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Mismatched Optics for Angular Control of Extracted Ion Beam

This application claims priority of U.S. Patent Application Serial
No. 17/510,996 filed October 26, 2021, the disclosure of which is

incorporated herein by reference in its entirety.

This disclosure describes systems for controlling the angular
spread of a ribbon ion beam extracted from an ion source, such as

an indirectly heated cathode (IHC) ion source.

Background

Semiconductor devices are fabricated using a plurality of
processes, some of which implant ions into the workpiece. Various
ion sources may be used to create the ions. One such mechanism is
an indirectly heated cathode (IHC) ion source. An IHC ion source
comprises a filament disposed behind a cathode. The cathode may be
maintained at a more positive voltage than the filament. As current
is passed through the filament, the filament emits thermionic
electrons, which are accelerated toward the more positively
charged cathode. These thermionic electrons serve to heat the
cathode, in turn causing the cathode to emit electrons into the
chamber of the ion source. The cathode is disposed at one end of
a chamber. A repeller is typically disposed on the end of the

chamber opposite the cathode.

In certain embodiments, the IHC ion source is configured to
extract a ribbon ion beam, where a width of the ribbon ion beam is
much larger than the height of the ribbon ion beam. Unfortunately,
in many systems, the angular spread of the extracted ribbon ion

beam is not uniform along its width. For example, the range of
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beam angles near the center of the ribbon ion beam may be smaller
than the range of beam angles near the edges of the ribbon ion
beam. In some embodiments, additional components in the beam line,
such as guadrupole lenses, may be utilized to try to compensate
for this non-uniformity. These remedies may add additional

complexity and cost to the beam line system.

Therefore, it would be beneficial if there was a system that
could control the uniformity of the vertical angular spread of a

ribbon ion beam being extracted from an ion source.

Summary

An ion source capable of extracting a ribbon ion beam with
improved vertical angular uniformity is disclosed. The extraction
plate and extraction optics are designed such that there is at
least one non-uniform gap between adjacent components. A non-
uniform gap may be effective 1in reducing angular spread non-
uniformity of the extracted ribbon ion beam. Specifically, for a
given gap in the Z direction, ions extracted from regions with
lower plasma density may have more vertical angular spread. A
larger gap in the Z direction between components in this region
may make the vertical angular spread closer to the vertical angular
spread of ions extracted from regions with higher plasma density.
The non-uniform gap may be created by having an extraction plate
that is flat or curved and electrodes that are flat, convex or
concave. In certain embodiments, the non-uniform gap is located

between the extraction plate and the suppression electrode.

According to one embodiment, an ion source is disclosed. The

ion source comprises a chamber comprising a first end, a second

2



10

15

20

25

30

WO 2023/075969 PCT/US2022/044861

end and a plurality of walls connecting the first end and the
second end, wherein one of the plurality of walls is an extraction
plate having an extraction aperture having a width greater than
its height; a plasma generator to generate a plasma within the
chamber; and a suppression electrode disposed outside the chamber
and proximate the extraction aperture, wherein a gap between an
exterior surface of the extraction plate and a surface of the
suppression electrode facing toward the extraction plate is non-
uniform in a width direction, and wherein a difference in the gap
is at least 0.3 mm. In some embodiments, a plasma is generated
within the chamber and a plasma density within the chamber is non-
uniform and wherein a first region in the chamber has a greater
plasma density than a second region, and wherein the gap between
the exterior surface of the extraction plate and the surface of
the suppression electrode facing toward the extraction plate 1is
smaller near the first region than the gap near the second region.
In some embodiments, the plasma density is greater at a center of
the extraction aperture than at an edge of the extraction aperture.
In certain embodiments, the exterior surface of the extraction
plate is flat and the surface of the suppression electrode facing
toward the extraction plate is convex. In certain embodiments, the
exterior surface of the extraction plate is convex and the surface
of the suppression electrode facing toward the extraction plate is
flat. In certain embodiments, the exterior surface of the
extraction plate 1s convex and the surface of the suppression
electrode facing toward the extraction plate is convex. In some
embodiments, the plasma density 1is greater at an edge of the
extraction aperture than at a center of the extraction aperture.
In certain embodiments, the exterior surface of the extraction
plate is flat and the surface of the suppression electrode facing

toward the extraction plate 1is concave. In certain embodiments,
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the exterior surface of the extraction plate is concave and the
surface of the suppression electrode facing toward the extraction
plate is flat or concave. In some embodiments, the plasma generator
comprises an indirectly heated cathode. In some embodiments, a
plasma is generated within the chamber and a plasma density within
the chamber is non-uniform and wherein the gap between the exterior
surface of the extraction plate and the surface of the suppression
electrode facing toward the extraction plate is smallest where the
plasma density is greatest. In certain embodiments, the ion source
comprises at least one additional electrode positioned such that
the suppression electrode 1is disposed between the at least one
additional electrode and the extraction plate, and wherein a second

non-uniform gap is located between a set of adjacent electrodes.

According to another embodiment, an ion implantation system
is disclosed. The ion implantation system comprises the ion source

described above, a mass analyzer; and a platen.

According to another embodiment, an ion source is disclosed.
The ion source comprises a chamber comprising a first end, a second
end and a plurality of walls connecting the first end and the
second end, wherein one of the plurality of walls is an extraction
plate having an extraction aperture having a width greater than
its height; a plasma generator to generate a plasma within the
chamber; a suppression electrode disposed outside the chamber and
proximate the extraction aperture; and at least one additional
electrode positioned such that the suppression electrode 1is
disposed between the at least one additional electrode and the
extraction plate, wherein a non-uniform gap in a width direction
is disposed Dbetween a set of adjacent electrodes. 1In some

embodiments, the at least one additional electrode comprises a
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ground electrode and the non-uniform gap i1s disposed between the
suppression electrode and the ground electrode. 1In certain
embodiments, a surface of the suppression electrode facing the
ground electrode is convex and a surface of the ground electrode
facing the suppression electrode is flat or convex. In certain
embodiments, a surface of the suppression electrode facing the
ground electrode 1is flat and a surface of the ground electrode
facing the suppression electrode is convex. In some embodiments,
the at least one additional electrode comprises a second electrode
and a third electrode and the non-uniform gap is disposed between
the suppression electrode and the second electrode or between the
second electrode and the third electrode. In some embodiments, the
at least one additional electrode comprises a second electrode, a
third electrode and a fourth electrode, and the non-uniform gap is
disposed Dbetween the suppression electrode and the second
electrode, between the second electrode and the third electrode,

or between the third electrode and the fourth electrode.

According to another embodiment, an ion source is disclosed.
The ion source comprises a chamber comprising a first end, a second
end and a plurality of walls connecting the first end and the
second end, wherein one of the plurality of walls is an extraction
plate having an extraction aperture; wherein a direction between
the first end and the second end is a X direction and a direction
perpendicular to the X direction is a Y direction and wherein the
extraction aperture has a dimension in the X direction greater
than a dimension in the Y direction; a plasma generator to generate
a plasma within the chamber; and a suppression electrode disposed
outside the chamber and proximate the extraction aperture, wherein
a gap between an exterior surface of the extraction plate and a

surface of the suppression electrode facing toward the extraction

5



10

15

20

25

30

WO 2023/075969 PCT/US2022/044861

plate is non-uniform in the X direction, and wherein a difference

in the gap is at least 0.3 mm.

Brief Description of the Drawings

For a Dbetter understanding of the present disclosure,
reference 1is made to the accompanying drawings, in which 1like
elements are referenced with like numerals, and in which:

FIG. 1 is a Dblock diagram showing an IHC ion source and
extraction optics according to one embodiment;

FIG. 2 i1s a block of an ion implantation system that uses the
IHC ion source of FIG. 1;

FIG. 3 1is a Dblock diagram showing an IHC ion source and
extraction optics according to a second embodiment;

FIG. 4A-4B are block diagrams showing an IHC ion source and
extraction optics according to a third and fourth embodiment;

FIG. 5 is a Dblock diagram showing an IHC ion source and
extraction optics according to a fifth embodiment;

FIG. 6 1is a Dblock diagram showing an IHC ion source and
extraction optics according to a sixth embodiment; and

FIG. 7 1is a Dblock diagram showing an IHC ion source and

extraction optics according to a seventh embodiment.

Detailed Description

FIG. 1 shows an IHC ion source 10 with extraction optics 150
that may be utilized to extract a ribbon ion beam with improved
vertical angular uniformity according to one embodiment. In this
embodiment, the IHC ion source 10 includes a chamber 100,
comprising two opposite ends, and walls 101 connecting to these

ends. These walls 101 include side walls, an extraction plate 103
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and a bottom wall opposite the extraction plate 103. The extraction
plate 103 includes an extraction aperture 140 through which ions
are extracted. The extraction aperture 140 may be much larger in
the width direction, also referred to as the X direction, than in
the height direction, also referred to as the Y direction. The X
direction may be defined as the direction between the first end
104 and the second end 105. The Y direction is perpendicular to
the X direction. The Z direction is defined along the thickness of
the extraction plate 103 and is defined as the direction of travel
for the ribbon ion beam. For example, the extraction aperture 140
may be greater than 2 inches in the width direction and less than
0.5 in the height direction. Further, the extraction aperture may
be any shape. In some embodiments, the extraction aperture 140 may
be oval or rectangular. In other embodiments, the extraction
aperture 140 may have an irregular shape. In all embodiments, the
longer dimension is referred to as the width and the shorter

dimension is referred to as the height.

The walls 101 of the chamber 100 may be constructed of an
electrically conductive material, such as tungsten or another
refractory metal, and may be in electrical communication with one
another. A cathode 110 is disposed in the chamber 100 at a first
end 104 of the chamber 100. A filament 160 is disposed behind the
cathode 110. The filament 160 is in communication with a filament
power supply 165. The filament power supply 165 is configured to
pass a current through the filament 160, such that the filament
160 emits thermionic electrons. Cathode bias power supply 115
biases filament 160 negatively relative to the cathode 110, so
these thermionic electrons are accelerated from the filament 160
toward the cathode 110 and heat the cathode 110 when they strike
the back surface of cathode 110. The cathode bias power supply 115

7



10

15

20

25

30

WO 2023/075969 PCT/US2022/044861

may bias the filament 160 so that it has a voltage that is between,
for example, 200V to 1500V more negative than the voltage of the
cathode 110. The cathode 110 then emits thermionic electrons from

its front surface into chamber 100.

Thus, the filament power supply 165 supplies a current to the
filament 160. The cathode bias power supply 115 biases the filament
160 so that it is more negative than the cathode 110, so that
electrons are attracted toward the cathode 110 from the filament
160. The cathode 110 is in communication with an arc voltage power
supply 111. The arc voltage power supply 111 supplies a voltage to
the cathode relative to the chamber 100. This arc voltage
accelerates the thermionic electrons emitted at the cathode into
chamber 100 to ionize the neutral gas. The current drawn by this
arc voltage power supply 111 is a measurement of the amount of
current being driven through the plasma. In certain embodiments,
the walls 101 provide the ground reference for the other power

supplies.

In this embodiment, a repeller 120 is disposed in the chamber
100 on the second end 105 of the chamber 100 opposite the cathode
110. The center of the cathode 110 and the center of the repeller
120 may form two points on the central axis 109 of the chamber

100.

The repeller 120 may be in electrical communication with a
repeller power supply 123. As the name suggests, the repeller 120
serves to repel the electrons emitted from the cathode 110 back
toward the center of the chamber 100. For example, 1in certain
embodiments, the repeller 120 may be biased at a negative voltage

relative to the chamber 100 to repel the electrons. For example,
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in certain embodiments, the repeller 120 is biased at between 0
and -150V relative to the chamber 100. In certain embodiments,
the repeller 120 may be floated relative to the chamber 100. In
other words, when floated, the repeller 120 is not electrically
connected to the repeller power supply 123 or to the chamber 100.
In this embodiment, the voltage of the repeller 120 tends to drift
to a voltage close to that of the cathode 110. Alternatively, the
repeller 120 may be electrically connected to the walls 101.

In certain embodiments, a magnetic field 190 is generated in
the chamber 100. This magnetic field is intended to confine the
electrons along one direction. The magnetic field 190 typically
runs parallel to the walls 101 from the first end 104 to the second
end 105. For example, electrons may be confined in a column that
is parallel to the direction from the cathode 110 to the repeller
120 (i.e., the x direction). Thus, electrons do not experience
electromagnetic force to move in the x direction. However, movement
of the electrons 1in other directions may experience an

electromagnetic force.

One or more gas containers 108 may be in communication with
the chamber 100 via a gas inlet 106. Each gas container 108 may
include a mass flow controller (MFC) so as to regulate a flow of

gas from each gas container.

An extraction power supply 170 may be used to bias the walls
101 of the IHC ion source 10 relative to the rest of the components
in the beam line. For example, the platen 260 (see FIG. 2) may be
at a first voltage, such as ground, while a positive voltage 1is
applied to the IHC ion source 10 such that the IHC ion source 10
is more positively biased than the platen 260. Thus, the voltage
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supplied by the extraction power supply 170, referred to as the
extraction voltage, determines the energy of the ions that are
extracted from the IHC ion source 10. Further, the current supplied
by the extraction power supply 170 is a measure of the total

extracted beam current.

In certain embodiments, there is a feedback loop between the
cathode bias power supply 115 and the extraction power supply 170.
Specifically, it may be desirable to maintain the extracted beam
current at a constant value. Thus, the current supplied from the
extraction power supply 170 may be monitored and the output of the
cathode Dbias power supply 115 may be adjusted to maintain a
constant extraction current. This feedback loop may be performed

by the controller 180, or may be performed in another manner.

The extraction optics 150 are used to attract ions from within
the chamber using electric fields. In certain embodiments, the
extraction optics 150 comprises a suppression electrode 151, which
is negatively biased relative to the plasma so as to attract ions

through the extraction aperture 140.

The suppression electrode 151 may be a single electrically
conductive component with a suppression aperture 153 disposed
therein. Alternatively, the suppression electrode 151 may be
comprised of two electrically conductive components that are
spaced apart so as to create the suppression aperture 153 between
the two components. The suppression electrode 151 may be a metal,
such as titanium. The suppression electrode 151 may be electrically
biased using a suppression power supply 155. The suppression
electrode 151 may be biased so as to be more negative than the

extraction plate 103. In certain embodiments, the suppression
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electrode 151 is negatively biased by the suppression power supply

155, such as at a voltage of between -3kV and -15kV.

In other embodiments, the extraction optics 150 comprises a
suppression electrode 151 and a ground electrode 152, where the
suppression electrode 151 is disposed between the extraction plate

103 and the ground electrode 152.

In these embodiments, the ground electrode 152 may be disposed
proximate the suppression electrode 151. Like the suppression
electrode 151, the ground electrode 152 may be a single
electrically conductive component with a ground aperture 154
disposed therein, or may be comprised of two components that are
spaced apart so as to create the ground aperture 154 between the
two components. The ground electrode 152 may be electrically
connected to ground. Of course, in other embodiments, the ground
electrode 152 may be biased using a separate power supply. The
extraction aperture 140, the suppression aperture 153 and the

ground aperture 154 are all aligned.

In other embodiments, the extraction optics 150 may comprise
in excess of two electrodes, such as three electrodes or four
electrodes. In these embodiments, the electrodes may Dbe
functionally and structurally similar to those described above,

but may be biased at different voltages.

Fach electrode has two surfaces, a first surface facing toward
the IHC ion source 10, which may be referred to as the proximal
surface, or source side surface, and a second surface facing toward
the platen 260, referred to as the distal surface, or beamline

side surface.
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A controller 180 may be in communication with one or more of
the power supplies such that the voltage or current supplied by
these power supplies may be monitored and/or modified.
Additionally, the controller 180 may be in communication with the
MFCs of each gas container 108 so as to regulate a flow of each
gas 1nto the chamber 100. The controller 180 may include a
processing unit, such as a microcontroller, a personal computer,
a special purpose controller, or another suitable processing unit.
The controller 180 may also include a non-transitory storage
element, such as a semiconductor memory, a magnetic memory, oOr
another suitable memory. This non-transitory storage element may
contain instructions and other data that allows the controller 180
to perform the functions described herein. For example, the
controller 180 may be in communication with the cathode bias power
supply 115 to allow the IHC ion source 10 to wvary the voltage
applied to the cathode relative to the filament 160. The controller
180 may also be in communication with the repeller power supply
123 to bias the repeller. Further, the controller 180 may be able
to monitor the voltage, current and/or power supplied by the

cathode bias power supply 115.

FIG. 2 shows an i1on implantation system using the IHC ion
source 10 of FIG. 1. Disposed outside and proximate the extraction
aperture of the IHC ion source 10 1is the extraction optics 150,

which may comprise one or more electrodes.

Located downstream from the extraction optics 150 is a mass
analyzer 210. The mass analyzer 210 uses magnetic fields to guide
the path of the extracted ribbon ion beam 1. The magnetic fields

affect the flight path of ions according to their mass and charge.
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A mass resolving device 220 that has a resolving aperture 221 is
disposed at the output, or distal end, of the mass analyzer 210.
By proper selection of the magnetic fields, only those ions in the
extracted ribbon ion beam 1 that have a selected mass and charge
will be directed through the resolving aperture 221. Other ions
will strike the mass resolving device 220 or a wall of the mass

analyzer 210 and will not travel any further in the system.

A collimator 230 may disposed downstream from the mass
resolving device 220. The collimator 230 accepts the ions from the
extracted ribbon 1ion beam 1 that pass through the resolving
aperture 221 and creates a ribbon ion beam formed of a plurality
of parallel or nearly parallel beamlets. The output, or distal
end, of the mass analyzer 210 and the input, or proximal end, of
the collimator 230 may be a fixed distance apart. The mass
resolving device 220 is disposed in the space between these two

components.

Located downstream from the collimator 230 may be an
acceleration/deceleration stage 240. The
acceleration/deceleration stage 240 may be referred to as an energy
purity module. The energy purity module is a Dbeam-line lens
component configured to independently control deflection,
deceleration, and focus of the ion beam. For example, the energy
purity module may be a vertical electrostatic energy filter (VEEF)
or electrostatic filter (EF). Located downstream from the
acceleration/deceleration stage 240 is a platen 260. The workpiece

is disposed on the platen 260 during processing.
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In FIG. 1, the exterior surface of the extraction plate 103
is convex, such that it protrudes further from the chamber 100 at
the center 107 than at the edges. The radius of curvature may be
between 500 mm and 1000 mm, as an example. The center 107 of the
extraction aperture 140 is defined as the midpoint along the X
direction. Further, the suppression electrode 151 may be straight.
In this way, the gap, in the Z direction, between the exterior
surface of the extraction plate 103 and the source side surface of
the suppression electrode 151 is not constant. Specifically, the
center gap 141, located at the center 107, 1is smaller than the
edge gap 142 at the edge of the extraction aperture 140. In certain
embodiments, the difference between center gap 141 and edge gap
142 may be at least 0.3 mm. In certain embodiments, the center gap
141 may be between 4 and 50 mm, while the edge gap 142 may be
between 4.3 and 55 mm. Thus, a non-uniform gap 1s created, where
the gap is in the Z direction and the non-uniformity is in the X,

or width direction.

In certain embodiments, it has been found that, for a given
gap in the 7 direction, ions extracted from a region in the chamber
having lower plasma density tend to have a greater vertical angular
spread than ions extracted from a region having a greater plasma
density. By increasing the distance between the exterior surface
of the extraction plate 103 and the source side surface of the
suppression electrode 151, this vertical angular spread may be
made similar to the vertical angular spread associated with higher
plasma density regions. Thus, for an ion source in which the plasma
density is greatest near the center 107, the configuration shown
in FIG. 1 may reduce vertical angular spread of the extracted

ribbon ion beam, especially near the edges of the extraction
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aperture 140, thus making the vertical angular spread more uniform

across the width direction.

FIG. 3 shows a second embodiment that may be used to reduce
vertical angular spread when the plasma is densest in the center
107 of the chamber 100. In this embodiment, the exterior surface
of the extraction plate 103 is flat or planar, while the surface
of the suppression electrode 151 that faces the extraction plate
103 is convex. The radius of curvature of the suppression electrode
151 may be greater than 100 mm, such as between 100 mm and 1000
mm. As with FIG. 1, this configuration allows the center gap 141
to be smaller than the edge gap 142. In some embodiments, edge gap
142 may be at least 0.3 mm larger than the center gap 141.

In certain embodiments, both the exterior surface of the
extraction plate 103 and the proximal surface of the suppression

electrode 151 may be convex.

In other embodiments, the plasma density may be less in the
center 107 than at the edges. In these embodiments, it may be
desirable to have the center gap 141 be greater than the edge gap
142. FIG. 4A shows a configuration that achieves this result. In
this embodiment, the proximal surface of the suppression electrode
151 facing the extraction plate 103 1is concave. The radius of
curvature may be between 400 mm and 1000 mm. The exterior surface
of the extraction plate 103 is flat or planar. This allows the
center gap 141 to be greater than the edge gap 142. Again, in some
embodiments, the difference between the center gap 141 and the

edge gap 142 may be more than 0.3 mm.
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In another embodiment, shown in FIG. 4B, the exterior surface
of the extraction plate 103 may be concave, while the proximal
surface of the suppression electrode 151 is flat or concave. This
configuration also allows the center gap 141 to be greater than

the edge gap 142.

While the earlier description discloses a non-uniform gap
between the exterior surface of the extraction plate 103 and the
proximal surface of the suppression electrode 151, other

embodiments are also possible.

In configurations where the extraction optics 150 comprises
more than one electrode, there are also gaps between adjacent
electrodes. For example, in FIG. 1, there are two electrodes, and
thus a gap between the suppression electrode 151 and the ground
electrode 152. In extraction optics with N electrodes, where N is

greater than 1, there are N-1 gaps between adjacent electrodes.

Thus, in certain embodiments, the non-uniform gap described
above may not be between the exterior surface of the extraction
plate 103 and the proximal surface of the suppression electrode
151, but rather between two adjacent electrodes in the extraction

optics 150.

FIG. 5 shows one such embodiment. In this embodiment, the
exterior surface of the extraction plate 103 is flat, as are both
surfaces of the suppression electrode 151. The proximal surface of
the ground electrode 152, which faces the suppression electrode
151, is convex. Thus, the gap between the suppression electrode

151 and the ground electrode 152 is non-uniform. In this embodiment,
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the center gap 141 is smaller than the edge gap 142. In certain

embodiments, this difference may be at least 0.3 mm.

It is noted that there are other configurations that result
in the center gap 141 between electrodes being smaller than the
edge gap 142. For example, the distal surface of the suppression
electrode 151 may be convex, while the proximal surface of the
ground electrode 152 is flat. Alternatively, the distal surface of
the suppression electrode 151 and the proximal surface of the

ground electrode 152 may both be convex.

FIG. 6 shows an embodiment that achieves a larger center gap
141 between two adjacent electrodes. In this embodiment, the distal
surface of the suppression electrode 151 is flat, while the
proximal surface of the ground electrode 152 is concave. In this
way, the center gap 141 is larger than the edge gap 142. In certain

embodiments, this difference may be at least 1 cm.

It is noted that there are other configurations that result
in the center gap 141 between electrodes being larger than the
edge gap 142. For example, the distal surface of the suppression
electrode 151 may be concave, while the proximal surface of the
ground electrode 152 is flat. Alternatively, the distal surface of
the suppression electrode 151 and the proximal surface of the

ground electrode 152 may both be concave.

Further, while FIGs. 5-6 show the non-uniform gap being
between the suppression electrode 151 and the ground electrode 152,
other configurations are possible. For example, 1in ion sources
where the extraction optics have three electrodes, the non-uniform

gap may be between the suppression electrode and the second
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electrode, or between the second and third electrodes. Similarly,
in ion sources where the extraction optics have four electrodes,
the non-uniform gap may be between the suppression electrode and
the second electrode, between the second and third electrodes, or

between the third and fourth electrodes.

Additionally, while FIGs. 1 and 3-6 show at least one surface
of each electrode being flat, other configurations are also
possible. For example, referring to FIG. 7, it is possible that
the exterior surface of the extraction plate 103 is convex and the
proximal surface of the suppression electrode 151 is concave, such
that the gap between the proximal surface of the suppression
electrode 151 and the exterior surface of the extraction plate 103
is uniform. In one embodiment, the distal surface of the
suppression electrode 151 may be convex while the proximal surface
of the ground electrode 152 is flat, such that the gap between the
suppression electrode 151 and the ground electrode 152 is non-
uniform. In this way, the non-uniform gap shown in FIG. 1 is moved
to between the suppression electrode 151 and the ground electrode

152.

Additionally, in certain embodiments, there may be more than
one gap that is non-uniform. For example, the extraction plate 103
of FIG. 1 may be combined with the ground electrode of FIG. 5 to
create two non-uniform gaps; a first between the exterior surface
of the extraction plate 103 and the proximal surface of the
suppression electrode 151 and a second non-uniform gap between the
distal surface of the suppression electrode 151 and the proximal
surface of the ground electrode 152. Of course, other combinations
of extraction plate 103, suppression electrode 151 and ground

electrode 152 may be used to achieve multiple non-uniform gaps.
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Further, if more than two electrodes are used, the multiple non-

uniform gaps may be between any set of adjacent electrodes.

The above disclosure describes convex and concave components
and the figures show that the components are symmetric about the
center 107. However, other embodiments are also possible. For
example, 1f the plasma density is non-uniform but asymmetrical in
the X direction, the gap may also be designed to be asymmetric in
the X or width direction. For example, the plasma density may be
a maximum at a location between the cathode 110 and the center 107.
In this embodiment, the gap may be designed so that the minimum
gap exists in the X direction at the location of greatest plasma
density. Therefore, in certain embodiments, the gap is designed to

complement the plasma density profile.

The above describes the ion source as being an IHC ion source.
However, other ion sources may also be used with this extraction
plate 103. For example, magnetized DC plasma sources, tubular
cathode source, Bernas ion source and inductively coupled plasma
(ICP) ion sources may also use this extraction plate 103 with these
extraction optics 150. Thus, the extraction plate may be used with

an ion source having a variety of different plasma generators.

The present system and method have many advantages. In one
test, a ribbon ion beam was extracted from an IHC ion source where
the gap between the exterior surface of the extraction plate 103
and the proximal surface of the suppression electrode 151 was
uniform. The vertical angular spread near the center of the
aperture was measured to be about 2° and was tightly grouped
between -2° and +2°. However, the vertical angular spread near the

edges of the extraction aperture was much greater. Specifically,
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there was a tight grouping between -1° and +1°, but there were
also vertical angles that were as large as +6°. The test was then
repeated using an extraction plate 103 and suppression electrode
151 configured to provide a non-uniform gap in the width direction,
where the largest gap was along the edges of the extraction
aperture 140. In this test, the vertical angular spread near the
center of the extraction aperture was unchanged, however the
vertical angular spread near the edges was significantly modified.
Specifically, the vertical angular spread was nearly uniform
through the width of the ribbon ion beam. This may result in

better uniformity at the workpiece.

The present disclosure is not to be limited in scope by the
specific embodiments described herein. Indeed, other wvarious
embodiments of and modifications to the present disclosure, 1in
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. Further, although the present disclosure 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 1its usefulness 1is
not limited thereto and that the present disclosure 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.
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What is claimed is:

1. An ion source, comprising:

a chamber comprising a first end, a second end and a
plurality of walls connecting the first end and the
second end, wherein one of the plurality of walls is an
extraction plate having an extraction aperture having a
width greater than its height;

a plasma generator to generate a plasma within the
chamber; and

a suppression electrode disposed outside the chamber and
proximate the extraction aperture, wherein a gap between
an exterior surface of the extraction plate and a surface
of the suppression electrode facing toward the extraction
plate is non-uniform in a width direction, and wherein a
difference in the gap is at least 0.3 mm.

2. The ion source of claim 1, wherein a plasma is generated
within the chamber and a plasma density within the chamber
is non-uniform and wherein a first region in the chamber
has a greater plasma density than a second region, and
wherein the gap between the exterior surface of the
extraction plate and the surface of the suppression
electrode facing toward the extraction plate is smaller
near the first region than the gap near the second region.

3. The ion source of claim 2, wherein the plasma density is
greater at a center of the extraction aperture than at an
edge of the extraction aperture.

4. The ion source of claim 3, wherein the exterior surface of
the extraction plate is flat and the surface of the
suppression electrode facing toward the extraction plate is

convex.
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10.

11.

12.

. The ion source of claim 3, wherein the exterior surface of

the extraction plate is convex and the surface of the
suppression electrode facing toward the extraction plate is

flat.

. The ion source of claim 3, wherein the exterior surface of

the extraction plate is convex and the surface of the
suppression electrode facing toward the extraction plate is

convex.

. The ion source of claim 2, wherein the plasma density is

greater at an edge of the extraction aperture than at a

center of the extraction aperture.

. The ion source of claim 7, wherein the exterior surface of

the extraction plate is flat and the surface of the
suppression electrode facing toward the extraction plate is

concave.

. The ion source of claim 7, wherein the exterior surface of

the extraction plate is concave and the surface of the
suppression electrode facing toward the extraction plate is
flat or concave.

The ion source of claim 1, wherein the plasma
generator comprises an indirectly heated cathode.
The ion source of claim 1, wherein a plasma is
generated within the chamber and a plasma density within
the chamber is non-uniform and wherein the gap between the
exterior surface of the extraction plate and the surface of
the suppression electrode facing toward the extraction
plate is smallest where the plasma density is greatest.
The ion source of claim 1, further comprising at least
one additional electrode positioned such that the

suppression electrode is disposed between the at least one
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13.

14.

15.

l6.

additional electrode and the extraction plate, and wherein
a second non-uniform gap is located between a set of
adjacent electrodes.

An ion implantation system, comprising:

the ion source of claim 1;

a mass analyzer; and

a platen.

An ion source, comprising:

a chamber comprising a first end, a second end and a
plurality of walls connecting the first end and the
second end, wherein one of the plurality of walls is an
extraction plate having an extraction aperture having a
width greater than its height;

a plasma generator to generate a plasma within the
chamber;

a suppression electrode disposed outside the chamber and
proximate the extraction aperture; and

at least one additional electrode positioned such that
the suppression electrode is disposed between the at
least one additional electrode and the extraction plate,
wherein a non-uniform gap in a width direction is
disposed between a set of adjacent electrodes.

The ion source of claim 14, wherein the at least one
additional electrode comprises a ground electrode and the
non-uniform gap is disposed between the suppression
electrode and the ground electrode.

The ion source of claim 15, wherein a surface of the
suppression electrode facing the ground electrode is convex
and a surface of the ground electrode facing the

suppression electrode is flat or convex.
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17.

18.

19.

20.

The ion source of claim 15, wherein a surface of the
suppression electrode facing the ground electrode is flat
and a surface of the ground electrode facing the
suppression electrode is convex.

The ion source of claim 14, wherein the at least one

additional electrode comprises a second electrode and a

PCT/US2022/044861

third electrode and the non-uniform gap is disposed between

the suppression electrode and the second electrode or

between the second electrode and the third electrode.

The ion source of claim 14, wherein the at least one

additional electrode comprises a second electrode, a third

electrode and a fourth electrode, and the non-uniform gap
is disposed between the suppression electrode and the
second electrode, between the second electrode and the
third electrode, or between the third electrode and the
fourth electrode.
An ion source, comprising:
a chamber comprising a first end, a second end and a

plurality of walls connecting the first end and the

second end, wherein one of the plurality of walls is an

extraction plate having an extraction aperture; wherein

a

direction between the first end and the second end is a X

direction and a direction perpendicular to the X

direction is a Y direction and wherein the extraction

aperture has a dimension in the X direction greater than

a dimension in the Y direction;
a plasma generator to generate a plasma within the

chamber; and

a suppression electrode disposed outside the chamber and

proximate the extraction aperture, wherein a gap between
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an exterior surface of the extraction plate and a surface
of the suppression electrode facing toward the extraction
plate is non-uniform in the X direction, and wherein a

difference in the gap is at least 0.3 mm.
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