a lower power. In one
particular embodiment, CH," is formed from P .CH, at
approximately 2 kW while P,H ™ or P,CH," is formed at
between approximately 0 to 500 W.

The temperature of the walls of an ion source or process
chamber, such as the process chamber 102, may be controlled
during formation of the various ion species. The temperature
of'the walls affects deposition on the walls or reactions at the
walls. This temperature also affects the plasma composition
because temperature affects reaction rates within the plasma.
106. The walls of the ion source or process chamber, such as
the process chamber 102, also may be coated with a catalytic
metal. This catalytic metal may be, for example, nickel, plati-
num, or other materials. The catalytic metal may encourage
particular reactions within the plasma 106.

Inone specific embodiment, the plasma parameters or elec-
tron kinetics are modified in between the periods illustrated in
FIG. 4A and FIG. 4B. Thus, the plasma parameters may
remain constant during formation of the first ion species 107
and second ion species 108. In another specific embodiment,
only the power and bias voltage are modified between FIG.
4A and FIG. 4B once other plasma parameters are selected.

FIG. 5 is a first embodiment of a timing diagram. While
three repetitions are illustrated, more or fewer may be used.
Thus, this concept is not solely limited to the embodiment
illustrated in FIG. 5. The top line represents source power
level, such as to the source 101 illustrated in FIG. 1 or other
ion sources. This source 101 may be an RF source. The
bottom line is the voltage. This voltage may be bias voltage to
a platen 104 or workpiece 105 illustrated in FIG. 1, but also
may be an extraction voltage in a beam-line ion implanter or
a flood ion implanter. Thus, the bias voltage is related to
energy of the ions that are formed and, consequently, the
depth these ions are implanted.

The source power has three settings in this embodiment. A
first source power 202 is less than a second source power 203.
The second source power 203 is less than the third source
power 204. The first source power 202 may be greater than or
equal to zero. The second source power 203 lasts for a first
time period 200. The third source power 204 lasts for a second
time period 201. In this embodiment, the first time period 200
and second time period 201 combined are the length of the
voltage at a first voltage 205. Thus, the second source power
203 and third source power 204 are synchronized with the
bias pulse. The bias voltage at a first voltage 205 defines the
energy of the molecular and atomic ions implanted into a
workpiece.

In a first embodiment, a molecular ion is formed at the
second source power 203 and an atomic ion is formed at the
third source power 204. This may be at least partly because
molecules may be broken apart at a higher source power. Ina
second embodiment, a molecular ion is formed at both the
second source power 203 and the third source power 204
because the source powers may be adjusted to enable the
formation of two molecular ions. These two molecular ions
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may have different formulas and molecular weights. In one
particular embodiment, the source power is between approxi-
mately 100 W and 5 kW and the bias voltage is between
approximately 100 V and 30 kV. Of course, since only a first
voltage 205 is used, the ions are implanted at a single energy
instead of two different energies. Different implant depths
may be obtained due to differences in the size of the various
ions that are formed.

FIG. 6 is a second embodiment of a timing diagram. In this
embodiment, there is a first voltage 205 and second voltage
206. The first voltage 205 corresponds to the second source
power 203. The second voltage 206 corresponds to the third
source power 204. The first voltage 205 and second voltage
206 are different. In a first embodiment, a molecular ion is
formed at the second source power 203 and an atomic ion is
formed at the third source power 204. Use of the first voltage
205 and second voltage 206 enables a molecular ion and
atomic ion to be implanted at two different energies. Thus, the
molecular ion and atomic ion may be implanted at two dif-
ferent depths. Of course, two molecular ions also may be
implanted at two different depths in an alternate embodiment.

FIG. 7 is a third embodiment of a timing diagram. In this
particular embodiment, the first voltage 205 corresponds to
the second source power 203 and the second voltage 206
corresponds to the third source power 204. The first voltage
205 and second voltage 206 are different and opposite of the
scheme illustrated in FIG. 6. Use of the first voltage 205 and
second voltage 206 enables a molecular ion and atomic ion to
be implanted at two different energies. Thus, the molecular
ion and atomic ion may be implanted at two different depths.
Of course, two molecular ions also may be implanted at two
different depths in an alternate embodiment.

FIG. 8 is a fourth embodiment of a timing diagram. This
has a second source power 203 larger than the third source
power 204. Use of the first voltage 205 and second voltage
206 enables the molecular ion and atomic ion to be implanted
at two different energies. Thus, the molecular ion and atomic
ion may be implanted at two different depths. Of course, two
molecular ions also may be implanted at two different depths
in an alternate embodiment.

FIG. 9 is a fifth embodiment of a timing diagram. In this
particular embodiment, there is a period of time 207 between
the first time period 200 at the second source power 203 and
the second time period 201 at the third source power 204.
Thereis a period of time 208 between the first voltage 205 and
second voltage 206 that corresponds with the period of time
207. Inthis particular embodiment, the period of time 207 and
period of time 208 are substantially the same.

Of course, the third source power 204 may be smaller than
the second source power 203 in the embodiments illustrated
herein. The third source power 204 is illustrated as larger than
the second source power 203 in FIGS. 5-7 and 9 for simplic-
ity. Other power settings or voltages may be included to
generate or implant other atomic or molecular ions. The dura-
tion or magnitudes of the first voltage 205 and second voltage
206, the bias pulse width, or the various source power settings
may be changed to adjust the dose or dose rate of the ions
implanted into a workpiece. For example, the duty cycle may
be between approximately 5% and 50%. Thus, the concepts
disclosed herein are not limited solely to the embodiments
illustrated in FIGS. 5-9.

Formation of molecular ions may be optimized in one
instance. Electron kinetics or an EEDF is controlled to form
the ions. At least one of power, peak voltage, pulse duration,
duty cycle, pressure, gas flow, residence time, and tempera-
ture are controlled during this optimization. Controlling par-
ticular collisions in the plasma, gas composition used to form
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the plasma, temperature of the gas used to form the plasma,
electric fields, or mass of the gases used to form the plasma
also may affect electron kinetics and may be controlled. Other
parameters known to those skilled in the art also may be
controlled. In one specific embodiment, CH, was a first gas
and PH; was a second gas. Both the first gas and second gas
were used to form a plasma. Heavier molecular ions were
generated in this plasma. Specifically, C,PH,* and CP,H,*
ions were formed, wherein x is an integer. Thus, the molecular
ions formed were larger than the gases used to generate the
plasma. The partial pressures of the CH, and PH; were
adjusted to enable production of molecular ions. Flowing
50% PH; produced more molecular ions than flowing 20%
PH, at a specific set of plasma parameters.

FIG. 10 is an exemplary dopant profile for carbon and
phosphorus. Carbon and phosphorus were implanted into a
silicon workpiece using a C,PH, * molecular ion implanted at
5 keV. Molecular ions share total energy among constituent
atoms in the molecule according to the respective masses of
each. As seen in FIG. 10, the phosphorus peak is shallower
than the carbon peak. In the embodiment of FIG. 10, the
carbon and phosphorus were implanted at the same energy.

FIG. 11 is an exemplary dopant profile for carbon and
phosphorus using an embodiment disclosed herein. Carbon
was implanted at 8 keV and phosphorus was implanted at 5
keV. As seen in FIG. 11, the phosphorus peak is shallower
than the carbon peak. By implanting at different energies
through changing the voltage, ions can reach a greater depth
in the workpiece. Thus, implanting at different energies may
be used to tailor implant depths to suit particular applications.

The gases supplied to form the plasma may be, for
example, CH,, C,H,, another alkane of the formula C,H,,
another hydrocarbon, B,H,, CO,, C,F,, BF;, AsH;, PH,,
GeH,, Gel', P15, Asl;, N, NH;, P.H, C.F,, ALCL, Ge H,,
or Ge,F , other organometallic molecules known to those
skilled in the art, or other species known to those skilled in the
art. In these examples, x and y are integers greater than one.
Examples of possible atomic ions that may be formed include
P, B, As, C, He, Ar, H, Ge, and Si. Some potential combina-
tions of atomic ions include P and C, B and C, He and Ar, As
and C, P and H, Ge and C, Ge and B, Ge and Si, and B and C.
Examples of possible molecular ions that may be formed
include CH ,BH,BF BN, As H,AAsF As N _ PH

Xty xSty Hxt oy Hxt Vs Xy X Xty Xy
P, PN, CF, CN, ALCL, ALH,. ALF, GeH,, Ge,F,,

or Ge, N, wherein x and y are integers greater than zero. These
molecular ions may have a larger atomic mass than the gases
from which the molecular ions are formed. The molecular
ions generated also may be, for example, P,C H,, P,CF,,
PCN, BCH, BCF,BCN,_, As CH_, As,CF, As

X"y z

CN,, Ge,C H, Ge,C I, Ge,C N, A.IXCyHZ’ ALCF,, Al
C,CL, ALP H,, or other molecular ions known to those

skilled in the art wherein X is an integer greater than one and
at least one of y and z are integers greater than one. Other
molecular ions also may be formed combining a metal with
carbon, boron, or phosphorus or using zinc or gallium. These
listed formulas for the molecular ions may vary as known to
those skilled in the art, wherein, for example, the listed
B,C H, includes C,B H,. In one particular instance, P,C, is
formed wherein x is between 1 and 20 and y is greater than or
equal to zero. Of course, one skilled in the art will recognize
that many other molecular or atomic ions may be formed for
implantation into a workpiece. This list is merely exemplary.

The ions that are formed may be used for multiple appli-
cations. These include doping of a workpiece, strain modifi-
cation of a workpiece, or other material modification of the
workpiece. This material modification may include, for
example, amorphization or damage engineering of a work-
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piece or transient-enhanced diffusion (TED) control. The
ions also may be used for ultra-shallow junctions (USJ), to
manufacture low k dielectrics, to fabricate optical coatings,
defect engineering, SiGe applications, forming a defect layer
to cleave a workpiece, or for implanting workpieces having
three-dimensional surface structures.

In one specific embodiment, C* and B* or C* and P* are
implanted to different depths. The C* is implanted deeper
than the B* or P* to enable TED control. In one particular
example, CH,* and P,H,* are implanted to two different
depths. In another particular example, CH,* and P,C H,* are
implanted to two different depths.

FIGS. 12A-B are cross-sectional views of a first embodi-
ment of implanting to different depths. In FIG. 12A, the first
ion species 107 is C* or CH,*. The first ion species 107 is
implanted to a first depth 209 in the workpiece 105 (repre-
sented by the dotted line). Then the second ion species 108,
which may be, for example, P.H * or B,H,", is implanted to
a second depth 210 (also represented by a dotted line). This
second depth 210 is shallower than or not as deep as the first
depth 209. Thus, the first ion species 107 and second ion
species 108 are implanted at two different energies. Of
course, other ion species may benefit from implantation at
two different energies and the embodiment illustrated in
FIGS. 12A-B is meant to be exemplary.

In one particular embodiment, the workpiece 105 is heated
or cooled during implant. In one instance, the workpiece 105
is heated and damage from the implant is at least partially
annealed during the implant. Heating or cooling the work-
piece 105 affects amorphization which in turn partially
affects dopant distribution from the first ion species 107 and
the second ion species 108. Thus, heating or cooling may
affect the depth of any implants using embodiments disclosed
herein.

The present disclosure is not to be limited in scope by the
specific embodiments described herein. Indeed, other various
embodiments of and modifications to the present disclosure,
in addition to those described herein, will be apparent to those
of ordinary skill in the art from the foregoing description and
accompanying drawings. Thus, such other embodiments and
modifications are intended to fall within the scope of the
present disclosure. Furthermore, although the present disclo-
sure has been described herein in the context of a particular
implementation in a particular environment for a particular
purpose, those of ordinary skill in the art will recognize that
its usefulness is not limited thereto and that the present dis-
closure may be beneficially implemented in any number of
environments for any number of purposes. Accordingly, the
claims set forth below should be construed in view of the full
breadth and spirit of the present disclosure as described
herein.

What is claimed is:

1. A method to generate ions comprising:

flowing a gas into a plasma chamber;

forming a plasma from said gas in said plasma chamber

using at least a first power to an ion source and a second
power to said ion source;

generating a first ion species at said first power and a

second ion species at said second power, said first ion
species and said second ion species being generated
from said gas, wherein Said first ion species and said
second ion species are each a molecular ion larger than
said gas and wherein said first ion species and said
second ion species each have a different formula; and
implanting said first ion species and said second ion spe-
cies into a workpiece, disposed in said plasma chamber,
attwo different energies using at least a first bias voltage

20

30

35

40

45

50

55

60

65

10

and a second bias voltage, said first bias voltage applied
to said workpiece while said first ion species are being
generated at said first power, said second bias voltage
applied to said workpiece while said second ion species
are being generated at said second power, wherein said
first bias voltage is different than said second bias volt-
age, such that said first ion species and said second ion
species implant said workpiece at two different depths.

2. The method of claim 1, further comprising flowing a
second gas into said plasma chamber with said gas.

3. The method of claim 1, further comprising optimizing
said forming of said plasma to control electron kinetics to
form said first ion species and said second ion species,
wherein said optimizing comprises controlling at least one of
power, peak voltage, pulse duration, duty cycle, pressure, gas
flow, residence time, and temperature.

4. The method of claim 1, wherein said first ion and said
second ion are selected from the group consisting of P,H,,
P.C,BH, B,C, C,P,H, and C,B H,, wherein x, y, and z
are integers greater than or equal to 1.

5. The method of claim 1, wherein said ion source com-
prises an RF ion source.

6. A method to generate molecular ions comprising:

flowing a first gas and a second gas into a plasma chamber;

forming a plasma from said first gas and said second gas in
said plasma chamber;
generating a first molecular ion and a second molecular ion
from said first gas and said second gas using two differ-
ent power levels of an ion source, wherein said first
molecular ion and said second molecular ions are each
larger than said first gas and said second gas and said first
molecular ion and said second molecular ions have dif-
ferent formulas, wherein said first molecular ion is gen-
erated during a first power level and said second molecu-
lar ion is generated during a second power level; and

implanting said first molecular ion and said second
molecular ion into a workpiece, disposed in said plasma
chamber, at two different energies, by applying a first
bias voltage to said workpiece while said first molecular
ion is being generated and applying a second bias volt-
age to said workpiece while said second molecular ion is
being generated.

7. The method of claim 6, wherein said first molecular ion
and said second molecular ion are selected from the group
consisting of P.H,, P.C , B,H , B,C , C.P H,, and C.B H,,
wherein X, y, and z are integers greater than or equal to 1.

8. The method of claim 6, further comprising optimizing
said forming of said plasma to control electron kinetics to
form said first molecular ion and said second molecular ion,
wherein said optimizing comprises controlling at least one of
power, peak voltage, pulse duration, duty cycle, pressure, gas
flow, residence time, and temperature.

9. The method of claim 6, wherein said first molecular ion
and said second molecular ion implant said workpiece at two
different depths.

10. The method of claim 6, wherein said ion source com-
prises an RF ion source.

11. A method to generate ions comprising:

flowing a first molecular gas into a plasma chamber;

forming a plasma from said first molecular gas in said

plasma chamber with a first power and a second power
applied to an ion source, wherein said second power is
greater than said first power;

generating a first ion and a second ion from said first

molecular gas, wherein said first ion is generated at said
first power and said second ion is generated at said
second power, wherein said first ion and said ion are
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each a molecular ion larger than said first molecular gas,
and wherein said first ion and said second ion have
different formulas; and

implanting said first ion and said second ion into a work-

piece disposed in said plasma chamber, at two different
energies using a first bias voltage and a second bias
voltage, said first bias voltage applied to said workpiece
while said first ion is being generated at said first power,
said second bias voltage applied to said workpiece while
said second ion is being generated at said second power,
wherein said first bias voltage is different than said sec-
ond bias voltage.

12. The method of claim 11, further comprising flowing a
second molecular gas into said plasma chamber with said first
molecular gas.

13. The method of claim 11, further comprising optimizing
said forming of said plasma to control electron kinetics to
form said first ion and said second ion, wherein said optimiz-
ing comprises controlling at least one of power, peak voltage,
pulse duration, duty cycle, pressure, gas flow, residence time,
and temperature.

14. The method of claim 11, wherein said implanting is at
two different energies and wherein said first ion and said
second ion are implanted into said workpiece at two different
depths.

15. The method of claim 11, wherein said first ion and said
second ion are selected from the group consisting of P,H,,
PC,BH,BC,CPH,andCBH, whereinx, y, and z
are integers greater than or equal to 1.

16. The method of claim 11, wherein said ion source com-
prises an RF ion source.

#* #* #* #* #*
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