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(57) ABSTRACT 

Methods are provided for calibrating an ion beam scanner in 

an ion implantation system, comprising measuring a plural 
ity of initial current density values at a plurality of locations 

along a scan direction, Where the values individually corre 

spond to one of a plurality of initial voltage scan intervals 

and one of a corresponding plurality of initial scan time 

values, creating a system of linear equations based on the 
measured initial current density values and the initial voltage 
scan intervals, and determining a set of scan time values that 

correspond to a solution to the system of linear equations 

that reduces current density pro?le deviations. A calibration 
system is provided for calibrating an ion beam scanner in an 

ion implantation system, comprising a dosimetry system and 
a control system. 
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ION BEAM SCANNING CONTROL METHODS 
AND SYSTEMS FOR ION IMPLANTATION 

UNIFORMITY 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to ion 
implantation systems, and more speci?cally to improved 
systems and methods for uniformly scanning ion beams 
across a Workpiece. 

BACKGROUND OF THE INVENTION 

[0002] In the manufacture of semiconductor devices and 
other products, ion implantation is used to dope semicon 
ductor Wafers, display panels, or other Workpieces With 
impurities. Ion implanters or ion implantation systems treat 
a Workpiece With an ion beam, to produce n or p-type doped 
regions or to form passivation layers in the Workpiece. When 
used for doping semiconductors, the ion implantation sys 
tem injects a selected ion species to produce the desired 
extrinsic material, Wherein implanting ions generated from 
source materials such as antimony, arsenic or phosphorus 
results in n-type extrinsic material Wafers, and implanting 
materials such as boron, gallium or indium creates p-type 
extrinsic material portions in a semiconductor Wafer. 

[0003] FIG. 1A illustrates an exemplary ion implantation 
system 10 having a terminal 12, a beamline assembly 14, 
and an end station 16. The terminal 12 includes an ion source 
20 powered by a high voltage poWer supply 22 that produces 
and directs an ion beam 24 to the beamline assembly 14. The 
beamline assembly 14 has a beamguide 32 and a mass 
analyZer 26 in Which a dipole magnetic ?eld is established 
to pass only ions of appropriate charge-to-mass ratio through 
a resolving aperture 34 at an exit end of the beamguide 32 
to a Workpiece 30 (e.g., a semiconductor Wafer, display 
panel, etc.) in the end station 16. The ion source 20 generates 
charged ions that are extracted from the source 20 and 
formed into the ion beam 24, Which is directed along a beam 
path in the beamline assembly 14 to the end station 16. The 
ion implantation system 10 may include beam forming and 
shaping structures extending betWeen the ion source 20 and 
the end station 16, Which maintain the ion beam 24 and 
bound an elongated interior cavity or passageWay through 
Which the beam 24 is transported to the Workpiece 30 
supported in the end station 16. The ion beam transport 
passageWay is typically evacuated to reduce the probability 
of ions being de?ected from the beam path through colli 
sions With air molecules. 

[0004] LoW energy implanters are typically designed to 
provide ion beams of a feW thousand electron volts (keV) up 
to around 80-100 keV, Whereas high energy implanters can 
employ linear acceleration (linac) apparatus (not shoWn) 
betWeen the mass analyZer 26 and the end station 16 to 
accelerate the mass analyZed beam 24 to higher energies, 
typically several hundred keV, Wherein DC acceleration is 
also possible. High energy ion implantation is commonly 
employed for deeper implants in the Workpiece 30. Con 
versely, high current, loW energy ion beams 24 are typically 
employed for high dose, shalloW depth ion implantation, in 
Which case the loWer energy of the ions commonly causes 
di?iculties in maintaining convergence of the ion beam 24. 

[0005] In the manufacture of integrated circuit devices, 
display panels, and other products, it is desirable to uni 
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formly implant the dopant species across the entire surface 
of the Workpiece 30. Different forms of end stations 16 are 
found in conventional implanters. “Batch” type end stations 
can simultaneously support multiple Workpieces 30 on a 
rotating support structure, Wherein the Workpieces 30 are 
rotated through the path of the ion beam until all the 
Workpieces 30 are completely implanted. A“serial” type end 
station, on the other hand, supports a single Workpiece 30 
along the beam path for implantation, Wherein multiple 
Workpieces 30 are implanted one at a time in serial fashion, 
With each Workpiece 30 being completely implanted before 
implantation of the next Workpiece 30 begins. 

[0006] The implantation system 10 includes a serial end 
station 16, Wherein the beamline assembly 14 includes a 
beam scanner 36 that receives the ion beam 24 having a 
relatively narroW pro?le (e.g., a “pencil” beam), and scans 
the beam 24 back and forth in the X direction to spread the 
beam 24 out into an elongated “ribbon” pro?le, having an 
effective X direction Width that is at least as Wide as the 
Workpiece 30. The ribbon beam 24 is then passed through a 
paralleliZer 38 that directs the ribbon beam toWard the 
Workpiece 30 generally parallel to the Z direction (e.g., 
generally perpendicular to the Workpiece surface). 

[0007] Referring also to FIGS. 1B-1J, the beam scanner 
36 is further illustrated in FIG. 1B, having a pair of scan 
plates or electrodes 36a and 36b on either lateral side of the 
beam path, and a voltage source 50 that provides alternating 
voltages to the electrodes 36a and 36b, as illustrated in a 
Waveform diagram 60 in FIG. 1C. The time-varying voltage 
potential betWeen the scan electrodes 36a and 36b creates a 
time varying electric ?eld across the beam path therebe 
tWeen, by Which the beam 24 is bent or de?ected (e.g., 
scanned) along a scan direction (e.g., the X direction in 
FIGS. 1A, 1B, and 1F-1J). When the scanner electric ?eld 
is in the direction from the electrode 36a to the electrode 36b 
(e.g., the potential of electrode 36a is more positive than the 
potential of electrode 36b, such as at times “a” and “c” in 
FIG. 1C), the positively charged ions of the beam 24 are 
subjected to a lateral force in the negative X direction (e.g., 
toWard the electrode 36b). When the electrodes 36a and 36b 
are at the same potential (e.g., Zero electric ?eld in the 
scanner 36, such as at time “e” in FIG. 1C), the beam 24 
passes through the scanner 36 unmodi?ed. When the ?eld is 
in the direction from the electrode 36b to the electrode 36a 
(e.g., times “g” and “i” in FIG. 1C), the positively charged 
ions of the beam 24 are subjected to a lateral force in the 
positive X direction (e.g., toWard the electrode 36a). 

[0008] FIG. 1B shoWs the scanned beam 24 de?ection as 
it passes through the scanner 36 at several exemplary 
discrete points in time during scanning prior to entering the 
paralleliZer 38 and FIG. 1D illustrates the scanned and 
paralleliZed beam 24 impacting the Workpiece 30 at the 
corresponding times indicated in FIG. 1C. The scanned and 
paralleliZed ion beam 24a in FIG. 1D corresponds to the 
applied electrode voltages at the time “a” in FIG. 1C, and 
subsequently, the beam 24b-24i is illustrated in FIG. 1D for 
scan voltages at corresponding times “c”, “e”, “g”, and 
of FIG. 1C for a single generally horiZontal scan across the 
Workpiece 30 in the X direction. FIG. 1E illustrates a 
simpli?ed scanning of the beam 24 across the Workpiece 30, 
Wherein mechanical actuation (not shoWn) translates the 
Workpiece 30 in the positive Y (sloW scan) direction during 
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X (fast scan) direction scanning by the scanner 36, whereby 
the beam 24 is imparted on the entire exposed surface of the 
workpiece 30. 

[0009] Prior to entering the scanner 36, the ion beam 24 
typically has a Width and height pro?le of non-Zero X and Y 
dimensions, respectively, Wherein one or both of the X and 
Y dimensions of the beam typically vary during transport 
due to space charge and other effects. For example, as the 
beam 24 is transported along the beam path toWard the 
Workpiece 30, the beam 24 encounters various electric 
and/ or magnetic ?elds 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 beam ions, tend to diverge the beam (e. g., increased 
X and Y dimensions), absent countermeasures. 

[0010] Also, the geometry and operating voltages of the 
scanner 36 provide certain focusing properties With respect 
to the beam 24 that is actually provided to the Workpiece 30. 
Thus, even assuming a perfectly symmetrical beam 24 (e.g., 
a pencil beam) entering the scanner 36, the bending of the 
beam 24 by the scanner 36 changes the beam focusing, 
Wherein the incident beam typically is focused more at the 
lateral edges in the X direction (e.g., 24a and 241' in FIG. 
1D), and Will be focused less (e.g., Wider or more divergent) 
in the X dimension for points betWeen the lateral edges (e.g., 
24c, 24e, and 24g in FIG. 1D). 

[0011] FIGS. 1F-1J illustrate the incident beam 24 cor 
responding to the scanned instances 2411, 24c, 24e, 24g, and 
241', respectively. As the beam 24 is scanned across the Wafer 
30 in the X direction, the X direction focusing of the scanner 
36 varies, leading to increased lateral defocusing of the 
incident beam 24 as it moves toWard the center, and then 
improved focusing as the beam 24 again reaches the other 
lateral edge. For no scanning, the beam 24e proceeds 
directly to the center of the Workpiece 30, at Which the 
incident beam 24e has an X direction Width WC, as shoWn in 
FIG. 1H. As the beam 24 is scanned laterally in either 
direction aWay from the center, hoWever, the time varying 
focusing properties of the scanner 36 lead to stronger and 
stronger lateral focusing of the incident beam. For instance, 
at the outermost edges of the Workpiece 30, the incident 
beam 24a in FIG. 1F has a ?rst left side Width WU, and on 
the right side, the incident beam 241' in FIG. 1J has a ?rst 
right side Width WRl. FIGS. 1G and II illustrate tWo 
intermediate beams 24c and 24g having incident beam 
Widths WL2 and WR2, respectively, shoWing X direction 
focal variation betWeen the edges and the center of the 
Workpiece 30. 

[0012] In general, it is desirable to provide uniform 
implantation of the surface of the Workpiece 30, regardless 
of the particular focal properties of the beam transport and 
scanning system. Accordingly, conventional systems often 
undergo a calibration operation to adjust the voltage Wave 
form of the beam scanner 36 to counteract the focal variation 
of the beam 24 along the scan direction and/or to compen 
sate for other beam irregularities. This is typically done in a 
point-to-point fashion by measuring a current density pro?le 
in a region at or near the Workpiece location that results from 
a beam set to the region. The pro?le region and the scanner 
voltage range are subdivided into corresponding intervals. 
For a given scanner voltage interval, a measurement sensor 
is located at the position corresponding to the center of the 
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interval, and the beam is directed at the region being 
measured. Such measurements are then repeated for each of 
the voltage intervals, and the ?nal scan Waveform is adjusted 
to compensate for pro?le non-uniformities. 

[0013] Although the conventional point-to-point scanner 
calibration techniques may be adequate Where the Width of 
the ion beam 24 is narroW and the beam Width is relatively 
constant across the target area, these techniques are less 
suitable in the case of Wider beams 24 and/or in situations 
Where the beam Width varies along the scan direction, as in 
the example of FIGS. 1F-1J. In particular, if the beam 24 is 
Wide and/ or variable across the target area, the point-to-point 
technique fails to account for the Workpiece dose produced 
by the beam some distance from the beam center. This 
situation is particularly problematic With loW energy ion 
beams 24 that experience space charge expansion (e.g., 
lateral divergence in the scan or X direction). 

[0014] Another consideration is the amount of beam over 
scan, Which includes the extent to Which the ion beam 24 is 
scanned past the edges of the Workpiece 30, as illustrated in 
FIG. 1E. In most applications, the beam 24 must be scanned 
beyond the target by an amount related to the Width of the 
beam 24 in order to achieve uniform implantation of the 
entire Workpiece surface. HoWever, the time that the scanned 
beam 24 spends outside the target area is essentially Wasted, 
and detracts from the system scan ef?ciency, de?ned as the 
time spent on the target Workpiece 30 divided by the total 
scan time. 

[0015] Accordingly there is a need for improved ion beam 
scanner calibration techniques by Which uniform implanta 
tion can be facilitated, and Which facilitates improved scan 
ef?ciency by determining the minimum overscan required to 
achieve uniform implantation of a Workpiece. 

SUMMARY OF THE INVENTION 

[0016] The folloWing presents a simpli?ed summary of the 
invention in order to provide a basic understanding of some 
aspects of the invention. This summary is not an extensive 
overvieW of the invention, and is neither intended to identify 
key or critical elements of the invention nor to delineate the 
scope of the invention. Rather, the purpose of the summary 
is to present some concepts of the invention in a simpli?ed 
form as a prelude to the more detailed description that is 
presented later. 

[0017] The present invention relates to systems and meth 
ods for calibrating an ion beam scanner in an ion implan 
tation system, in Which the current density contributions of 
multiple scanner voltage intervals are individually measured 
for multiple pro?le points along a beam scan direction to 
generate a system of linear equations, and a set of scan time 
values are computed for the voltage scan intervals corre 
sponding to a solution that reduces current density pro?le 
deviations. Unlike conventional point-to-point calibration 
techniques, the invention provides compensation for implant 
contributions produced by the beam some distance from the 
beam center, and is thus particularly suitable for use in loW 
energy ion implanters having relatively Wide beams and/or 
in situations Where the lateral beam Width varies along the 
scan direction to provide uniform implantation across a 
Workpiece surface. In addition, the invention may be 
employed to reduce excess overscan, thereby improving 
system scan ef?ciency Without sacri?cing implant unifor 
mity. 
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[0018] One aspect of the invention provides a method for 
calibrating an ion beam scanner in an ion implantation 
system, comprising measuring a plurality of initial current 
density values at a plurality of locations along a scan 
direction, Where the initial current density values individu 
ally correspond to one of a plurality of initial voltage scan 
intervals and to one of a corresponding plurality of initial 
scan time values. The method further comprises creating a 
system of linear equations based on the measured initial 
current density values and initial scan time values, and 
determining a set of scan time values for the voltage scan 
intervals that correspond to a solution to the system of linear 
equations that reduces current density pro?le deviations. 

[0019] Another aspect of the invention provides a calibra 
tion system for calibrating an ion beam scanner in an ion 
implantation system. The calibration system comprises a 
dosimetry system and a control system operably coupled 
With the dosimetry system and a poWer supply associated 
With a beam scanner, Where the dosimetry system measures 
a plurality of initial current density values at a plurality of 
locations along a scan direction in a Workpiece location of 
an ion implantation system. The control system causes the 
scanner to scan an ion beam across the Workpiece location 
of the ion implantation system in the scan direction accord 
ing to an initial set of voltage scan intervals and correspond 
ing scan time values so that the dosimetry system can 
measure a plurality of initial current density values at the 
plurality of locations along the scan direction in a Workpiece 
location of an ion implantation system, Where the initial 
current density values individually correspond to one of the 
plurality of initial voltage scan intervals and to one of the 
corresponding plurality of initial scan time values. The 
control system is further operable to create a system of linear 
equations based on the measured initial current density 
values and the initial scan time values, and to determine a set 
of scan time values for the voltage scan intervals corre 
sponding to a solution to the system of linear equations that 
reduces current density pro?le deviations. 

[0020] The folloWing description and annexed draWings 
set forth in detail certain illustrative aspects and implemen 
tations of the invention. These are indicative of but a feW of 
the various Ways in Which the principles of the invention 
may be employed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1A is a schematic diagram illustrating an ion 
implantation system With a conventional scanner and par 
alleliZer; 
[0022] FIG. 1B is a partial top plan vieW illustrating the 
scanner of FIG. 1B and several exemplary scanned ion 
beams; 
[0023] FIG. 1C is a graph illustrating an exemplary tri 
angular scanning plate voltage Waveform in the scanner of 
FIGS. 1A and 1B; 

[0024] FIG. 1D is a perspective vieW illustrating a 
scanned ion beam striking a Workpiece in the system of 
FIGS. 1A and 1B at several discrete points in time; 

[0025] FIG. IE is an end elevation vieW illustrating 
scanning of an ion beam across a Workpiece; 

[0026] FIGS. 1F-1J are partial front elevation vieWs illus 
trating variation in the ion beam Width upon striking the 
Workpiece in the ion implantation system of FIGS. 1A and 
1B; 
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[0027] FIG. 2 is a How diagram illustrating an exemplary 
beam scanner calibration method in accordance With one or 

more aspects of the present invention; 

[0028] FIG. 3A is a How diagram illustrating an exem 
plary measurement sequence that may be employed in the 
method of FIG. 2 in accordance With one aspect of the 
invention; 
[0029] FIG. 3B is a How diagram illustrating an exem 
plary measurement sequence that may be employed in the 
method of FIG. 2 in accordance With another aspect of the 
invention; 
[0030] FIG. 4A is a schematic diagram illustrating an ion 
implantation system With a calibration system comprising a 
control system and a dosimetry system in accordance With 
the invention; 

[0031] FIG. 4B is an end elevation vieW illustrating an 
exemplary plurality of pro?le point locations along a lateral 
beam scan direction at a Workpiece location in the exem 
plary implantation system of FIG. 4A in accordance With 
the invention; 

[0032] FIG. 4C is a graph illustrating partitioning of an 
initial triangular scanner voltage Waveform into a plurality 
of initial voltage scan intervals With a plurality of corre 
sponding scan time values in accordance With the invention; 

[0033] FIG. 4D is a schematic diagram illustrating an 
exemplary matrix of measured current density values in 
accordance With the invention; 

[0034] FIG. 5 is a How diagram illustrating an exemplary 
computation sequence that may be employed in the method 
of FIG. 2 in accordance With the invention; 

[0035] FIG. 6A is a schematic diagram illustrating an 
exemplary set of linear equations in accordance With the 
invention; 
[0036] FIG. 6B is a schematic diagram illustrating an 
exemplary pro?le deviation vector in accordance With the 
invention; 

[0037] FIG. 6C is a schematic diagram illustrating an 
exemplary time deviation vector in accordance With the 
invention; 
[0038] FIG. 6D is a schematic diagram illustrating an 
exemplary set of linear equations relating the pro?le devia 
tion vector of FIG. 6B to the time deviation vector of FIG. 
6C using the matrix of FIG. 4D; 

[0039] FIG. 6E is a schematic diagram illustrating a 
solution to the set of equations of FIG. 6D relating a time 
deviation solution vector to the pro?le deviation vector of 
FIG. 6B using an inverse of the matrix of FIG. 4D in 
accordance With the invention; 

[0040] FIG. 6F is a schematic diagram illustrating com 
putation of an exemplary scan time solution vector com 
prising the set of scan time values corresponding to the 
solution to the system of linear equations that reduces 
current density pro?le deviations in accordance With the 
invention; 

[0041] FIG. 6G is a graph illustrating an exemplary 
pieceWise linear calibrated scanner voltage Waveform cre 
ated using the initially de?ned scan voltage intervals and the 
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computed scan time solution vector of FIG. 6F to improve 
implant uniformity in accordance With the invention; and 

[0042] FIGS. 7A and 7B are schematic diagrams illus 
trating selective truncation of the matrix and scan time 
vector to eliminate excess overscan in accordance With the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0043] The present invention Will noW be described With 
reference to the drawings Wherein like reference numerals 
are used to refer to like elements throughout, and Wherein 
the illustrated structures are not necessarily draWn to scale. 
The invention provides methods and systems for calibrating 
an ion beam scanner in an ion implantation system, Which 
may be employed to improve implant uniformity and to 
improve system scan ef?ciency by reducing excess over 
scan. 

[0044] FIG. 2 illustrates an exemplary beam scanner 
calibration method 200 in accordance With one or more 

aspects of the present invention, in Which measurements are 
taken and computations are performed to determine a set of 
scan times for constructing a pieceWise linear scanner volt 
age Waveform to improve implant uniformity and to reduce 
excess overscan in an ion implantation system. FIGS. 3A 
and 5 illustrate exemplary measurement and computation 
sequences, respectively, that may be employed in the 
method 200, as described further beloW. While the exem 
plary method 200 and the exemplary measurement and 
computation sequences are illustrated and described herein 
after as a series of acts or events, it Will be appreciated that 
the present invention is not limited by the illustrated order 
ing of such acts or events. For example, some acts may occur 
in different orders and/or concurrently With other acts or 
events apart from those illustrated and/or described herein, 
in accordance With the invention. In addition, not all illus 
trated steps may be required to implement a methodology in 
accordance With the present invention. Furthermore, the 
methods according to the present invention may be imple 
mented in association With the implantation and scanner 
calibration systems Which are illustrated and described 
herein as Well as in association With other systems and 
devices not illustrated. 

[0045] The method 200 begins at 202 in FIG. 2, Wherein 
a plurality of initial current density pro?le measurements are 
taken at 300 at a plurality of locations along a scan direction, 
Where the measured values individually correspond to one of 
a plurality of initial voltage scan intervals and to one of a 
corresponding plurality of initial scan time values. The 
measurements at 300 may be taken using any suitable 
dosimetry equipment or other measurement system, Which 
may include one or multiple measurement sensors (e.g., 
dosimetry cups, etc.), Wherein the measurements may be 
taken concurrently or individually in any order, Wherein all 
such implementations are contemplated as falling Within the 
scope of the invention and the appended claims. One exem 
plary measurement sequence 300 is illustrated and described 
further beloW With respect to FIG. 3A in accordance With 
the invention. 

[0046] Computations are then performed at 400 in FIG. 2 
to determine a set of scan time values according to the 
measured current density values obtained at 300. At 404, a 

Jul. 6, 2006 

system of linear equations is created based on the measured 
initial current density values and the initial scan time values. 
A set of scan time values is then determined at 406 for the 
voltage scan intervals, Where the determined time values 
correspond to a solution to the system of linear equations 
that reduces current density pro?le deviations, and the 
method 200 ends at 204. The set of scan time values 
determined at 406 may then be used to create a beam scanner 

voltage Waveform for use in implanting Workpieces as 
illustrated and described further beloW With respect to FIG. 
6G. Alternatively, one or more iterations may be undertaken 
to re?ne the set of time values determined at 406, Which 
may, but need not involve rede?ning the number, siZe, or 
spacing of the voltage scan intervals. 

[0047] Referring also to FIGS. 3A-4D, FIG. 3A illus 
trates one example of a measurement sequence 300 that may 
be employed in the method 200, FIG. 4A illustrates an ion 
implantation system 110 With a calibration system compris 
ing a control system 154 and a dosimetry system 152 in 
accordance With the invention. In order to further illustrate 
the exemplary measurement technique 300 of FIG. 3A, 
FIG. 4B illustrates an exemplary plurality of pro?le point 
locations along a lateral beam scan direction at a Workpiece 
location in the implantation system 110, FIG. 4C illustrates 
an initial triangular scanner voltage Waveform segmented 
into a plurality of initial voltage scan intervals With a 
plurality of corresponding scan time values, and FIG. 4D 
illustrates a matrix of measured current density values in 
accordance With the invention. 

[0048] As shoWn in FIG. 4A, the exemplary ion implan 
tation system 110 is a loW-energy ion implanter With no 
linear accelerator (linac) components. HoWever, the inven 
tion may alternatively be employed in high or medium 
energy ion implanters, Which may include acceleration com 
ponents. The implantation system 110 comprises a terminal 
112, a beamline assembly 114, and an end station 116, 
Wherein an ion source 120 in the terminal 112 is poWered by 
a poWer supply 122 to provide an extracted ion beam 124 to 
the beamline assembly 114, Where the source 120 includes 
one or more extraction electrodes (not shoWn) to extract ions 
from the source chamber and thereby to provide the 
extracted ion beam 124 to the beamline assembly 114. 

[0049] The beamline assembly 114 comprises a 
beamguide 132 having an entrance near the source 120 and 
an exit With an exit aperture 134, as Well as a mass analyZer 
126 that receives the extracted ion beam 124 and creates a 
dipole magnetic ?eld to pass only ions of appropriate 
charge-to-mass ratio or range thereof (e.g., a mass analyZed 
ion beam 124 having ions of a desired mass range) through 
the resolving aperture 134 to a Workpiece location in the end 
station 116. Various beam forming and shaping structures 
(not shoWn) may be provided in the beamline assembly to 
maintain the ion beam 124 and Which bound an elongated 
interior cavity or passageWay through Which the beam 124 
is transported along a beam path to the end station 116. The 
illustrated end station 116 is a “serial” type end station that 
supports a single Workpiece (not shoWn) along the beam 
path for implantation (e.g., a semiconductor Wafer, display 
panel, or other Workpiece to be implanted With ions from the 
beam 124), Wherein a dosimetry system 152 is situated at the 
Workpiece location in FIG. 4A for calibration measurements 
prior to implantation operations. 
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[0050] The beamline assembly 114 further comprises a 
scanning system With a scanner 136 and a power supply 150 
coupled to scanner plates or electrodes 136a and 136b, 
Where the scanner 136 receives a mass analyzed ion beam 
124 along the beam path from the mass analyZer 126 and 
provides a scanned beam 124 along the beam path to a 
paralleliZer 138. The paralleliZer 138 then directs the 
scanned beam 124 to the end station 116 such that the beam 
124 strikes measurement sensor(s) of the dosimetry system 
152 at a generally constant angle of incidence. The scanner 
136 receives a mass analyZed ion beam 124 having a 
relatively narroW pro?le (e.g., a “pencil” beam in the illus 
trated system 110), and a voltage Waveform applied by the 
poWer supply 150 to the scanner plates 136a and 13619 
operates to scan the beam 124 back and forth in the X 
direction (the scan direction) to spread the beam 124 out into 
an elongated “ribbon” pro?le (e.g., a scanned beam 124), 
having an effective X direction Width that may be at least as 
Wide as or Wider than the Workpieces of interest. The 
scanned beam 124 is then passed through the paralleliZer 
138 that directs the beam toWard the Workpiece 130 gener 
ally parallel to the Z direction (e.g., generally perpendicular 
to the Workpiece surface). 

[0051] Referring also to FIG. 4B, the dosimetry system 
152 comprises one or more current density sensors (not 
shoWn), such as multiple conventional Faraday cups located 
at predetermined locations 160 along the scan direction, or 
a single sensor Which may be positioned at the various 
locations 160 for successive measurements of the amount of 
ions (current density) imparted by a scanned ion beam 124 
at a given location 160. U.S. Pat. No. 6,677,598, assigned to 
the assignee of the present invention, illustrates measure 
ment apparatus that may be employed in measuring current 
density values in accordance With the present invention, the 
entirety of Which is hereby incorporated by reference as if 
fully set forth herein. The dosimetry system 152 is opera 
tively coupled to the control system 154 to receive command 
signals therefrom and to provide measurement values 
thereto to implement the measurement aspects of the cali 
bration techniques of the invention as described further 
hereinafter. 

[0052] During initial setup or calibration of the system 
110, the dosimetry system 152 is positioned at the Workpiece 
location of the end station 116, as shoWn in FIG. 4A, and a 
Workpiece Width dimension 158 is partitioned in FIG. 4B 
into an initial set of pro?le intervals, Within Which an integer 
number m measurement locations (pro?le points) 160 are 
determined for initial measurement of current density values 
during scanning of the ion beam 124. In the illustrated 
example, the locations 160 along the scan direction are 
spaced from one another by a pro?le interval distance that is 
less than a lateral dimension of an ion beam 124, although 
other spacings are possible. In addition, the exemplary 
selection of the measurement locations 160 in FIG. 4B 
provides for generally even spacing, although the pro?le 
intervals need not be of equal lateral dimensions. 

[0053] Referring also to FIG. 4C, an initial voltage scan 
range 159 is selected, Which provides some measure of beam 
overscan beyond the ends of the Workpiece Width 158 (e.g., 
the scan range 159 is suf?ciently Wide to cause the scanned 
ion beam 124 to extend past the lateral edges of the 
Workpiece). The voltage scan range 159 is divided into an 
integer number n voltage intervals, as shoWn in FIG. 4C, 
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Wherein each interval extends betWeen a ?rst voltage Vi_l to 
a second voltage Vi for i=1 through n. FIG. 4C illustrates an 
initial triangle Waveform for the scanner voltage (V 136, 
V136b), Wherein the exemplary scan voltage intervals Vi_l to 
Vi are equal, and Wherein a corresponding set of n initial 
scan time values T01, T02, . . . , Ton are equal. Any initial 
range selection 159 and segmentation of the range 159 is 
possible Within the scope of the invention, Wherein the 
voltage intervals Vi_l to Vi need not be equal and the scan 
time values TOi need not be equal. Furthermore, as discussed 
beloW, the intervals may be changed or rede?ned folloWing 
an initial measurement (e.g., to reduce excess overscan 
and/or to improve uniformity), and the time values used in 
implanting Workpieces in the system 110 are determined or 
solved according to computations folloWing the initial mea 
surements (e.g., so as to improve implant uniformity) in 
accordance With the present invention. 

[0054] In a measurement operation during system calibra 
tion, the control system 152 of FIG. 4A controls the voltage 
of the poWer supply 150 such that the scanner voltage (e.g., 
the voltage difference betWeen the scanner plates 136a and 
13619) varies linearly betWeen the voltage interval endpoints 
over the initial scan time values, and the dosimetry system 
152 takes corresponding current density measurements to 
construct a matrix A, as shoWn in FIG. 4D. The control 
system 154 then performs various computations (e. g., at 404 
and 406 in the method 200 of FIG. 2 above) to determine a 
set of scan time values that correspond to a solution to the 
system of linear equations that reduces current density 
pro?le deviations. The dosimetry system 152 is then 
removed from the Workpiece location and the determined set 
of scan time values may then be used to create a beam 
scanner voltage Waveform for Workpiece implantation, for 
example, as shoWn in FIG. 6G beloW. 

[0055] Referring to FIG. 3A, the exemplary measurement 
sequence 300 of the method 200 is hereinafter described 
With respect to an implementation using the calibration 
system 152, 154 in the implanter 110 of FIG. 4A, the initial 
measurement locations 160 of FIG. 4B, and the initial 
voltage range segmentation of FIG. 4C. The measurements 
300 begin at 302, With the voltage span being de?ned at 304 
(e.g., the initial scanner voltage range 159 of FIGS. 4B and 
4C, Which extends beyond the voltages associated With the 
lateral edges of the Workpiece Width 158 to provide some 
amount of initial overscan). The voltage range 159 is then 
divided or segmented at 306 into an integer number n 
voltage intervals (a plurality of n intervals Vi_l to Vi for i=1 
through n as shoWn in FIG. 4C). The partitioning of the 
voltage range 159 at 306 and the assumed initial triangular 
scan Waveform of FIG. 4C de?ne the corresponding set of 
n initial scan time values TO1 through Ton, Which are equal, 
and Which together form a vector T0 of dimension n. 
HoWever, any initial scan Waveform may be used, Wherein 
the voltage partitioning and the Waveform selection de?ne 
the initial set of time values TO used in the measurements 
300, Wherein the initial time entries of the vector TO need not 
be equal. The lateral scan direction range (e.g., the Work 
piece Width 158 in FIGS. 4B and 4C) is then divided into 
multiple pro?le intervals, thereby de?ning an integer num 
ber m measurement locations along the scan direction (e.g., 
the locations 1601 through 160m in FIG. 4B). 

[0056] With the initial segmentation of the measurement 
range 158 and the voltage range 159, the control system 154 
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provides appropriate control signals to the poWer supply 150 
to cause the scanner 136 to scan an ion beam 124 across the 

Workpiece location in the scan direction X one or more times 

according to the n initial voltage scan intervals (Vi_l to Vi for 
i=1 through n) and the corresponding n scan time values 
(To), and also controls the dosimetry system 152 to measure 
a plurality of initial current density values Aj,i at the loca 
tions 160, Where the initial current density values Aj,i 
individually correspond to one of the n voltage intervals 
(Vi?l to Vi) and the corresponding scan time value Toi. In this 
regard, the illustrated measurement sequence 300 of FIG. 
3A is shoWn for the case of a single measurement sensor in 
the dosimetry system 152 that is moved from location to 
location, Wherein the beam 124 is scanned an integer num 
ber In times. However, feWer beam scans may be needed 
Where the dosimetry system 152 includes multiple sensors, 
for example, Where a single calibration measurement scan 
may be used if m sensors are provided at the locations 160. 

[0057] For the single sensor case in FIG. 3A, a measure 
ment counter j is set to a value of l at 310, and a voltage scan 
interval counter i is set to a value of l at 312. The calibration 
system 152, 154 then obtains a ?rst current density value Aj,i 
at 314, 316 representing the ?rst entry in to the matrix A of 
FIG. 4D. For this ?rst value AD, the control system 154 
directs the poWer supply 150 at 314 to scan the voltage (e. g., 
(Vl36a-Vl36b)) linearly from Vi_l to Vi over the correspond 
ing initial scan interval time Toi, and also directs the dosim 
etry system 152 to measure the resultant current density Aj,i 
at 316 at the measurement location j (e.g., at location 1601 
in FIG. 4B). This ?rst measurement A1, 1 represents the 
current density contribution at the ?rst location 1601 result 
ing from scanning the beam 124 from V0 to V1 over the time 
T01, and is placed in the ?rst roW, ?rst column position in the 
matrix A of FIG. 4D. 

[0058] A determination is made at 318 as to Whether i=n 
(e.g., Whether the entire voltage scan range 159 has been 
scanned). If not (N O at 318), the measurement sequence 300 
proceeds to 320 Where the voltage counter i is incremented. 
Thereafter, the scanner voltage is scanned across the next 
scan interval at 314 With i=2 (e.g., from V1 to V2 over the 
second initial time value T02), and another measurement is 
taken at 316. This second value Al,2 is placed in the ?rst roW, 
second column position of the matrix A, representing the 
current density contribution at the ?rst location 160, result 
ing from scanning the beam 124 from V1 to V2 over the time 
T02. 

[0059] Interval scanning and single position measure 
ments continue in this fashion (at 314, 316, 318, and 320) 
until i=n (e.g., at Which point the ?rst roW of the matrix A 
in FIG. 4D has been ?lled With values measured at the ?rst 
pro?le location 1601, Which individually re?ect the current 
density contributions at the location 1601 corresponding to 
scanning the beam 124 through one of the n initial voltage 
scan intervals Vi_l to Vi over the corresponding initial time 
value Toi. It is noted at this point that the summation of the 
values A1,i represents the total current density seen at the 
location 1601 resulting from scanning the beam 124 across 
the entire voltage scan range 159. This summation is there 
fore a better measure of the amount of ions implanted at the 
location 1601 during actual implantation than Was the mea 
surement obtained using the conventional point-by-point 
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technique, in Which the measurement at a given point Was 
taken only for current density resulting from the time When 
the beam Was at that point. 

[0060] When i becomes equal to n in FIG. 3A (YES at 
318), a determination is made at 322 as to Whether the 
measurement counter j is equal to m. If not (NO at 322), the 
measurement counter j is incremented at 324, and the 
process 300 returns to again set the voltage counter i to a 
value of 1. In the case of a single measurement sensor in the 
dosimetry system 152, the sensor Would be moved at this 
time to the next location 1601-. Thus, for example, When j is 
incremented at 324 after measurements at the ?rst location 
1601, the dosimetry system 152 is then con?gured to take 
measurements at the second location 1602. With i=1 and j=2, 
the process 300 proceeds to 314 and 316, Wherein the 
voltage is scanned at 314 from V0 to V1 over the corre 
sponding time T01, and a current density value A2,l is 
measured at 316 and placed in the second roW, ?rst column 
position of the matrix A, representing the current density 
contribution at the second location 1602 resulting from 
scanning the beam 124 from V0 to V1 over the time T01. The 
process 300 is then repeated in this fashion until the counter 
j=m (YES at 322), indicating that the m roWs of the matrix 
A have been ?lled, and the measurements 300 end at 326 in 
FIG. 3A. 

[0061] Referring to FIG. 4D, the exemplary measurement 
sequence 300 of FIG. 3A provides for m scans of the beam 
124 across the voltage range 150 (FIG. 4C) to obtain n><m 
measurements AD, using a single sensor in the dosimetry 
system 152, Wherein the matrix A is ?lled on a roW-by-roW 
basis. Alternatively, if m sensors are provided and positioned 
at the locations 1601-160m in FIG. 4B, a single scan of the 
beam 124 may be used, Where the scanner voltage (V136, 
Vl36b) may be transitioned linearly from VO through Vn 
according to the time values TO1 through Ton, With the 
dosimetry system 152 obtaining m measurement values Aj,i 
during each time interval Toi, Wherein a column of the 
matrix A is ?lled at the conclusion of each time value Toi. 
Any suitable measurement approach may be employed at 
300 Within the scope of the invention, by Which the matrix 
A is ?lled With the corresponding entry values AD, or 
otherWise by Which a set of linear equations may be derived 
based on measured current density values Aj,i that individu 
ally corresponding to one of a plurality of initial voltage scan 
intervals Vi_l to Vi and one of a corresponding plurality of 
initial scan time values Toi. 

[0062] In an alternative aspect of the present invention, the 
data may be collected in accordance With the method 300' of 
FIG. 3B, Wherein for each scan voltage interval i, an entire 
pro?le measurement is taken (e. g., Wherein j is incremented 
from 1 to m). For example, as illustrated in FIG. 3B, for a 
give scan voltage interval I (set at 312 or 320, the current 
density is measured across the entire measurement range at 
316, 322 and 324. When j=m (YES at 322), the measure 
ments have been taken across the entire measurement range, 
and the scan voltage interval is incremented in accordance 
With 318, 320 and the next scan voltage interval takes place 
at 314, Wherein current density is again measured across the 
entire measurement range at 316, 322 and 324. The process 
then continues until the entire scan interval range has been 
traversed (YES at 318), Wherein the measurement method 
300' concludes at 326. 
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[0063] Referring noW to FIGS. 2, 4A, and 5-6G, the 
control system 154 is further operable to create a system of 
linear equations based on the measured initial current den 
sity values Aj,i and the initial scan time values Toi, and to 
determine a set of scan time values TSOLUTION for the 
voltage scan intervals Vi_l to Vi, Where the values TSOLU 
TION correspond to a solution to the system of linear equa 
tions that reduces current density pro?le deviations. This set 
of interval scan times TSOLUTION may then be employed by 
the control system 154 to create a scanner voltage Waveform 
during implantation of Workpieces in the system 110. More 
over, the control system may determine the vector of solu 
tion time values TSOLUTION based on the full set of equations 
according to the full matrixA of FIG. 4D, or may selectively 
truncate the matrix A and the time value vector T if one or 
more columns of the matrix A are all Zero values (e.g., no 
non-Zero values), as illustrated and described beloW With 
respect to FIGS. 7A and 7B. Furthermore, one or more 
iterations may be employed after obtaining the initial matrix 
A, for example, Wherein the de?nitions of the voltage scan 
intervals Vi_l to Vi and/or the set of locations 160]- are 
re?ned, Where the numbers (n, m) of these may be adjusted 
as Well, Wherein all such variant implementations are con 
templated as falling Within the scope of the present invention 
and the appended claims. 

[0064] FIG. 5 illustrates one possible implementation of 
the computations 400 in the method 200 of FIG. 2 above, 
and FIGS. 6A-6G illustrate the various corresponding math 
ematical computations and matrix equations, as Well as a 
resulting voltage scan Waveform. The exemplary computa 
tions 400 begin at 402 in FIG. 5, Wherein a system of linear 
equations is constructed at 404 using the measurement 
matrix A of FIG. 4D, the corresponding initial time value 
vector TO, and a current density pro?le vector P, Where 
P=A*T in matrix notation. As illustrated in FIG. 6A, the set 
of linear equations are constructed as an initial pro?le vector 
P0 of vertical dimension In being equal to the matrix A (m><n) 
times the initial time vector T0 of dimension n. This equation 
set includes m individual equations With n unknowns, Where 
m is preferably larger than n. Each individual equation 
characterizes the cumulative current density contribution at 
the corresponding measurement location 160 With the scan 
ning of the beam 124 through the voltage scan intervals 
according to the interval times TO. 

[0065] The control system 154 then determines a set of 
scan time values at 406 for the voltage scan intervals, Where 
the determined time values correspond to a solution to the 
system of linear equations that reduces current density 
pro?le deviations. In this regard, the set of equations may be 
solved using any suitable techniques, including but not 
limited to the computations illustrated and described here 
inafter. 

[0066] At 407 in FIG. 5, the matrix A and the vector T 
may be selectively truncated to eliminate Zero matrix col 
umns and the corresponding time entries, as illustrated and 
described beloW With respect to FIGS. 7A and 7B. 

[0067] After any such truncation, the computations 400 
proceed to 408, Where a deviation vector AP is constructed 
for the pro?les and scan times, respectively. As shoWn in 
FIG. 6B, a pro?le average value P AVG is computed from the 
pro?le vector PO as the average of the m initial pro?le values, 
Wherein PAVG=(l/m)*(POl+PO2+ . . . +Pom), and a pro?le 
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deviation vector AP is computed, Which comprises m pro?le 
deviation values, Wherein APJ-=POJ-—PAVG for j=l through m. 
The resulting pro?le deviation vector AP thus represents the 
deviation of the current density at each measurement loca 
tion 160 from the average current density across the entire 
pro?le PO. As illustrated in FIG. 6C, a time value deviation 
vector AT is then de?ned, Wherein the entries ATi thereof 
represent the difference betWeen a corresponding solution 
set value TSOLUTIONi and the initial value TO1 (e.g., ATi= 
TSOLUTIONi—TOi, for i-l through n). 

[0068] Referring also to FIGS. 6D and 6E, the equations 
may be restated in terms of the deviation vectors AP and AT, 
Wherein AP=A*AT. In this regard, it is noted that it is 
desirable to minimiZe deviations in the current density 
pro?le across an implanted Workpiece. The expression of 
FIG. 6D in terms of the deviation vectors AP and AT alloWs 
the equations to be solved for a solution set of time values 
that Will optimiZe uniformity by minimiZing the pro?le 
deviations, Wherein the expression of FIG. 6D may be 
solved for the time value deviation vector AT, for example, 
by inverting the matrix A and multiplying the inverse A-1 by 
the pro?le deviation vector AP, as illustrated in FIG. 6E, 
Wherein AT=A_l*AP. 

[0069] At 410, an inverse matrix is computed from the 
initial matrix A, Where the inverse A-1 may be computed 
using any suitable techniques. For example, if m>n, the 
system of equations is over determined, and the inverse 
matrix A‘1 may be computed using singular value decom 
position (SVD). Other techniques are available, particularly 
if m=n. HoWever, it is noted that the voltage scan intervals 
and the pro?le intervals (measurement locations 160) can be 
de?ned independent of one another, Wherein it may be 
preferable to include a large number of measurement loca 
tions 160 to provide a better optimiZation, With relatively 
feW voltage scan segments to facilitate timely calibration. 

[0070] At 412 in FIG. 5, a time deviation solution vector 
ATSOLUTION is computed (e.g., the set of equations is 
solved) by multiplying the inverse matrix A“1 and the pro?le 
deviation vector AP to obtain the deviation solution vector 
AT comprising n scan time deviation values, Wherein 

SOLUTION 

ATSOLUTION=A_1*AP, as shoWn in FIG. 6E. Because the 
scan time deviation vector AT Was de?ned in FIG. 6C as 

AT=TSOLUTION—TO, a scan time solution vector TSOLUTION 
is then computed at 414 by adding the scan time deviation 
vector ATSOLUTION and the initial scan time vector TO, 
Where the scan time solution vector TSOLUTION comprises 
the set of scan time values corresponding to the solution to 
the system of linear equations that reduces current density 
pro?le deviations, and Wherein TSOLUTION=ATSOLUTION+ 
TO, as illustrated in FIG. 6F, after Which the computations 
400 end at 416. 

[0071] Referring also to FIG. 6G, the solution set of scan 
time values TSOLUTION may then be used to create a piece 
Wise linear beam scanner voltage Waveform for use in 
implanting Workpieces. In operation of the system 110 (FIG. 
4A) to implant Workpieces, the control system 154 controls 
the poWer supply 150 to provide the Waveform of FIG. 6G, 
Wherein the scanner plate voltage (V136a-V136b) transition 
linearly in each voltage interval (e.g., from Vi_l to Vi) in the 
time TSOLUTIONi for each fast scan across the lateral scan 
direction (the X direction), as the Workpiece is translated 
along the sloW scan direction (the Y direction), to achieve 










