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TTLE: IN SITU ION BEAM CURRENT MONITORING AND CONTROL IN
SCANNED ION IMPLANTATION SYSTEMS

REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of U.8. Patent Application Serial No.
151258,723 filed September 7, 2018, entitled “IN SITU ION BEAM CURRENT
MONITORING AND CONTROL IN SCANNED ION IMPLANTATION SYSTEMS”,
the contents of which are herein incorporated by reference in their entirety.

FIELD OF THE INVENTION

The present invention relates generally to ion implantation systems, and

more specifically to systems and methods for real time, In situ jon beam current

sampling and monitoring for providing control of the fon implantation system.

BACKGROUND OF THE INVENTION
In the manufacture of semiconductor devices, on implantation is used to

dope a workplece, typically provided in the form of a substrate such as a Silicon
or Gallium Arsenide wafer. The wafer is bombarded with impurities or dopants
for implanting these dopants within the crystalline structure of the wafer to modify
the electrical charactetistics or otherwise transform the substrate. As such, ion
implantation systems are well-known in the semiconductor manufacturing field,
as capital equipment utilized to dope workpieces with ions by implanting ions
from an ion beam into the workpiece, orto form passivation layers during
fabrication of an infegrated circuil, When used for doping semiconductor waters,
the fon implantation system injects a selected ion species into the workpiece to
produce the desired extrinsic material,

Typical ion implantation systems include an ion source for generating

electrically charged ions from ionizable source materials. The generated ions are
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formed into a beam and accelerated with the help of a strong electric field so as
to be directed along a predetermined bearmn path o an implantation end station.
Far example, implanting ions generated from source materials such as antimony,
arsenic, or phosphorus, for example, results in an “n-type” extrinsic material
wafer, whereas a "p-type” exirinsic material wafer often results from lons
generated with source materials such as boron, gallium, or indium.

The ion implantation system may include beam forming, steering,
deflecting, shaping, filtering and charging subsystems (e.g. beam optical
glaments or beam optics) positioned between the ion source and the end station.
The beam optical elements manipulate and maintain the lon beam along an
glongated interior cavity or passageway {e.g beamliine) through which the ion
baam passes on route {o the end station where the workpiece is positioned.

in most ion implantation applications, the goal of the implantation process
is to deliver a precisely-controlied amount of dopant uniformly over the entire
area of the surface of the workpiece or wafer. The most widely accepted
approach for this process is embodied in a so-called serial implantation
architecture, where individual workpleces are sequentially provided to an end
station for implantation by the ion beam. In order to achieve uniform doping
utilizing an ion beam having a size that is smaller than the workpiece arga, the
ion beam and the wafer are moved relative to one another in order to cause the
beam to impinge on the entire surface area of the wafer. One commonly known
system architecture for acoomplishing this task is known as “two dimensional (2-
D) mechanical scanning,” as disclosed, forexample, in U.S. Patent No.
8,856,223, where the wafer is scanned in two substantially orthogonal
dimensions with respect to a stationary "spot” ion beam. Using 2-D mechanical
scanning, the wafer is quickly scanned in front of a fixed fon beam in a so-calfled
"fast scan” direction, while being simultaneocusly slowly scanned in an orthagonal
"slow scan" direction, thereby "painting” the wafer with jons by transporting the
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wafer in front of the jon beam in a generally moving zigzag pattern. Alternatively,
anather well-known serial system architecture used in ion implantation systems is
a so-called "hybrid scan system,” where the lon beam is swept or scanned back
and forth along an axis in one direction in a raster-like manner to form a ribbon-
shaped beam, and the workpizce is mechanically moved along a direction
orthogonal to the axis of the scanned ion beam.

A continuing trend in the field of semiconductor manufacturing involves
various semiconductor workpiece sizes, such as 300 mm diameter wafers,
coupled with higher device densities. Larger workpiece size increases the cost
of individual workpieces, and higher device densities increase the cost of
procassing, and the associated value of each workpiece. As a result, control
over implantation uniformity with respect o ion beams and other parameters is
more critical than ever in avoiding or mitigating the cost associated with
SCrapping workpieces.

In.order to maintain uniformity of the implantation process, the totalion
beam current is often measured during implantation, whersin a sampling cup,
typically a Faraday cup or cups, is/are placed along the path of the ion beam,
typically in front of, adjacent to, or behind the wafer. As in the case of a scanned
beam architecture, the beam scan width is generally dictated by the posttion of

the Faraday cup(s) such that the ion beam is fully, or at least partially, scannhed

over so-called side cup(s) adjacent to the wafer adequate to produce reliable
beam current measuraments. A tuning cup or cups may also be positioned
upstream or dewnstream of the typical location of the workpisce for tuning of the
ion beam when the workpiece is not present or is in a position such that at least a
portion of the ion beam doas not impings on the wafer. In addition, a traveling, or
so-called “profiling” Faraday cup can be used to monitor the ion beam as the

Faraday cup is set in motion in front of the workpiece position from one end of

the scanned ion beam to the other. The profiling Faraday can be provided in the
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form of a multi-cup structure or a single multi-Faraday per cup structure.
Conventionally, all (orsome} of such sampling cups are utilized to monitor the
total current of the ion beam entering the end siation in order to adjust implant
feed rales and exposure times of the workpiece to the ion beam. For example, in
U.S, Patent No. 4,822,106, a Faraday dstector is slowly transiated to produce an

integrated beam current or dose measurement as a function of the position of the

Faraday detector, thereby providing a signal representative of the ion beam
intensity. This signal may be used to adjust an osclliatory scan voltage so that
the integrated beam infensity is uniform, in that patent, a time integral of the
sensed beam current is used as a fesdback signal that is applied to a dose
controlier for controlling the operation of the beam scanning element.

One problem, which is presently appreciated, is that beam current density
orangle, often changes unpredictably during an implant cycle, sometimes during
a single jon beam scan pass, and sometimes multiple times during the course of
a single scan pass. These changes can be manifestations of long-term wear of
beamiine components over time, or drift in voltage power supplies over the
course of multiple fon implant cycles, or during a single ion implant cycle. These
variations can alse be manifestations of shortterm fluctuations or "spikes” in
currant distribution caused by disparities in beam shape and/or angle, shifting of

beam distribution within the ion beam, system noise, or particle contamination

‘within the fon beam, among other factors. Other faclors can include changes in

the beamline pressure, emission from elements exposed to the beam, and beam
interaction with the wafer as it is moved through the beam, While some variations
in beam current can be expected and tolerated as a so-called predicited
nonuniformity (PNU) in the ion beam, many types of changes in beam current
can significantly impact lon implant uniformity and cannot be tolerated and are

unacceptable.
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The present invention addresses these issues by monitoring the ion beam
current via high frequency sampling to generate a waveform representative of
real time, in sifu beam current as the ion beam is scanned, The generated
waveform can be stored and/or displayed in real time to provide a visual
representation of the ion beam current information in graphic form for beam
uniformity. The beam current sampling can also be analyzed and used to
generate control signals for controlling the ton implantation system. One
exemplary control signal can abort a given implant cycle in cases where the
beam current drift, variation and/or fluctuation exceeds a predetarmined
thresheld level relative o previcus current samples or when the beam current
falls outside of a predicted nonuniformity (PNU) for the beam current. In addition,
collected sample data can be used to provide feedback signals for varying at
least one of the upstream beam optical elements or power supplies associated
therawith to provide a more uniform beam current density delivered to the

workpiece.

SUMMARY OF THE INVENTION

Embodiments of the present invention include methods for monitoring and
controlling ion beam uniformity in an ion implantation system, the method
comprising: generating an ion beam; transparting the ion beam toward a
workpiece, scanning the lon beam along a scan path to create a scanned spot
beam as a function of a scan waveform having a time-varying potential, whersin
a value of the time-varying potential corresponds fo a location of the jon beam on
the scan path; providing at least one beam optical element configured to
selectively steer and/or shape the lon beam as it is transported toward the
workpiece, wherein the at least one beam optical element varies an effective

cross-sectional shape of the ion beam; sarmpling the ion beam in synchronism

=
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with the scan waveform to provide a plurality of jen beam current density
samples as a function of position on the workpiece and a scan direction;
analyzing the plurality of jon beam current density samples to detect
nonuniformity thereof; and comparing any detected nonuniformity in the plurality
of ion beam current density samples against a predetermined threshold
nonuniformity. The beam current sampling can also be analyzed and used fo
abort a given implant cycle in cases where the beam current drift, variation
and/or fluctuation exceeds a predetermined threshold level relative to previous
current samplas or when the beam current falls outside of a so-called predicted
nonuniformity (PNU) for the beam current.

in one embodiment of the present invention, a method is provided for
controlling fon beam uniformity in an lon implantation system. The methad
includes: generating an ion beam; transporting the ion beam foward a workpiece;
scanning the ion beam along a first axis to generate a scanned ion beam; and
providing at least one beam optical elament configured to selectively steer and/or
shape the ion beam as i is transported toward the workplece. The method
further includes sampling the ion beam o provide a plurality of ion beam current
samples and correlating the ion beam current samplas with a scan current to
provide position and direction information corresponding the scanned ion beam.
The plurality of ion beam current samples is analyzed to detect nonuniformity
therein, and to generating a control sighal.

In anocther embodiment of the present invention, an ion implantation

system and corrasponding control system is disclosed, wherein the ion

implantation system includses: an fon source for generating an ion beam; a
beamiine configured to fransport the ion beam along a beam path foward an end
station configured to hold a workpiece, a plurality of beam oplical elements
situated along the beamline, configured to selectively steear, deflect and/for shape
the fon beam as it is fransported toward the workpiece; and a beam sampling
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system configured to sample the ion beam to provide a plurality of ion beam
current samples. The control system includes a controller configured to analyze
the beam current density samples fo detect nonuniformity thereof and fo
generate a control signal in response to a detectad nonuniformity.

Anothar embodiment of the present invention includes a method for
uniformly implanting ions into a workpiece, the method comprising: generating an
jort beam; fransparting the ion beam along a beam path; providing at least ong
beam optical element or power siipply assoclated therewith configured to act on
the ion beam as it is transported along the beam path; scanning the ion heam o
produce a scanned ion beam; sampling the scanned jon beam to detect
fluctuations in beam cuvent density by obtaining a plurality of different lon beam
current density samples as the ion beam is scanned across the surface of the
workpiece; and correlating the plurality of different ion beam current density
samples to a position of the ion beam with respect to the workpigce. The method
further includes steps for analyzing the lon beam current density samples and
carralated position of the ion beam to determine the ion beam current density
and/or angles at a respective correlated position; comparing a present ion beam
current density sample to a preceding ion beam current density sample; and
creating & control signal in response to the comparing step,

In yet another embodiment of the present invention, an ion implantation
system is disclosed, wherein the ion implantation system comprises: a bgamline
configured to direct an ion beam along a beam path toward an end station
configured to hold a workpiece; a scanning system configured to scan the ion
beam across a surface of the workpiece in a fast scan direction; and af leastone
beam optical element configured to bend, deflect, focus, or otherwise modify the
ion beam as the ion beam is directed toward the end station scanned. The ion
implantation system further includes a beam sampling system configurad to
sample a heam current density of the ion beam as it is scanned in the fast scan
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direction, wherein the beam sampling system comprises a plurality of side
Faraday cups positioned about a periphery of the workpiece and a tuning
Faraday cup positioned downstream of the workpisce along the beam path,
wherein the beam sampling system is configured o analyze output signals
generated by the plurality of side Faraday cups and/or the tuning Faraday cup
while correlate the output signals with the scanning system to provide a beam
current density value relative to position of the lon beam with respect to the
workpiece, A controlier is coupled fo the beam sampling system, configured to
calculate a predicted dose uniformity of the lon beam andfor overall dose,
wharein the controller is further configured to provide a control signalif a
sampled lon baam value is inconsistent with the pradicted dose uniformity.

Accardingly, the present disclosure provides continuous, real time, in situ,
measurements of beam current densities in an ion implantation system across
numerous workpigeces in order to provide a wealth of data that is utilized to
identify changes in characteristics of the lon beam and {o further provide control
of the jon implantation system. Thus, to the accomplishment of the foregoing
and related ends, the invention comprises the features hereinafter fully described
and particularly recited in the claims. The following description and the
appended figures set forth in detall certain llustrative embodiments of the
invention. Thass embodiments are indicative, however, of only some of the
varfous ways in which the principles of the invention may be employed. Qther
objects, advantages and novel features of the invention will become apparent
from the following detailed description of the invention when considered in

conjunction with the figures.

BRIEF DESCRIFPTION OF THE FIGURES
FIG. 1 is a block diagram of an exemplary ion implantation system in

accordance with various aspects of the present disclosure;
8
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FIG. 2A is one embodiment of a scanner of the type that could be used in
the lon implantation system of FIG. 1,

FIG. 2B is one embodiment of a triangular scanning current waveform for
input into the scanner coils of FIG. 2A;

FIG. 2C is one embodiment of a resultant magnetic field waveform in the
scanner of FIG. 2A as produced by the scanning current waveform of FIG. 2B;

FI1G. 2D is a perspective view illustrating a scanned ion beam striking a
workpiece in the system of FIG. 2A at several discrete points in time,

FIG. 3 is a plan view of an ion beamn striking the surface of a workplece in
accordance with one example of the disclosure;

FIG. 4 illustrates a measured beam current waveform in relationship to
side Faraday cups and a tuning Faraday in accordance with another aspsct of
the disclosure;

FIG. & is a diagram lllustrating an ion beam having varying cross-sectional
shapes, which can influence the uniformity of beam current delivered to the
workpiecs;

FIGS. 8 and 7 illustrate exemplary singular samples of a spot beam at
discrete pariods of time, wherein the beam has a nonuniform current density
thereacross;

FIGS. 8A and 7A illustrate the ion beam profiles associated with the cross-
sectional ion beam shapes of Figs. 6 and 7, respectively;

FIG. B is an exemplary screan caplure from a graphic user interface
device, showing waveforms generated by the left and right side Faraday cups, as
well as the waveform generated by the tuning cup and further showing the scan
current waveform input to the scanner,

FIG. 9 is an exemplary screen capture from a graphic user interface
device, showing waveforms generated by the left and right side Faraday cups, in
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combination with the waveform generated by the tuning cup a5 a function of
position of the beam current sample on the wafer,

Fig. 10 illustrates a methodology for analyzing and monitoring beam
current samples for control of an lon implantation system, in accordance an
aspect of the present invention; and

Fig. 11 llustrates ancther methodology for analyzing and monitoring beam
current samples and for uniformly implanting ions in a scanned ion beam

implanter, in accordance with another aspect of the presant invention.

DETAILED DESCRIPTION OF THE INVENTION
The present invention is directed generally toward a system, apparatus,

and method for uniformly implanting ions into a workpiece in-an ion implantation
system, or providing control to such an fon implantation system based on
monitoring of uniformity of the ion beam. Accordingly, the present invention will
now be described with reference to an exemplary ion implantation system as
depicted in the accompanying figures, wherain like reference numerals may be
used to refer to like elements throughout. It should be understood that the
description of these aspects are merely llustrative and that they should not he
interpreted in a limiting sense. In the following description, for purposes of
explanation, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be evident to one skilled in the art,
however, that the present invention may be practiced without some of these
specific details.

FIG. 1 fllustrates an exemplary fon implantation system 110 wherein an
ion beam and/or system can be controlled as described harein. The system 110
is presented for lustrative purposes and it is appreciated that aspects of the
invention are not limited to the described ion implantation system and that other

10
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suitable ion implantation systems can also be employed. While the exemplary
system shown in Fig. 1, represents a so-called “hybrid™ or “scanned spot beam”
jon implantation system architecture, it will be understood that the present
invention will be equally applicable to a well-known “two dimensional mechanical
scan” ion implantation system architecture as disclosed, for example in US
Patent No. 7,701,230, which is hereby incorporated by reference herain, indeed,
the preseant invention could be adapted to single dimension mechanical scan,
ribhon beam systems as well

As a broad overview, the system 110 is comprised of a terminal 112, a
beamiine assembly 114, and an end station 116. The terminal 112 includes an
ion source 120 powered by a high veltage power supply 122 that produces and
delivers an ion beam 124 fo the beamline assembly 114, The ion source 120
generates charged ions that are extracted and formed into the fon beam 124,
which is directed along a beam path in the beamlineg assembly 114 to the end
station 118. The terminal 112 can at times be described as comprising some of
the beamiing, where that portion of the beamline is at terminal potential.

To genarate the lons, dopant material (not shown) to be lonized is
provided within a generation chamber 121 of the lor source 120. The dopant gas
can, for example, e fed into the chamber 121 from a gas source (not shown). In
addition to power supply 122, it will be appreciated that any number of suitable
meachanisms {(none of which are shown) can be used to excite free electrons
within the ion generation chamber 121, such as: RF or microwave excitation
sources; electron beam injection sources; electromagnetic sources; andfor a
cathode which creates an arc discharge within the chamber, for example. The
excited electrons collide with the dopant gas molecules and ions are generated
thereby. Generally, positive ions are generated although the disclosure herein is

equally applicable to systems wherein negative lons are generated as well.

11



10

18

20

25

WO 2018/048889 PCT/US2017/050261

The ions generated in the chamber 121 are controllably extracted
therefrom through an aperture or so-called “arc slit” 118 by means of an ion
extraction assembly 123, The jon exiraction assembly 123 commonly comprises
a plurality of extraction and/or suppression electrodes, made up of generally
symimetric electrode pairs 125a and 125b situsted on opposite sides of the arc
slit 118, for extracting the jons in the form of a dense ray of ions oran fon beam
124. The exiraction assembly 123 can include, for example, a separate
extraction power supply (not shown) for biasing the extraction and/or suppression
electrodes 125a and 125b to induce extraction of ions from the generation
chamber 121 in the form of the ion beam 124 and to accelerate the jon beam 124
downstream in the direction of the beamline assambly 114,

it should be appreciated that since the ion beam 124 comprises like
charged particles, the beam may have a tendency to expand or “blow-up” radially
outwardly as the like charged particles within the beam tend 1o repel one another.
it should also be appreciated that beam blow up can be exacerbated in low
energy, high current (high perveance) beams where many like charged particles
are moving in the same direction, and relatively slowly, such that there is an
abundance of repulsive forces among the like charged particles, but little particle
momentum to keep the particles moving in the direction of the beam path,
Accordingly, the extraction assembly 123 is generally configured such that the
beam is extracted at a high energy so that the beam does not blow up (L.e. so
that the particles have sufficient momentum to overcome repulsive forces that
can lead to beam blow up). Whils low energy drift applications are known and
could make use of the present invention, # is generally advantageous to transport
the jon beam 124 at a refatively high energy throughout the system, wharein tha
enargy of the jon beam is reduced immediately prior {o impacting the workpiece
130 so asto promote beam containment during beam fransport. It can also be
advantageous to generate and transport molecular or cluster lons which can be

12
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transported at g relatively high energy but are implanted with a lower equivalent

anergy, since the energy of the molecule or cluster is divided amongst the dopant
atoms of the molecule.

Moving downstream from the terminal 112, the beamline assembly 114
generally includes a mass analyzer unit 128 and a beamguide 132 defining a
resolving aperfure 134 at an exit of the beamguide 132, The beamline assembly
typically further includes various beam focusing and/or steering components 138,
a scanning system 135, a parallelizer 139, and an angular energy filter 157,
{individually, beam optical elements or collectively, beam optics). The beam
optics can also include a charge neutralization subsystam 160 for providing an
glectric charge such as slectrons to the beamiine and/or workpiece to be
the fon beam curent with an electron current equal to that of the workpiace,
generating an ion beam having an overall charge neutrality. Collectively, these
various beamling componeants are referred to harein as beam optics or beam
oplical elements.

in the Hlustrated embodiment, the mass analyzer 126 comprises one or
maore magnets that serve to establish a dipole magnetic fleld. As the beam 124
enters the mass analyzer 126, it is correspondingly bent by the magnetic fisld
such that ions of an inappropriate charge-to-mass ratio are rejected from the ion
bheam. More particularly, ions having too great or too simall a charge-to-mass
ratio are deflected into side walls 127 of the mass analyzer 128, while ions in the
beam 124 having the desired charge-o-mass ratio are allowed to pass
therethrough and exit through a resolving aperture 134,

The scanning system 135 in the illustrated example can include an
electrostatic or a magnetic scanning element 136 and optional focusing and/for
steering element 138. Respective power supplies 149, 150 are cperatively
coupled to the scanning element 136 and the focusing and steering element 138,

13
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and more particularly to respective electrades 136a, 136k and 138a, 138b
located therein. The focusing and stearing element 138 receives the mass
analyzed ion beam 124 having a relatively narrow profile (e.g., a so-called “spot”
or “pencil’ beam), and a voltage applied by the power stpply 150 fo the plates
138a and 138b operates fo focus and steer the beam, preferably to a desired
scan point such as a scan vertax 151 of the scanning element 136. A
continuously variable current waveform provided by the power supply 148 to the
scanner plates 136a and 138h causes tha ion beam 124 to be deflected and
scanned hack and forth, producing an efongated, “ribboneshaped,” ion beam
{e.g., a scanned spot beam), having a width that is preferably at least as wide as,
or wider than, the workpiece 130 being implanted by the ion beam,

it will be appreciated that the focusing and/or steering element 138 can be
made up of ona or a plurality of elements and/or subsystems, and are commonly
provided in the form of a guadrupole magnet commonly used in particle fon
focusing. Various alternative elements such as, for example, an Einzel lens or
other unipotential or multipotential lens structure, can be incorporated to provide
ion beam optics for focusing or deflecting lons in flight, which is accomplished
through manipulation of the electric or magnetic fields in the path of the lons by
varying the voltages applied to the electrodes of the various beam oplical
alements.

Once the beam is passed through the scanning system 1386, the scanned
beam 124 is then passed through a paralielizer 138, which, in the illustrated
embodiment, comprises two dipole magnets 139a, 135b. In the illustrated
example, the dipeles have equal angles and opposite bend directions such that
the dipoles are substantially trapezoidal and are oriented to mirror one another to
cause the beam 124 to bend along a substantially “s” shaped path. The primary
purpose of the dipoles is to cause the divergent beamlets originating from the
scanner 1386 to become parallsl, thereby forming a ribbon shaped beam having
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substantially paraliel beamiets. The use of tvo symmetric dipoles results in
symmetrical properties across the ribbon beam in terms of beamiet path length
and first and higher order focusing properties. The parallefizer 139 causes the
scannad beam 124 to alter its path such that the beam 124 travels parallel to a
beam axis regardless of the scan angle at which a particular baamlet exits the
scanner so that the implantation angle at which the beamlet stiikes the workpiece
130 is relatively uniform across the-surface thereof.

Although deceleration of the beam is not required, one or more
deceleration stages 157 are located downstream of the parallelization component
138 in this sxample. As previously noted, to this point in the system 110, the
bheam 124 is generally transported at a relatively high energy level for mitigating
against the prapensity for beam blow up, which can be particularly high where
beam densily is elevated such as at the resolving aperfure 134, for example. The
deceleration stage 157 comprises one or more electrodes 1573, 157b operable
to decelerate the beam 124, The electrodes 157 are typically apertures through
which the beam travels and may be drawn as straight lines in FIG. 1. 1t will be
appreciated that although a pair of electrodes are shown and described as the
components making up the deceleration stage 157, as well as any of the
compoenants making up the beam optics of the system 110 may comprise any
suitable number of electrodes arranged and biased o accelerate and/or
decelerate ions, as well as to focus, bend, deflect, converge, diverge, scan,

parallelize and/or decontaminate the lon beam 124. Additionally, any of the

components making up the beam optics the may comprise slectrostatic

deflaction plates (2.9., one or mare pairs thereof}, as well as an Einzel lens,
guadrupoles and/or other elements that can manipulate or effect the trajectory of
the ion beam.
The ian beamiine can also include a charge neutralization subsystem such
as a plasma electron flood device 160, which produces neufralizing electrons in a
15
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region through which the ion beam passes for counteracting charge build-up
within the jon beam. Thus, charges within the ion beam can be compensated for
by providing slectric charge having a polarity opposite fo the jon beam and the
workpiece to be implanted. For example, in the case of a positively charged ion
baam, it is common practice to provide slectrons in an amount egual to the.
amount of kons per unit time provided to the workpiece, thereby malching the ion
beam cwrent with an equal electron current at the workpiece. This is typically
brought abiout by a device that produces electrons via electron generating
processes such as thermionic emission, secondary emission, discharge, or RF
filed, wherein the slectrons are directed to the ion beam or direcily to the
workpiece. These devices are typically designated electron guns, secondary
alactron flood, plasma electron fload, ete. Furthermore, microwave and RF

discharges {e.g., RF plasma electron flood) can be scaled to large volumes but

are more complicated and expensive to try to sustain, requiring matching circuits

and costly high-frequency power generation.

Moving further downstream to the end station 118, the end station
provides & processing chamber for receiving the ion beam 124 and leading the
heam toward the workpiece 130. It will be appreciated that different types of end

stations 118 may be employed in the implanter 110, The end station 116 in the

illustrated example is a "serial” type end station, which supports a single
workpiece 130 along the beam path for implantation. A "serial" type end station
supports a single workpiece 130 along the beam path for implantation, wherein
multiple workpieces 130 are implanted one at a time in serial fashion, with each
workpiece 130 being completely implanted before implantation of the next
workpiece 130 begins. In the case of a scanned beam serfal type system, the
workpiece 130 is mechanically franslated in a first {Y or slow scan} direction
while the beam is scanned to and fro in a second (X or fast scan) direction in
order to impart the beam 124 over the sntire workpiece 130.
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Befors and during jon implantation of the workpiece 130, it is desirable to

monitor the ion beam to determine various characteristics and parameters

thareof, including beam current, beam current density, beam current distribution
and a general dosage of ions expected to be implanted into the workpiece Tor
process control and other reasons. In addition, parameters such as beam angle
and divergence, as well as size (beam width and height) can ba monitored.
Accordingly, a beam sampling system 155 and other associated hardware
camponents are integrated into the end station 116 for monitoring and sampling
the ion beam at a predetermined frequency, which can be on the order of
250KHz, thereby providing a plurality of discrete beam current sammple
measurements for analysis thereof. In an exemplary system, one or more sida
Faraday cups 1584, 158B (also called sampling cups) are provided generally
adjacent to the wafer 130 along the fast scan axis of the scanned ion beam 124,
wherein one or more propetties (e.g., a beam current) of the jon beam are
sampled and measured as ion beam is scanned and passes over the one or
more side Faraday cups. For example, the beam sampling systam 155 raceives
a signal 164 comprising a plurality of sequential beam samples from the one or
maore side Faraday cups 1584, 1588 and generally outputs the measured
samples of the one or more properties of the ion beam 124 to the control system
154, The collection of these samples is synchronized with the scan clyrent
waveform provided to the scanner 136, as well as to the position of the scanned
workpiece 130 to provide time and position dependent beam current information
{0 the control system.

in the present example, the one or more side Faraday cups 1584, 1588
arg generally positioned adjacent to and outboard of the workpiece 130 {(e.g.,
putside the circumfersnce of the workpiece), along the path of the scanned ion
beam 124 as it Is scannad across the workpiece 130 and generally in the same
plane as a plane of the workpiece. Thus, the scanned beam preferably has a
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width {the scan width) that extends beyond the dimension of the workpiece and is
shaped to pass the entirety of the scanned ion beam 124 over the one or more
side Faraday cups 158A, 1588 positicned outside the circumference of the
warkpisce,

in addition, a tuning Faraday cup 170 is provided downstream of and
“hehind” the workpiece 130, wherein the beam sampling system 1385 further
receives high freguency samples from the tuning Faraday cup 170 and generally
outputs the measurement of the one or maore properties of the ion beam 124 to
the contral system 154. The tuning Faraday cup 170, for example, is
conventionally utilized when the workpiece 130 is eithar not present (before an
ion implantation cycle), entirely outside of the scan path (at either end of the slow
sean sequence), or positionsd so as to be at least partially outside of the scan
path, such as when the workpiece is scanned to a position where the ion beam,
or a portion thereof can reach the tuning cup positioned downstream from the
workpiece 130. Once again, this sampled beam measurement is generally
synchronized to the scan current waveform provided to the scanner 136, as well
as fo the position of the scanned workpiece 130 to provide a time and position
dependent beam current profile of the ion beam. The beam sampling system158
can include a presentation screen or graphic user interface for displaying the
time and position dependent heam current waveform of the scannad ion beam,
as well as the scan current waveform and other information of relevance to the
system operaior,

In addition o the side Faraday cups 158A, 158B, and the tuning Faraday
cup 170, the beam sampling system can include input from the ong or more
traveling profilers 158, The traveling profiler 156, in this example, may comprise
a current density sensor, such as a Faraday cup, for example, that measures the
current density of the scanned beam. The current density sensor of the traveling
profiler 156 moves in a generally orthogonal fashion relative to the scanned
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beam and thus typically traverses the width of the ribbon-shaped scanned ion
beam. These profiler signals are typically generated before or after an implant
cycle, wherein the profiler 156 is transporied in front of the scanned ion beam to
provide data and feedback to the lon implantation system during and/or after an
ion implant cycle. Similar to the side Faraday cups 158A, 1588, and the tuning
Faraday cup 170, the monitored and sampled beam current measurements
provided by the traveling profiler(s) can be generally correlated fo the scan
current waveform provided to the scanner 138, as well as the position of the
travelling profiler to provide a time and position dependent beam current profile of
the ion bgam,

A control syster 154 is coupled to the beam samipling system 158 for
providing communication, control, andfor adjustment the various components
and subsystems of the fon implantation systemn 110, including: the ton saurce 120
and electrodes 125 associated therewith; the mass analyzer 127, the beam
steering and focusing system 138; the scanning element 136; the parallalizer
138 the energy filter 157; and the charge neutralizer system 160, (i.e.,
collectively, any ona or more of the beam oplical elements). The control system
154 may comprise a computer, microprocessor, ete., and may be operable o
store measurement values of beam characteristics (e.g., the beam current or
density) and adjust parameters {e.g., bias voltages, gas pressures) applied to
any one of the beam optical elements. Accordingly, any of these beam optical
elements can be adjusted by the control system 154 to facilitate desired ion
beam properties. For example, the strength and field generated in the mass
analyzer 126 can be adjusted, such as by requlating the amount of electrical
current running through field windings therein to alter the curvature of the path of
the desired ion beam. in addition, or alternatively, the angle of implantation can
be further controlled by adjusting the voltage applied to the steering element 138,
for example, where it will be understood that the current density delivered to the
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wafer 130 can be a function of the angle of implantation {e.g., the relative
orientation betwean the beam and the mechanical surface of the workpiece
andfor the relative orientation between the beam and the crystalline lattice
structure of the workpiece). In yet another alternative, instantansous voltages
applied to any one of the beam optical elements can be varied extemporaneously
in response to beam current fluctuations detected by the beam sampling system
155, Therefore, in accordance with the present invention, the beam sampling
system 1585 and the control system 154 cooperate to provide in situ beam current
sampling by which the beam current and/or beam current density is monitored
and to further provide control of the ion implantation system. In one preferred
ambodiment, the beam sampling system 1585 and the control system 154 can
cooperata to create a confrol signal for interlocking, aborting or halting ion beam
transport in the event that a significant beam current non uniformity event cceurs.
Inr another preferred embodiment, the beam sampling system 155 and the control
system 154 can cooperate {o create a control signal for adjusting power supply
outputs fo selectively vary voltages and currents applied to the various beam line
components and beam optical elements of the ion implantation system, through
iterative or incremental means.

As praviously noted, the implanter 110 may employ different types of
scanning systems. For example, slectrostatic scanning or magnetic scanning
systems can be emploved in the present invention. As llustrated in greater detail
in Fig. 2A, the scanner receives a mass analyzed ion beam 124 having a
relatively narrow profile (e.g., a so-called “spot” or "pencil’ beam). The
exemplary scanning system shown in Fig. 2A is a magnetic scanning system
comprising a scanner region having a first magnetic pole 138a and a second
magnetic pole 136b situated on either lateral side of the beam 124. The poles are
separated by a gap comprising a vacuum, through which the beam path 124
passes. In one embodiment, the magnetic poles, 136a and 136b, may comprise
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electromagnetic coils. A current waveform operates to vary the current through
coils 13B8a, 138b causing the beam 124 to scan back and forth in the X direction
{the scan direction), creating an elongated "ribbon-type” beam (e.g., a scanned
spot beam), having an effective X direction width that is preferably at least as
wide as, and typically wider than, the workpieces being implanted. B will be
appreciated that the scanned beam 124 is directed o the end station 16 such
that the beam 124a strikes the wafer for implantation of ion therein. The scanned
beam also strikes the measuremeant sensor(s) (Faraday cups) coupled to the
beam sampling system 155, For purposes of the present description, all
different types of scanning systems are equivalent and the magnetic scanning
system of Fig. 2A is used for lusiration only. Indeed, the present invention can
be adapted to ion implant systems of differing architectures, including well-known
2D mechanical scan spot beam systems, as well as 1D mechanical scan ribbon
beam systems,

As will be understooed, the magnetic poles 136a and 136b are coupled to
a current source 149, configured to provide alternating currents to the magnetic
noles 138a and 138b, as illustrated in the waveform diagram 202 in FIG. 2B.
The time varying current between the magnetic poles forms a fime varying
magnetic field 204, as illustrated in a waveform diagram in FIG. 2C, extending
outward from the coils across the beam path, by which the beam 124 is bent oy
deflected (e.g., scanned) along a scan dirgction (e.q., the X direction in FIG, 2ZA).
When the scanner magnetic field is in the direction from the pole 138a to the pole
136b, (e.g., times "g" - "&" in FIG. 2C), the ions of the beam 124 are subjected to
a lateral force in the positive X direction. When the poles 136a and 136b are
subjected 1o zero current there is zero magnetic figld in the scanner 136 (e.g.,
such as at time "d" in FIG, 2C) and the beam 124 passes through the scanner
136 unmodified. When the field is in the divection from the pole 136b 1o the pole

21



WO 2018/048889 PCT/US2017/050261

136a {e.g., times "a" - "¢" in FIG. 2C), the ions of the beam 124 are subjected fo
a lateral force in the negative X direction).
FIG. 2D illustrates the scanned and parallelized beam 124 impacting the
workpiece 130 at the corresponding times indicated in FIGS. 2B-2C. When the
5 current through the poles is at a maximum and minimum {8.9., a negatlive
maximumy) the corresponding magnetic field strength will be at a maximum and
minimum {e.g., & negative maximum) so that the beam can be found al the
extremes of the beam path (2.g., at the far right and the far left edges beyond the
circumference of the workpiece 130). Discrete points of the scanned bsam 124a-
10 124g are illustrated in FIG. 20 for scan currents at corresponding times "a8"-"¢g" of
FIG. 2B for a single generally horizontal scan in the X direction across the
workpiece 130. i follows that when the scanner magnetic field is in the direchion
from the pole 136b {0 the pole 136a, the ions of the beam 124 are subjected to a
lateral force in the negative X direction such that the scanned beam reverses the
15  direction of the discrete points of the scanned beam 124g-124a illustrated in FIG.
2D to produce a single generally horizontal scan across the workpiece 130 in the
negative X dirsction.
In order to gain a better understanding of the present disclosure, Figs. 3
and 5 iflustrate changes to the beam current density that may ocour as the bsam
20 is scanned, which may be caused, for example, by changes in the cross-
sectional shape of an ion beam, induced by the varying scan current through the
coils as the ion beam is scanned over the surface of a workpiece. [t will be
appreciated that a change in the cross-sectional shape of an ion beam is just one
way in which the beam current density of an ion beam may vary, though itis not
25  intended to be a limiting example of how beam current density may be varied. it
will also be appreciated that the change in cross-sectional shape of an ion beam,
as referred to herain, may comprise any change to the cross-sectional shape of
an ion beam. For example, changing the cross-sectional shape of the beam may
22
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comprise having the fon beam larger, smaller, wider, or narrower as well as in a
symimetric or asymmatric manner.

As illustrated in Fig. 3, an exemplary ion beam path 302 is scanned over

the workpiece 130 (as viewed from the trajectory of the ion beam 124} showing

variations in the cross-sectional shape of the lon beam at particular locations
along the path 302. n particular, the ion heam is illustrated at three different
exemplary locations 306, 308, 310, respectively representing a location of the ion
beam with respect to the workpisece 130 at three different time periods. The ion
beam at each of the three exemplary locations is iltustrated in phantom,
representing three example cross-segctional shapes of the ion beam as the ion
beam cross-sectional shape cares during scanning. As shown in Fig. 3,
changes in an fon heam's cross-sectional shape may ocour in any direction or
directions. For example, the beam, and its profile may vary in height and/or
width. As described above, the change in the cross-sectional shape of the ion
beam 124 results in a change in the beam current density on the wafer 130.

Further, while the scan speed of the fast scan along the fast scan axis 314
in one embaodiment is at a first scan frequency, any one of the beam optical
alements may cause a change in the cross-sectional shape of the ion beam at a
second frequency that is substantially greater than the first frequency. Inone
embodiment, the cross-sectional shape-of the ion beam may vary along an axis
having a different direction than the fast scan direction, thersby generating an ion
beam having a modified effective height, for example, a beam variation that
axtends the shape of the lon beam in a direction substantially paraliel to the slow
scan direction, This feature is best understood in conjunction with Fig. 5,
whersin a first beam shape 308a has a first dimension 316, while a second beam
shape 308b has a second farger dimension 318, resulting in a beam having an
enlarged dimension along the slow scan direction 312, The larger effective beam
shape in the slow scan direction 312,
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I Fig. 3, a plan view of the ion beam 124 is lustrated, being scanned
over the workpiece 130, In this illustraied example, the workpiece is configurad
to be scanned along a slow scan axis 151 to be exposed to the spot ion beam
124 as it is scanned along a fast scan axis 154. The control system 154 is
configured to control a speed of the workplece 130 as it is scanned along the
slow scan axis 151, a speed of the scanned ion beam as it is scannhed along the
fast scan axis 154, and a scan width of the scanned ion beam so that the entire
surface of the workpiece 130 will be exposed to the ion beam in a predstermined
marmner {€.g. the predetermined scan pattern 150). i should be noted that the
predetermingd scan patiern 150 illusirated in Fig. 3 is an example having a
generally constant scan width 152, and that various other scan pattemns are
contemplated as falling within the scope of the present disclosure. For example,
the scan width 152 of the scanned ion heam 124 can be varied as the warkpiece
130 tfraverses along the slow scan axis 151, such that the scanned fon beam
reverses direction a predetermined distance from a circumference 156 of the
workpiece {e.¢., the scannad ion beam follows a geomstyry of the workpiece).
Furthermors, the scan width 152 of the scanned ion beam 144 can be varied for
other purposes, such as for attaining measuraments of various properties of the
ion beam via the side cups 158A and 158B, as has been discussed herein.

FiG, 3 illustrates a straightforward scanning of the beam 124 across the
workpiece 130, wherein mechanical actuation {not shown) translates the
workpiece 130 in the Y (slow scan) direction during X {fast scan) direction
scanning by the scanner 38, whereby the beam 24 is imparted on the entire
exposed surface of the workpiece 30. Prior to entering the scanner 36, the ion
beam 124 typically has a width and height profile of non-zero Xand Y

dimensions, respectively, wherein one or bath of the X and Y dimensions of the

beam typically vary during transport due to space charge asnd other effects. For
example, as the beam 124 is transported along the beam path toward the
24
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workpiece 130, the beam 124 encounters various electric andfor magnetic fields
and devices that may alter the beam width and/or height or the ratio thereof. In
addition, space charge effects, including mutual repulsion of positively charged
heam ions, tend to diverge the beam (2.g., increased X and Y dimensions),
absant countermeasures.

Also, the geometry and operating voltages of the scanner 136 provide
certain focusing properties with respect to the beam 124 that is actually provided
ta the workpiece 130. Thus, even assuming a perfectly symmetrical beam 124
entering the scanner 136, the bending of the beam 124 by the scanner 136
changes the beam focusing, wherein the incident beam typically is focused more
at the lateral edges in the X direction (e.9., 124a and 124g in FIG. 2D}, and will
be focused less (g.g., wider or more divergent) in the X dimension for points
between the lateral edges {e.g., 124c, 124d, and 214e in FIG. 2D),

in order to gain a better understanding of the present disclosure, Fig. 4
ilustrates an ideal time {or position) dependent beam current waveform
measured over the course of a single beam scan path. Figure 4 depicts an ideal
situation, wherein it can be seen that the beam current denoted by trace 166
remains relatively constant and uniform as the fon beam traverses the workplece
130. The beam current ramps upward or downward at the end of each scan as
the beam travels beyond the respective side Faraday cups 158A, 168B. This
beam current waveform can be rapresented in the form of a predicted beam
current waveform by exposure of the ion beam to side Faraday cups 1584, 158B,
so as fo provide a measure of the beam current that should be expected across
the workpiece over a givan scan path. Alternatively, the beam current waveform
can be provided by exposure of the ion beam to the traveling profiler 156 or one
of the side tuning Faraday cup 170 shown in Fig. 1.

The present disclosute contemplates that the ideal beam current
flustrated in Fig. 4 is typically not representative of the actual beam clyrent that
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is presented to the workpiece during the typical operation of an ion implantation
system. For example, as previously noted, as the beam 124 is transporied along
the beam path toward the workpiece 130, the beam 124 encounters various
electric and/or magnetic fields and devices that may alter the beam shape ormay
influence the beam uniformity in various ways, In addition, space charge effects,
including mutual repulsion of positively charged beam ions, tend to diverge the
beam absent countermeasures. It has also been found that the presence or lack
of presence of the wafer at specific positions in the end station can create
perturbations in the ion beam, and the current density associated therewith.
Farticle contamination can also create short term fluctuations in beam profiles
and/or beam current. Thus, in reality, the ion beam current, the current density
andfor the current distribution is non-uniform and can fluctuate throughout a
given scan path, or multiple scan paths throughout an implant eycle, and also
across the different ion implant cycles of different workpieces, Embodiments of
the present invention related to apparatus and metheds for contrelling ion beams
contemplate integration of a heam sampling system and a controf system to
control an lon beam in an ion implanter based on the detection of a plurality of
beam current measurements of the ion beam and an analysis of the plurality of
samples to identify a variation or fluctuation of the jon beam current based upon
the plurality of beam current measurements. identified variations in excess of g
certain threshold, either absolute or relative, which is to say in comparison to
previous beam current measurements, can yield a control signal for halting the
jory implant system or at least aborting transport of the ion beam. The system
may also include an adjustment componeant to adjust the ion beam in response {o
an identified variation in beam current to reduce the variation, in an effort to
reduce the variation of the ion beam below a threshold level in situ, during an ion

implant procedure.  Thus, the control system 154 is configured to generate a

T
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predetermined control signal for abarting or performing adjustment of a
parameter in the jon implanter when the ion beam variation is above a threshoid.
In addition, it is understond that there are many factors that can influence
the ion beam current distribution on the target surface. For example, ion
implanters of conventional design exhibit poor transmission at low-energy levels.
Such poar transimission can vary depending en the dopant. Moreover,
incorporating different principles of ion beam optics can solve this low-energy
transmission problem but can, in turn, create other problems related to beam
uniformity. In another example, the combination of high energy transport with
and-of-line deceleration, as described hersinabove, may enable the ion beam to
be extracted and transportad at a higher energy to mitigate space charge effects
and to achieve higher bearm current levels, hut may vield other issues related to
spatially non-uniformity that causes tons to impact the substrate with a wide
distribution of angles of incldence relative to the wafer surface. In yet ancther
example, fon implantation with molecular fons as the species being implanted
{versus monomer lons) introduces its own unique set of implant nenuniformitiss.

Other examples that yield beam current nonuniformities include beam duty factor

control, quenching of electrode arcs, power supply modulation, among others.

The fact that current nonuniformities are inherent in lon implantation
systems yields predictable non-uniformity (PNU) specifications for particudar
heam current or ion implant specifications. Thus, 3 PNU or multiple PNUW's can
be determined through experimentation, empirical data and otherwise, as an
integral characteristic in certain ion implantation systems and under certain
implant conditions. Thus, there may be some predictable hon uniformity (PNU)
characteristic related to beam current that can be identified as being acceptable
in certain ion implantation systems and under certain implant conditions,

The present invention can opevate to provide control of the jon
implantation system in accordance with and within these PNU constraints andfor
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when beam current vanations or fluctuations are identified as heyond the scope
of predetermined threshold levels. Fig. 5§ provides a simplistic illustration of the
changes and fluctuations that may oceur to the beam current or density due to
exemplary changes in the beam current (as may be caused by changes in the
cross-sectional shape of an lon beam, among other variables), as the ion beam
is transported through the beamling, passes through the multiple optical
elements of the beamline as described herein, and is implantad into the surface
of the workpiece. As shown in Fig. 5, changes in an ion bean's cross-sectional
shape may ocour in any direction or directions. As described above, the change
in the cross-sectional shape of the fon heam 121 {e.qg., through focal variation)
restults in fluctuations in the beam current, current density and/or current
distribution. These fluctuations will be seen as an inconsistency, nonuniformity
or spike in the beam current, such that the ideal beam current waveform relative
to time or position illustrated in Fig. 4 will include noh-uniformities that could
include upward or downward frending slopes indicating a gradual nonuniformity
in beam current, or a sharp upward or downward spike, indicating a fast impulse
gvent affecting the beam current where it can be seen that, due, at least in part,
to fluctuations of the total beam current |, the profiled beam current is modulated.
These changes, which may manifest themselves as a nonuniformity or a
fluctuation in beam current may result from various inconsistencies, variations or
irregularities that may occur during transport of the jon beam duting the implant
cycle, ranging from uncontrolled changes in the process environment as may be
caused by variations in temperature, vacuum levels, particle excursions,
unexpected power supply outputs, hardware interruptions or failures affecting
one or a plurality of the optical elements positioned along the beamline, any and
all of which could affect beam current at a given time, Such variations in beam
current can be influenced by various characteristics of the fon beam, including,
but not limited to: beam angle; heam shape; beam divergance; and beam
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paralielism, which all can lead to inconsistent and non-uniform beam current
densities at the wafer.

For purposes of discussion and iilustration, beam current fluctuations and
or nonuriformity have been presented and will be discussed in the context of
changes in beam shape. However, it will be appreciated that a change in the
cross-sectional shape of an ion beam is just one way in which the current,
current density and/for distribution of an ion beam may vary, such that beam
shape is not intended to be a limiting example of how beam current or heam
current density or distribution may vary or fluctuate. [t will also be appreciated
that the change in cross-sectional shape of an ion beam, as referred to herein,
may comprige any change to the cross~sectional shape of an ion beam. For
example, changing the cross-sectional shape of the beam may comprise
changes that make the ion beam larger, smaller, wider, or narrower, in a
symmetric manner or an asymmetric manner, and in a systematic or
nonsystematic manner.

In one example, the cross-sectional shape of the ion beam may vary
symmetrically along an axis having a direction substantially transverse to the fast
scan direction of the ion beam, thereby generating a time-avaraged ion beam
having a modified effective height. For example, in a case where a beam
focusing element inadvertently extends the shape of the ion beam in a direction
substantially parallel to the slow scan direction, a time-averaged ion beam having
a greater height will result. This example is best understood in conjunction with

Fig. 5, whersin a first beam shape 308a has a first dimension 316, while a
second beam shape 308b has a second larger dimension 318, resulting in a
time-averaged beam having an enlarged dimension along the slow scan direction

312. Conversely, in a case where the ion beam is inadvertently truncated in

shape in a direction substantially paralle! to the slow scan direction, a time-

averaged ion beam having a smaller height will result, as lustrated by beam
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shape 308c, resulting in a time-averagad beam having an small dimension along
the slow scan direction 312,  Turning back to the exemplary ion beam path 302
scanned over the workpisce 130 (as viewed from the ion beam 121), as
flustrated in Fig. 3, these variable bsam shapes can result in varigtions in the
cross-sectional shape of the fon beam at particular locations along the path 302
in particular, the ion beam is lllustrated at three different exemplary locations
3086, 308, 310, respectively representing a location of the jon beam with respect
to the workpiece 130 at thres different time periods. The ion beam at each of the
three exemplary locations is lustrated in phaniom, representing three example
cross-sectional shapes of the jon beam as one or more beam focusing/shaping
elements vary the ion beam cross-sectional shape during scamning.

Moving on to Figs. 87, more realistic, asymmetric, nonsystematic
fluctuations in beam shape and beam current density distribution ave lustrated.
As stated above, variations in the cross-sectional shape of an ion heam will
provide a plurality of different instantaneous beam current densities having
different beam profiles for the on beam over ima. Forexample, a first cross-
sectional beam shape may have a first beam profile having a current “spike” at a
first jocation along the beam profile, while a second cross-sectional beam shape
may have a second beam profile having a current spike at a second location,
different than the first location, along the beam profile. Further, a third cross-
sactional heam shape may have a third beam profile having multiple spikes at a
multiple locations along the beam profile.  For example, Figs. 6 and 6A fllustrate
a beam current profile 408 associated with the first ion beam shape, comprising a
current peaki/spike having an amplitude A+ at a location P1. Figs. 7 and 7A
Hlustrate a second jon beam shape incident on a workpisce, wherein a beam
current profile 410, associated with the secand fon beam shape comprises a
current peak/spike having an amplitude Az al a location Pz, Rapid changes to the
cross-sectional shape of the ion beam, which may be causead by various factors
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associated with the lon implantation system, may cause the beam current density
{o change between different beam profiles over the course of a fast scan across
the wafer. Therefore, a rapidly changing cross-sectional shape of the ion beam
can expose a workpiecs to a number of different and varying beam current
densities having different and varying beam current profiles.

As previously noted, it is desirable to monitor the ion beam before and
during jon implantation o determine various characteristics and parameters of
the ion beam for process control and other reasons, including beam current,
beam current density, beam current distribution and a general dosage of fons
expecied to be implanted into the workpiece. As such, the present invention
includes hardware and associaied electronics and control systems for sampling
the ion beam at a predetermined frequency, on the order of 250KHz, to provide a
plurality of discrete beam current sample measurements as the beam is scanned
across the workpiece. 1t will be noted that this relatively high frequency sampling
rate is hot required, and that sampling rates as low as 5Khz oreven 500 hz might
be useful in some applications, so long as many samples can be measured
compared to the scanning of the beam dwing implant. In the exemplary system
disclosed herein, the side sampling cups and the tuning cup are provided,
wherein beam current s sampled and measured as the spot ion beam passes
thereover. The output measurements from these cups are delivered to the beam
sampling system, which generally includes a display element 155a for providing
a graphic representation of the beam current waveform in real time. The
manitored samples are synchronized to the scan current waveform input to the
scanner {as well as to the position of the scanned workpiece) to provide a time
and position dependent beam current profile of the ion beam that can be viewed
in real time.  Synchronizing the monitored sampling with the scan current
waveform also provides information relative to the direction of the scan, which
may be of use in determining a prescribed control output.
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An exemplary screen capture from the display element 165a is provided in
Fig. 8, showing the waveforms generated by the left and right side Faraday cups
(802, 806 in & left to right scan of the wafer, and 816, 812in a right to left scan of
the wafer) in combination with the waveform generated by the tuning cup 804,
814, Fig 8 also shows the scan current waveform 820 input to the scanner.
These waveforms show the beam current samples in the form of a waveform as
the beam is scanned in a first direction from time 0 to 12500 uSec {(when the
scan waveform has a positive slope) and as the beam is scanned in a second
direction opposite to the first direction from time 12500 uSec to 25000 uSec
{when the scan waveform has a negative slope). 1t will be understood that the
prasent invention applies equally to scan times and frequencies in all ranges. By
synchronizing the monitored beam samples with the scan current waveform, a
time and position dependent beam current waveform of the jon beam can be
displayed. Synchronizing the monitored sampling with the scan current
waveform also provides information relative to the direction of the scan, which
may be of use in determining a prescribed control output in ascordance with the
present invention.

The beam current waveform of the ion beam as illustrated in Fig. 8
demonstrates a relatively stable uniform beam current waveform captured by the
tuning cup 804, 814 sandwiched between relatively nonuniform beam current
waveforms capturad by the left side cup 802, 812 and captured by the left side
cup 806, 816, Hwill be seen that the beam current waveform of the ion beam as
Hustrated in Fig. 8 demonstrates relatively symmetric beam current waveforms
capturad as the heam is scarned along the first direction and then in the second,
revarse, direction. For example, the waveforms 808, 816 capiured by right side
cup demonstrate a slight increase in beam current as the beam travels from the
left edge of the side cup to the right edge, and then a substantially eguivalent
slight decrease in beam current as the beam reverses its direction of travel from
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the right edge of the side cup to the left edge. In this case, namely the waveforms
8086, 816 captured by right side cup, the variation of beam current can be
analyzed and it may be determined that the variation is within predicted
uniformity measurements, or the PNU as described hereinabove, such that no
corrective action would be required via the control system. However, in view of
the symmetric characteristic of the current variation, showing a heightened

current density measurement at the extreme right side of the side cup, the control

system might identify a systematic problem related to the scanner operating

within a defined scan current range (the current range associated with scanning
of the ion beam 1o the far right side of the scan range). In this case, the control
system can be configured fo generate a corrective signal to one or more of the
beam optical elements. Alternatively, the control system can generate a lockout
signal to prevent further implantation of the wafer.

in another example, the waveforms 802, 812 represent the current signals
captured by the left side cup. These waveform segments demonstrale a
significant spike in beam current as the beam travels from the left edge of the left
side cup to the right edge (waveform 802), and then a substantially eguivalent

spike in beam current after the beam has reversed its direction of travel from left-

to-right to right-to-left (waveform 812). In this case, namely the waveforms 802,

812 capturad by the left side cup, the variation of beam current can be analyzed
and it could be determined that the current spike is outside of threshold beam
uniformity measuremants such that corrective action would be reguired via the
control system. The beam current sampling can also be analyzed and used to
abort a given implant cycle in cases where the beam current drift, variation
andfor fluctuation exceeds a predetermined threshold level as an absolute value
of beam current, or as a relative value in comparison to a gjravious surrent
sample of samples, As an illustrative example, the control system can be
configured o generate a lockout signal to prevent further implantation of the
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wafer, or fo provide a dynamic feedback signal to one or more optical elements
for reducing the beam current fluctuation o within an acceptable range.

Another exemplary screen capture from the display element is provided in
Fig. 9, showing multiple waveforms 902, 906 genearated by the left and right side
Faraday cups, in combination with multiple waveforms 804 generated by the
tuning cup as the beam is scanned muitiple fimes in a first direction and in a
second direction. In the case of Fig. 9, the captured waveforms are shown
overlayed and folded on one another as the beam travel in a first direction and in
art apposite second direction, as opposed to the serial layout of the waveforms
as illustrated in Fig. 8. The plurality of beam current measurements are
synchronized with the scan current waveform such that a time and position
dependent beam current waveform of the ion beam current is displayed. In
addition, by overlaying these waveforms one over one another while
synchropizing the monitored bearm samples with the scan current waveform, a
scan direction dependent beam current wavefarm can be generated. Thus, in an

sxemplaty embodiment, the display element 155a is preferable provided in the

form of a color display screen, wherein waveforms associated with the right to

left scan motion of the bsam can be displayed in a first color, and waveforms
associated with the left to right scan motion of the beam can be displayed in a
second color,

Inn the representative screen capture of Fig. @, it can be seen, for exampile,
that significant beam current fluctustions occur near the middle portion 804a of
the waveform 904 captured by the tuning cup. This could be assoctated with a
so-called zero field anomaly as has been documented and is a well-known
problem associated with magnetic scanner systems. Alternatively, the
fluctuations represented in portion 804a may be associated with other factors
associated with any of the various beam optical components in the beamiine. In
addition, the representative screen capture of Fig. 9 demonstrates, for example,
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that waveform segments 904¢ associated with the beam current as the beam

traverses the right side of the tune cup varies significantly in as opposed o
waveform segments 904b, which are also associated with the beam current as
the beam traverses the right side of the tune cup. These different waveform
sections may represent a contrast in the time periods when the beam travels in

the second direction as compared to beam travel in the first direction. The

variations between waveform segments 904b and waveform segments 904¢

could indicate a problem, for example, wherein the scanned baam strikes an
arga at the right side of the endstation that causes cutgassing (i.e., the beam
strikes photoresist contaminant present on the right side of the end station). As

such, the beam current may be negatively impacted during a brief outgassing

excursion extending for a time period as the beam reverses direction but not so
fong as to extend into the subsequent beam scan. These outgassing excursions
gan cause pressure surges or drops within the endstation, which might manifest
themselvas as inconsistencies in beam uniformity during a relatively fixed {ims
period from one scan pass {o the next. It will be understood that such
nonuniformities and/or fluctuations in beam current may be associated with other
factors associated with the various beam optical components in the beamline,
particularly in the beam optical components downstream from the scanner in
sections thereof associated with motion of the beam in the second direction. The
present invention enables sampling and high-level analysis of the beam current,
colpled with control of the ion implantation system to include the generation of
corrective feedback signals as input to one or more of the beam optical elements.
Alternatively, the control system can generate a lockout signal to prevent further
implantation of the wafer sa that supplementary corrective action can be taken,

it will be appreciated that the beam current fluctuations and/or beam
cutrent variations captured by the monitoring and sampling system of the present
invention can be used as input to a control system configured to operate the ion
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implantation system. In the absence of the control system, the jon beam may
experience a periodic variation in beam current made up of high or low beam
current or fon dose spikes. These spikes may be sporadic or may be comprised
or periadic variations in beam current that may be generated from different
sources within the ion implanter. For example, particle contaminants or
fluctuations in beam shape may induce unexpected, rapid and abrupt fluctuation
(modulation) in beam current.  Alternatively, mechanical sources such as
vibrations within a beam processing component such as a lens may induce
systematic and repeatable fluctuations {modulations) in beam current. Notably,
fluctuations within a beamiline component such as an electrostatic component, a
magnetic comiponent, or 2 mechanical component may cause changes in on
heam intensity at the substrate. In some cases, the beam position, beam size,
andfor beam divergence and direction may fluctuate as the ion beam propagates
through the beamline, resulting in a fluctuation (modulation) in beam current.
The control system may address these fluctuations by detecting beam
variations and triggering a control signal that causes the ion implantation system
to interock and/or shutdown to discontinue substrate processing. Alternatively,
control system may address these fluctuations by detecting beam variation and
friggering a control signal that enables a diagnostic routing that induces
adiusiments to one or more power supplies associated with or more beam optical
components to avoid delivering non-uniform ion dose to the substrate. in
particular, in various embadiments, the system is configurad to dynamically
adjust parameters of the jon implanter o reduce or eliminate the beam current
modulation, resulting in delivery of more uniform ion dose {o a substrate.

Accordingly, a dynamically adjusted ion beam may be delivered to the substrate,

preferably resulting in a uniform jon dosage in which the ion dose per unit area is

uniform across the substrate.
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As will be understood, the control system 154 of Fig. 1, for example, is
configured to analyze the beam current density profile and correlated position of
the ion beam to determine the ion beam current density deliverad fo the
substrate at a respective correlated position, and to further calculate a predicted

dose uniformity, whersin the controller is further configured to perform a

carrective action if the pradicted dose uniformity is inconsistent with an implant

uniformity criterfon. In one exemplary embodiment, the controller 154 may be
configured fo adjust any one of the beam oplic elements, thereby dynamically

modifying the ion beam current or current density in real time or in situ during the

course of an ion implant cycle. Likewise, the contreller may be further configured

to halt the implantation if the adjustment of the beam optics fails to correct an
identifiad inconsistency or nonuniformity in the implant uniformity criterion.

Accordingly, as ilustrated in Fig. 10, the present disclosure further
provides a method for uniformly implanting ions into a workpiece. It should be
noted that while exemplary methods are illustrated and described herein as a
series of acts or events, the present invention is not limited by the illustrated
ardering of such acts or events, as some steps may occur in different arders
andfor concurrently with other steps apart from that shown and described herein,
in accordance with the invention. In addition, not all illustrated steps may be
required to implement a methodology in accordance with the present invention,
Moreover, it will be appreciated that the methods may be implemented in
association with the systems fllustrated and described herein as well as in
assaciation with other systems not illustrated. Those skilled in the art will
understand and appreciate that a methodology could alternatively be reprasented
as a series of interrelated states or events, such as in a slate diagram.

FIG. 10 depicts a first exemplary flow diagram 1000 for jon implantation
system control and control of beam current uniformity in accordance with the
prasent invention. The flow starls with block 1002 where an ion beam s
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generated. At block 1004, the ion beam is transported through a plurality of
beam optical elements, including a scanner (electrostatic or magnetic), and may
further include lon source extraction and suppression electrodes, a mass
analyzer, a resolving aperture, beam focusing elements, scanner electrodes or
other deflection system, a parallelizing system an angular energy filter and/or a
charge neutralizatior: system. At block 1008, a plurality of beam current
measurements are sampled to provide a plurality of discrete beam current
measurements, In one exemplary embodiment, the baam current measuraments
may be performed af a rate of about 280KHz, or more. These plurality of
discrete beam current measurements are correlated with the scan current at step
1008 to provide a positional information for each discrete beam current
measurement. This beam current samples are collected as a function of the
scan current to provide a beam current and location. Act 1008, for example,
cocurs concurrent with the scanning of the jon beam such that the side Faraday
cups and tuning Faraday cup are exposed to the jon heam based on the position
of the ion beam and the physical dimensions of the workpiece. As such, the
beam current density profile is correlated to a position of the fon beam with
respect to the workpisce, the plurality of side Faraday cups and tuning Faraday
cup in act 1008,

The flow then proceeds to block 1010, where an analysis of the ion beam
sample measurements is performed. At step 1012, a decision is made as to
whether a present current sample exceeds a threshold value relatbve to a
preceding current sample. If the determination is no, and that threshold has not
bsen exceeded, the flow proceads, and a subsequent beam current
measurement is sampled and analyzed. if the determination is yes, and that
threshold has been exceedead, the flow proceeds to block 1014, wherein the ion

implantation process is interlocked or halted.
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FIG. 11 depicts an alternative exemplary flow diagram 1100 for jon
implantation system control and contral of beam surrent uniformity in accordance
with the presant invention. Similar to the fiow diagram depicted in Fig. 10, the
flow starts with block 1102 where an ion heam is generated. At block 1104, the
ion beam is transported through a plurality of beam optical elements in the same
marner as described with respect fo Fig. 10. At block 11086, a plurality of beam
current measurements are sampled in synchronism with the scan current of the
scanning systent (block 1108) so that the position of the beam current sample
can be determined. The flow then proceeds o the block 1110, where an analysis
of the jon beam sample measurements can be performed. At step 1112, a
decision is made, based on the analysis performed at block 1110, as to whether
a present current sample excesds a threshold value relative to a preceding
current sample. If the determination is yes, and that threshold has been
exceeded, the flow proceeds to block 1114, wherein a controf signal is generated
to vary the bias voltage applied to at least one of the optical elements on the
beamiine. As such, in accordance with this process flow, the ion beam can be
dynamically modified if the dose unifermity is inconsistent with a predetermined
implant uniformity criterion, As depicted in Fig. 11, it will be understood that jon
the non uniformity threshold decision continues by circulating back to steps 1112
and, in some cases, step 1106 to re-measure and then reanalyze the signals.
after the control signal is generated such that if the adjustment of the beam
optics fails to correct the viclation of the implant unformity oriterion, the
implantation is halted in a manner as set forth with respect to Fig. 10, Thus,
multiple attempts for generating the proper control signal to appropriately adjust
parameters of the fon implanter can be made, whersin if the number of attempts
exceeds a predetermined number, the flow can proceed to a step where the ion

implantation process is interlocked or halted.
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As will be understood, the present invention can be utilized to analyze the
beam current density profile and correlated position of the ion beam over a
plurality of warkpieces to determine beam current unifarmity of the ion beam at
the respective correlated position, wherein the controller is further configured fo
perform a corrective action if the dose uniformity viclates an implant uniformity
criterion, The present invention may be further utilized to adjust various beam
optical elements, thereby dynamically modifying the ion beam if the dose
uniformity violates an implant uniformity criterion. Likewise, the invention can be
further utilized to halt the implantation process if the adjustment of the optical
aslaments fails to correct the implant uniformity criterion.

Although the invention has been shown and described with respect to a
certain preferred embodiment or embodiments, it is obvious that equivalent
alterations and modifications will accur to others skilled in the art upon the
reading and understanding of this specification and the annexed drawings. In
particular regard to the various functions performed by the above described
comporients (assemblies, devices, circuits, ele.), the terms (including & reference
to a “‘means”) used to describe such components are intanded to correspond,
unless otherwise indicated, to any component which performs the specified
function of the described component (f.e., that is functionally equivalent), even
though not structurally equivalent to the disclosed struciure which pedorms the
function in the herein illustrated exemplary embodiments of the invention. In
addition, while a particular faature of the invention may have besn disclosed with
respect to only one of several embodiments, such feature may be combined with
one or more other features of the other embuodiments as may be desired and

advantageous for any given or particular application.
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WHAT IS CLAIMED 1&:

1. A method for controfling ion beam uniformity in an lon implantation
systermn, the method comprising:

genearating an jon beam,

transporting the ion beam foward a workpiece,

scanning the ion beam along a first axis to generate a scanned ion beam,

providing at least one beam optical element configured o selectively steer
and/or shape the lon beam as itis fransported toward the workpiecs,

sampling the fon beam to provide a plurality of ion baam current samples,

correlating the ion beam current samples with.a scan cuirent to provide
position and direction information corresponding the scanned ion beam; and

analyzing the plurality of lon beam curtent samples to detect nonuniformity
therain; and

generating a control signal in response to the analyzing step.

2. The method of claim 1, wherein the control signal includes a signal for

interlocking ion beam transport in the ion implantation system.

3. The methad of claim 1, wherein the control signal inciudes a signal for
varying an input to the at least one beam optical element to control variations in

the effective cross-sectional shape of the ion beam.

4. The method of claim 1, whersin:
the analyzing step includes comparing at least one of the plurality of ion
beam current samples to previous ion beam current samples; and
the generating step is initiated when a detected nonuniformity in the
plurality of ion beam current samples exceeds a predetermined threshold.
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5. The method of claim 1, wherein:

the analyzing step includes comparing at least one of the plurality of ion
beam current samples to a predicted nonuniformity specification; and

the generating step is initiated when a detected nonuniformity in the
plurality of ion beam curent samples exceeds the predicted nonuniformity

specification.

8. The method of claim 1, further comprising the step of storing the
plurality of beam current density samples and the correlated position of the ion
bearm for a plurality of scans across a plurality of workpieces,

7. The method of claim 1, wherein the at least one beam optical element

varies an effective cross-sectional shape of the ion beam,

8. An ion implantation system, comprising:

an ion source for generating an ion beam,

a beamline configured to transport the ion beam along a beam path
toward an end station configured to hold a workpiece;

a plurality of beam optical elements situated along the beamline,
configured to selectively steer, deflect and/or shape the ion beam as it is
transported toward the workpiece,

a beam sampling system configured to sample the ion beam to provide a
plurality of ion beam current samples;

a controfler configured to analyze the beam current density samples fo
detect nonuniformity thereof and to generale a control signal in response to a

detected nonuniformity.
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9. The ion implantation system, of claim 8, wherein the beam sampling

system further comprises a plurality of Faraday cups configured to intersect the

ion beam.

10. The ion implantation system, of claim 8, wherein the plurality of
Faraday cups includes at least one side Faraday cup positioned adjacent to a
periphery of the workpiece.

11. The ion implantation system, of claim 8, wherein the plurafity of
Faraday cups includes at least one tuning Faraday cup positioned downstream of
the workpiece along the beam path.

12. The jon implantation system of claim 8, wherein the controller is
further configured to correlate a position of the ion beam relative to the

workpiece,

13. The ion implantation system of claim 12, further comprising a storage
device configurad to store the beam current density profile correlated to the

position of the ion beam with respect to the workpisce.

14, The ion implantation system of claim 8, wherain the controller is
further configured to generate a control signal in response to a detected
nonuniformity in the plurality of ion beam current density samples exceeding a

predetermined threshold .

15. The ion implantation system of claim 14, wherein the control signal
includes an interfock signal for discontinuing ion beam transport in the lon
implantation system.
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18, The ion implantation system of claim method of claim 14, wherein the
control signal includes a signal forvarying an input to at least one of the plurality
of beam optical elements to control variations in the effective cross-sectional

shape of the ion beam.

17. The ion implantation system of claim 8, wherein the plurality of beam

optical elemeants vary an sffective cross-sectional shape of the ion beam.

18. A method for uniformly implanting lons into a workpiece, the meathod
camprising:

generating an ion baam;

franspaorting the lon beam along s beam psth;

providing at least one beam optical elament configured to act on the ion
beam as it is transported along the beam path;

secanning the fon beam to produce a scanned ion beam;

sampling the scanned ion beam to detect fluctuations in beam current
density by obtaining a plurality of different lon beam current density samples as
the fon beam iz scanned across the surface of the workpiece;

correlating the plurality of different ion beam current density samples o a
position of the jon beam with respect o the workpiece;

analyzing the ion beam current density samples and correlated position of
the ion beam to determine the lon beam current density at a respective
correlated position;

compating a present ion beam current density sample to a preceding ion
beam cutrent density sample;

creating a control signal in response fo the camparing step.

44



10

20

WO 2018/048889 PCT/US2017/050261

19. The method of claim 18, wherein the control signal includes a signal
for halting the implantation if the comparing step yields a present ion beam
current density sample value that is beyond a thresheld value relative fo the
preceding ion beam current density sample.

20. The msthod of claim 18, wherein the control signal includes a signal
foradjusting a bias voltage applied o at least one beam optical element
corfigured to act on the lon beam as it is transported along the beam path,

21. The method of claim 18, wherein the control signal includes a signal
for halting the implantation if the comparing step yields an ion beam current
density sample value that is inconsistent with a predicted an ion beam current

density waveform,

22. The method of claim 18, wherein the control sighal includes a signal
for adjusting a bias voltage applied 1o at least one beam opticsal element
configured to act on the ion beam as it is transported along the beam path if the

comparing step vields an ion beam current density sample value that is

inconsistent with a predicted an ion beam current density waveform.

23.  Anion implantation system, comprising:

a beamiline configured to direct an ion beam along a beam path foward an
end station configured to hold a workpiece,

a scanning system configured to scan the ion beam across a surface of
the workpiece in g fast scan direction; and

at least one beam optical element configured o bend, deflect, focus, or
otherwise modify the ion beam as the ion beam is directed toward the end station
scanned;
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a beam sampling system configured o sample a beam current density of
the ion beam as it is scanned in the fast scan direction, the beam sampling
system comprising:

a plurality of side Faraday cups positioned about a periphery of the
5 workpiece; and
a tuning Faraday cup positioned downstream of the workpiece
alohg the beam path; and
a controller configured to:
analyze an output of the beam sampling system and coirelate the
10 output with the scanning system to provide a beam current density value
relative to a position of the ion beam with respect to the workpiece; and
calculate a predicted dose uniformity of the ion beam;
wherein the controller is further configured to provide a control
signal i a sampled ion beam valug is inconsistent with the predicted dose
15 uniformity.
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See patent family annex.
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cited to establish the publication date of another citation or other
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the priority date claimed
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being obvious to a person skilled in the art
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