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(57) Abstract: An ion implantation system (200) comprises a plasma source (204) for providing plasma (140) and a workpiece hold -
er (210) arranged to receive a bias with respect to the plasma to attract ions across a plasma sheath toward the substrate. The system
may also include an extraction plate arrangement (101) comprising a multiplicity of different apertures (112, 114, 116) each ar-
ranged to provide an ion beam (122, 124, 126) having tons distributed over a range o angles of incidence on the workpiece, wherein
a first ion beam extracted from first aperture has a first beam profile that differs from a second ion beam extracted from a second
aperture.



WO 2012/138482 PCT/US2012/030148

APPARATUS AND METHOD FOR MULTIPLE SLOT ION IMPLANTATION

Field
{0001 This fnvention relates to the implantation of workpicces and, more particularly, to a

method and apparatas for implantation of workpieces using multiple ion beaunts.

Background
{0002 fon implantation is a standard fechoique for introducing property-aliering impurities into

substrates. A desired impurity material is jonized in an lon source, the tons are accelerated to form an
ton beam of prescribed energy, and the ion beam is directed at the surface of the substrate. The energetic
ions in the beam penetrate into the sub-surface of the substrate material and are embedded into the
crystalline lattice of the substrate material to form a region of desived conductivity or material property.

{0003] In conventional beamline fon implantation processes, ions are provided toward a
substrate in beams that may comprise generally parallef ions. Thus, for a given substrate orientation with
respect o the ion beam principle axis, the ions impinge at the same angle of incidence. This facilitates
control of implantation of ions info the substrate since for any given substrate orientation, the direction of
ion implantation is well characterized. However, when multiple angle implantation is desired, it is
necessary to move the subsirate orientation or beam direction., Moreover, the ton beam generally covers
a wide area of the substraie, requiring masking in order to implant only desired areas.

F0004] Recently, techniques and apparatus have been developed to provide ions to a substrate
over a range of angles. FIG. 1 is a block diagram that depicts a plasma processing apparatus that
provides jons at multiple angles o & substrate. The system 480 includes a plasma source 401, an
extraction plate 11 {or sheath engingering plate}, and a process chamber 402, A gas source 404 is
connected to the plasma source 401, The plasma source 401 or other corponents of the system 400 also
may be connected to a pump (not shown), such as a turbopurap. As ilustrated, the plasma source 401 is
an RF plasma source with an RF source generator 408 and an RF matching network 408, The plasma
source 401 is surrounded by an enclosure 41 { and a DC break 410 separates the enclosure 411 from the
process chamber 402, The process chamber 402, plasma source 401, or platen 403 may be grounded.

{0001}  The extraction plate 11 is used to extract ions 102 for implantation into a workpiece
(substrate) 100. The extraction plate 11 may be cooled. The plasia source 401 may be biased and a bias
power supply (not shown} may be provided to provide a continuous or puised bias on the substrate with
respect to the plasma 140 to atiract the ions 406, The extraction plate 11 may have at least one aperture
407, through which ions 102 are provided to substrate (workpiece) 100, Additional description related
processing systems can be found in co-pending U.S. patent application Ser. Nos.: 12/417,929, filed April

3, 2009, and issued as U, 8. patent No. 7,767,977; 12/418,120, filed April 3, 2010; 12/644,103, filed
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December 22, 2009; and 12/848,354, filed August 2, 2014, each of which is herein incorporated in its
entirety by reference.

{0002} An ton beam extracted from a plasma using system 400 may be used to simultaneously
provide to substrate 100 tons over a range of angles if desived without requiring complicated masking or
lithography procedures. In view of the above, it will be appreciated that it may be useful to provide
improvements 1o such a system that facilitate additional capabilities for processing substrates.

Summary

[0003]  In one embodiment, an ion implantation apparatus comprises a plasma source for
providing a plasma and a workpicce holder arvanged to receive a bias with respect to the plasma to attract
ions across a plasma sheath toward a workpiece. The apparatus may also include an extraction plate
assembly comprising a multiplicity of different apertures each arranged to provide an ton beam having
ions distributed over a range of angles of incidence on the workpiece, wherein a first ion beam extracted
from a first aperture has a first beam profile that differs from a second ion beam extracted from a second
aperture.

In another embodiment, a method of processing a substrate comprises providing a first {on
beam having a first profile of ions distributed over a range of angles of incidence on the substrate and
providing a second ion beam having a second profile of ions distributed over a range of angles of
incidence on the substrate wherein the first ion beam has a first beam profile that differs from a
second jon beam profile of the second ion beam.

Brief Description of the Drawings

100041 For a better understanding of the present disclosure, reference is made to the
accompanying drawings, which are incorporated herein by reference and in which:

FIG. 1 is a block diagram of a plasma processing apparatus using a single aperture;

FIG. 2 is a processing system consistent with an embodiment of this disclosure;

F1Gs. 3a and 3b depict plan views of alternative extraction plate embodiments;

FiG. 4 depicts details of ion beam geometry for an extraction plate embodiment;

FiG. 5 depicts a cross-section of ton beams produced by an extraction plate embodiment
having multiple apertures;

FIGs, 6a-¢ depict exemplary ion distribution curves that may be produced by a multi-aperture
extraction plate embodiment;

F1Gs. Ta-c depict exemplary aperture cross-sections;

FIGS. 8a-c depict details of ion treatment of a substrate foature using respective wide,
medium, and narrow apertures; and

FIGS. 9a-d depict exemplary steps involved in a substrate processing method using a mult-

aperture extraction plate embodiment.

]
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Detailed Description

{00065} Embodiments of a system and method are described herein in connection with
implantation of workpieces (subsiraies). In various embodiments, this system can be used with, for
example, semiconductor substrates, bit-patterned media, solid-state batteries, or flat panels. Thus, the
invention is not limited to the specific embodiments described below.

{3006]  In various embodiments, an fon implantation system includes a plasma source and an
extraction plate arrangement {(also termed extractor) that is arranged to provide multiple ion bearos using
multiple extraction apertures toward a workpiece (substrate). fn various embodiments the extraction
plate arrangement may comprise a single exiraction plate that includes multiple exiraction apertures in
which a first aperture differs from a second aperture. Accordingly multiple different ion beams may be
provided simultancously toward a workpiece.

(00071 The extraction plate arvangement may be arranged as a plasma sheath modifier wherein
the multiple apertures are arranged to modify the shape of a plasma sheath boundary proximate the
workpiece. The plasma sheath boundary shape in each aperture may be arranged to extracts tons through
the apertures over a range of angles and to thereby provide an ion beams whose fons impact a workpiece
over a range of angles.

{008} In various embodiments, the systems may be provided with a scanning mechanism to
scan the workpiece with respect to an extraction plate arrangement. In some embodiments, the ion
implantation systern may be arranged to sean a workpiece under multiple different apertures, thus
gxposing the workpiece to treatment from multiple different ion beams. In accordance with various
embodiments, methods of treating a workpiece involve the exposure of a workpiece to multiple different
ion beams in a novel and inventive manner. Such treatments may be arranged fo optimize a temperature
profile in a workpiece, to provide an optimized distribution of angles for ions impinging on a workpiece,
and 1o provide complex patterning of & workpiece, among other features.

F0009] FIG. 2 depicts an ion implantation systern 200 consistent with an embodiment of this
disclosure, System 200 includes a plasma source 204 arranged to generate a plasma 140 in a chamber
202. Plasma source 204 may be an RF plasma source, inductively-coupled plasma (ICP) source,
indirectly heated cathode (THC}, helicon, glow discharge source, or other plasma sources known to those
skilled in the art. An exiraction plate 101 may be arranged along an edge of plasma 140 with multiple
apertures 112-116 through which ion beams 122-126 may be extracted. A bias voltage may be applied
between workpiece holder 210 and plasma 140 to define an ion energy of ions extracted through
apertures 112-116 and impinging on workpiece 100, The workpicee holder 210 may receive a voltage
potential that biases the holder 210 with respect to the plasma 140 in different ways. In one embodiment,

the workpiece holder may receive a ground potential and a positive voltage may be applied to the plasma
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{source), while in anocther embodiment, the workpiece may receive a negative voltage and the plasma
{source) may be set at ground potential or at 8 more positive voltage than the workpicce holder. As
iltustrated the ion beams 122-126 may vary between one another in at least one characteristic. In
particular, the ton beam profile may vary between beams 122, 124, and 126, The term “ion beam
profile” is used herein to refer to characteristics of an ion beam that may include, among other features,
the ton beam width, the ion beam shape, and the distribution of angles of incidence formed by jons
within the jon beam. In some embodiments, the ion beams may vary in width, as suggested by FIG. 2.
System 200 also includes a region 208 (which may be a process chamber) that contains a workpiece
holder 210 for supporting a workpiece 100, As detailed below, the apertures of extraction plate 101 may
be arranged to extract lons from plasma 140 over a range of angles such that jons in beams 122-126
impinge on workpiece 100 over a range of angles of incidence. Systern 200 may also include a scanning
mechanism (not explicitly shown) that provides for workpiece holder 210 to be scanned along a direction
110 with respect to extraction plate 101, In some embodiments, extraction plate 101 may be stationary,
while workpiece holder 210 is movable, while in other crabodiments, extraction plate 101 may be
movable while holder 210 is stationary, while in still other embodiments, both holder 210 and extraction
plate 101 may be movable.

{30101 fn various embodiments, system 200 may be arranged to scan the same pottion of 8
waorkpiece 100 under more than one of apertures 122-126. In this manser, portions of workpiece 100
may be sequentially exposed to muliiple different ion beams, allowing the workpiece to be subjected to
varyving ion ireatments. In some embodiments, this multiple ton beam treatment may be accomplished
without otherwise changing operating parameters in systemn 200, In other words, the plasma operating
conditions and workpisce bias may be held constant, while portions of workpiece 100 are scanned under
two or more of apertures 112-116. The exposure of the same region of a workpiece to multiple different
ion beams may provide a convenient means to tailor the treatment of workpiece 100 in novel ways, as
detailed beiow,

(0011} F1Gs. 32 and 3b depict a top plan view of alternative embodiments of extraction plate
arrangement 101, In FiGs, 3a, and 3b, and in the discussion to follow, extraction plate embodiments may
be described that generally exhibit three different apertures. However, the depiction of embodiments
amount of apertures numbering two or greater are possible. FIG. 3a depicts an extraction plate 101 that
is a single piece that contains three separate apertures 112-116 in which the aperture width varies
between apertures. FIG. 3b depicts an extraction plate arrangement 101 that comprises three separate
plates 122-126 each of which includes a single aperture. In both arrangements, the apertures may be
scanned in concert with one another along divection 110 such that one or more regions of workpiece 100

are exposed to beams from each of two or more of apertures 112-116 in succession. Moreover,
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extraction plate arrangernent 101 may be an insulator, semiconductor, or conductor. I one embodiment,
a wide aperture may have a width of about 10 mm, 2 medium aperture a width of about 3 mm, and a
narrow aperture a width of about | mm. Because beamns 122-126 may iu general vary in properties
between one another, the successive exposure {o the different beams may afford the ability to treat the
substrate 100 in a single scan in a manwer not possible using conventional ion beam systems.

100121 in Figs. 3a, 3b the three apertures 112-116 are depicted as having an elongated slot
shape. However, in other embodiments, the apertures may be cireular, square, or may have any arbitrary
shape, and may comprise any desived number of apertures. Moreover, in various other embodiments a
series of different apertures may be arranged in any desired order. For example, a series of three or more
different apertures need not be arranged next on one another in order of increasing size. Thus, in one
arrangement, in a given scan, a workpiece may be exposed to a large aperture, small aperture, and
medium aperture in succession.

(D013]  FIG. 4 depicts details of ion beam geometry for ion beams produced by aperture plate
101 according to various embodiments. The exiraction plate 101 is configured to modify an electric field
within the plasma sheath 242 to conirol a shape of a boundary 241 proximate aperture 124 between
plasma 140 and the plasma sheath 242, In this example, the plasma sheath boundary (portion} 241 has a
convex shape with respect to the plane of substrate 1080, Similarly, the local shape of the plasma sheath
boundary is alse modified proximate apertures 112 and 116 to form convex plasra sheath boundary
portions 244 and 246, respectively. For clarity, in FIG. 4, only ions extracted from boundary 241 are
ilfustrated. However, in operation, ions may also be extracted through the other apertures as illustrated in
the other figures. fons 124 that are attracted from the plasma 140 across the plasma sheath 242 may
strike the workpisce 108 at a large range of incident angles. Several different trajectories of tons
accelerated from boundary portion 241 are illustrated, however ions accelerated trorm portions 242 and
246 may also form a range of incident angles.

100141 fons 124 may be attracted from the plasma 140 across the plasma sheath 242 by different
mechanisms. In one nstance, the workpiece 100 is biased to atiract ions 124 from the plasma 140 across
the plasma sheath 242, The ions 124 may be a p-type dopant, an n-type dopant, hydrogen, a noble gas,
or other species known to those skilled in the art,

FO015] When the workpiece 100 is blased, for example, the fons 124 are attracted across the
plasma sheath 242 through aperture 114, For instance, ions following trajectory path 271 may strike the
workpicce 100 at an angle of +8° relative to the direction 118, which lies perpendicular to plane 151,
lons following trajectory path 270 may strike the workpiece 100 at about an angle of §¥7 relative to
direction 118, while ions following trajectory path 269 may strike the workpiece 100 at an angle of -8
relative to direction 118, Accordingly, the range of incident angles may be between +8” and -6" centered

about 0", In addition, some ion trajectories such as paths 269 and 271 may cross each other. Depending
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on a number of factors ineluding, but not limited to, the horizontal disnension W, of gap 114, the vertical
spacing (7 of extraction plate 101 above substrate 100, the dielectric constant of the extraction plate
101, or other process parameters of the plasma 140, the range of incident angles (€} may be between +60
and -60° centered about §° with respect to direction 118,

{00161  Asdepicted in FIG, 4, plate 101 may be positioned along direction 118 at different
vertical spacings (£) above the plane 151 defined by the front (top) surface of the workpiece 100 in
different embodiments. Depending on the separation 2, the shape and width W of {on beam 124 may
vary. For example, at a separation 7, corresponding o plane 1514, lon beam 124 may first form a focus
at point P and diverge to form a spread-out beam having a width G when it iropacts substrate 100. On
the other hand, if the separation is arranged 1o be at plane 1351h, corresponding to focal plane P, the ion
beam 124 may form a narrow beam width when impacting substrate 100, At a separation £
corresponding to plane 151¢, a convergent ion beam 124 may impact substrate 100 in a wider area than
at point P, as illustrated. Beams exiracted from aperiures 112 and 116 may also vary in their widths
corresponding to changes in separation Z between extraction plate 101 and substrate 100

{00171  Furthermore, because the different apertures 112, 114, 116 may vary from one another in
at least one aspect, at any given separation Z, the beams 122, 124, and 126 may also vary between each
other at the surface of substrate 100. FIG. 3 depicts one embodiment of an extraction plate in which
beams 122, 124, and 126 create different respective implant widths W,, Ws, W5 on workpiece 104, In
addition to affecting bearn implant widths, the variation in aperture propertics between apertares 112,
114, and 116 may also result in other differences in beam properties between beams 122, 124, and 126,
such as differences in current density and/or differences in {on trajectories. In particular, each beam may
have a different distribution of angles of incidence 8 of the lons (see FIG. 4 for one example of several
ion trajectories) as they impact the workpiece 100, In accordance with some embodiments, parameters
that ray be adjusted to influence the distribution of ion trajectories within each beam may include the
aperture widihs W -W,, the plasma power, gas pressure, plasma-workpiece bias, extraction plate-
workpiece separation, among other factors,

(0018}  Accordingly, as depicted in FIG. 5, at any given instant, the different regions A, B, Cof
workpigce 100 may be subject to substantially different ion bombardment conditions from respective ion
beams 122, 124, and 126, By providing scanning along direction 110, the same area of workpiece 100
may be successively exposed to ion bombardment from beams 122, 124, and 126, Ag detatled further
below, this combination of exposures to different ion beams may be tailored to achieve a desired
substrate treatment,

[0019]  Figures Sa-c depict exemplary curves illustrating current density of ions as a function of
angle, which may represent the distribution of fons over different incidence angles at a surface of

workpiece 100 using three different aperture widths. Referring also to FiGs. 4 and 3, in one embodiment
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the curves 162, 164, 166 may correspond to the distribution of ions in lon beams 122, 124, 126 for an
extraction plate-workpiece separation /5. The curves may represent the lon flux detected as a tunction of
ion incidence angle with respect to a notmal {parallel to direction 118) to the plane 151c of substrate 100,
Curve 162 exhibits a wide range of angles of incidence from —X° to +X° that forms a bimadal
distribution, in which two peaks 168 and 170 are disiributed on either side of normal incidence angle
{0°). This indicates that a larger fraction of lons topinge on workpiece 100 at angles substantially
different from normal incidence. At normal incidence, the curve 162 shows a minimum, indicating that
fewer normal incidence ions impinge upon the substrate 100 than tons incident at other angles, Curve
164, corresponding to ion beam. 124 exhibits a qualitatively similar shape to that of curve 162, in that the
distribution has two peaks 172 and 174, In this case, the peak separation may be smaller than for curve
162, indicating that the peak incidence angles 172, 174 are closer to normal than peaks 168 and 170, In
contrast, curve 166 exhibits a single peak 176 centered at normal incidence.

[0020]  FIGS. 7a-c illustrate different embodiments of cross-sectional shapes for apertures that
may be empioyed in multi-aperture extraction plate 101, Each aperture illustrated in FiGs. 7a-7¢ may,
but need not, have a generally elongated shape in plan view, as depicted, for example, in FIGs, 3.
Aperture 180, which has a straight bore sidewall 180a, may be employed, for example, to reduce ion {lux
from glancing incidence angles, while aperture 182, having a beveled sidewall 182a, may be used to
increase fon flux from glancing incidence angles. Aperture 184, having a bevel-and-arc shaped sidewall
184a, may be employed to reduce beam clipping. Consistent with various embodiments, any of the
above aperture cross-sectional shapes may be employed in any of the apertures of a multi-aperture
extraction plate, such as extraction plate 101,

00211 In various embodiments of a2 multi-aperture extraction plate 101, in addition to- or
instead of varying the aperture width between different apertures {as illustrated in F1Gs. 3-3), the cross-
sectional shape of apertures may be varied between apertures. Thus an embodiment of extraction plate
101 may comprise three apertures whose respective cross-sectional shapes are represented by those
depicted in FIGs. Ta-c. In this embodiment, each aperfure may provide an ion beam whose
characteristics differ from those produced by the other two apertures.

10022} Advantageously, an ion implantation system arranged in accordance with the present
embodiments may treat a workplece to puiltiple ion beams in which the ion distribution, beam width,
and/or current density, among other factors, is varied between beans, as represenied by FIGs. 53-7. By
providing multiple different beams that may be applied to the same area of a workpiece in a single scan,
the present embodiments facilitate novel jon treatment of workpieces. This may be used to control the
temperature profile of a workpiece during jon implantation, to control the total distribution of angles of

incidence of ions provided to a workpiece, and to provide complex patterning of a workpiece in which
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the ion beam focal point is varied in conjunction with other parameters, such as tmplantation duty cycle
and/or scan speed.

(00231 FIGs. 8a-¢ depict an embodiment of multi-aperture ion beam bombardment of a
workpiece using a series of three apertures that may be arranged in a single extraction plate. In this
example, a sequence of ion bornbardment steps may be applied to a patierned substrate feature 190 by
seanning apertures 112, 114, and 116 sequentially over the feature. lons provided by apertures 112, 114,
and 116 may impact feature 190 over respective angular distributions 162, 164, and 166, as described
above and illustrated schematically in F1GS. 8. The different distributions of ions may impact the
sidewalls 192, and top 194 of patterned feature 190 differently, as illustrated. One advantage provided
by this multiple ion beam bombardment is the ability to tatlor the sequence of different exposures
according to the desired impact on the substrate feature. Thus, it may be desirable to treat the sidewalls
(and/or top) surfaces of a relief feature by more glancing incidence ions first {or last) in order to modify
the surfaces of the relief feature. The multiple ion bombardment schene afforded by the multiple
apertures 122-116 may also provide a convenient means to optimize ion dose at different angles over a
range of ion angles of incidence in a manner not possible using conventional ion implantation or using a
single aperture type having a singular ion distribution.

[0024]  In other embodiments, a multiple aperture exiraction plate may be used to improve
control of subsirate temperatare during ion implantation. For example, conventional ion implantation is
known as a means to perform amorphizing implants in which crystalline material in a substrate is
rendered amorphous using ion bombardment. In order to perform an improved amorphization process
according to the present embodinient, an aperture, such as aperture 116, may be selected to provide a
more focused ion beam 126 to a substrate 100, as depicted in FEG. 5. The more focused ion beam may
cause an amorphization point in the substrate to be reached sooner. In order to avoid excessive thermal
stresses that may otherwise be incurred using the rmore focused beam to amorphize the substrate, a
defocused beam may be first provided to the area of the substrate to be amorphized.

10025 FiGs. 9a-9d depict one embodiment of processing a substrate [00 using a muiti-aperiure
extraction plate 201 to expose the substrate with two different fon beams. The first ion beam 122,
provided through slot 112, may form a broad implanted area of width W at the substrate surface that
provides gradual heating to the substrate 100 over a wide area. The second ion bearn 126, provided
through slot 126, may form a narrow toplanted area (not specifically shown) that amorphizes the
substrate locally and may add additional localized heating to the subsirate. As depicted in the FIGs. 9a-d,
during troplantation, substrate 100 may be scanned firstly under aperture 112, followed by scanning
under aperture 116, At the instant depicted in Fig. 9a, substrate 100 is partially scanned under aperture
112, forming pre-heated region 100a. At FIG. 9b, substrate 100 has been further scanned under aperture

112, such that the preheated region 110a has expanded laterally. AtFIG. 9¢, substrate 186 has been
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partially scanned under aperture 116, forming amorphized zone 100b, which may be disposed within pre-
heated zone 100a. At FIG. 94, substrate 10 has been further scanned under aperture 116, resulting in
an expansion of amorphized zone 100b. Because the amorphized zone 100b is formed within a
preheated substrate region 100a, amorphization may take place without inducing deleterious thermal
stresses. For example, the preheated zone 110a may provide a thermal profile in the subsirate 100 that
reduces any thermal gradient induced by heating from the amorphization processes caused by beam 126,
In this manner, the two beams provided by extraction plate 201 interoperate (o provide an improved
substrate amorphization process.

{0026]  In various embodiments, the scan rate of a workpicce with respect to extraction plate
may be varied to provide further control of fon beam processing of a workpiece. For example, a
workpiece of portion of a workpiece could be scanned at a first rate when exposed to a wide aperture and
a second rate when exposed to a narrow aperture.

{00271 In various embodiments, application of bias between plasma and workpicce may be
synchronized with the scanning of a workpiece under extraction plate, such as extraction plate 101, In
one exaraple, a wide aperture may be scanned to apply a blanket ion exposure to a substrate, while a
narrow aperture is scanned over the substrate with an intermittently applied substrate bias voliage. such
that only select areas of the substrate receive lons from the narrow aperture at the desired ion energy.
Implantation may be further controlied using pulsing of substrate bias such that the duty cyele of the
applied bias is varied according to the intended implantation profile for a substrate. For example, a first
substrate bias voltage duly cycle may be applied using a first aperture that produces a first ion beam
width and first angular distribution of ions, while a second substrate voltage duty cycle is applied using a
second aperture that produces a second ion beam width and second angular distribution of ions. This
may facilitate complex patterning of a workpiece by providing further control of the relative amount of
exposure to different types of ion beams.

[0028]  In various other embodiments, instead of using a single extraction plate, an exiraction
plate system may comprise a set of similar extraction plates arranged in series in a triode, pentode, or
other configuration.

{0029 The methods described herein may be automated by, for example, tangibly embodying a
program of instructions upon a computer readable storage media capable of being read by machine
capable of executing the instructions. A general purpose computer is one example of such a machine. A
non-limiting exemplary fist of appropriate storage media well known in the art inchudes such devices as a
readable or writeable CIJ, flash memory chips {e.g., thumb drives), various magnetic storage media, and
the like.

{00301 In particular, steps for varying the DC extraction voltage and/or workpiece scan rate may

be performed at least partially by a combination of an electronic processor, computer readable memory,

Q
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andifor conputer readable progrant. The computer memory suay be further configured 1o morive, display
amd store process histery informativn associated with oppration of a plasm system and as exemplified by

the stored volinge values,

JOOR1] The present disclosure s 0ot to be Hmblad in scope by the speeific embortiments
dessribad horetn, Indead, other various erabodiments of and modifications 1o the present disclosure, in

adeition to thuse deseribed ht:ra%im will be appavent tothose of vrdlinmry skill in tee art fror the Rwegding
deseription und sceompanying drawings, Thus, such sher smbadioents and owdifications arg intgnded
g Bl within thescope of the preseat disclosure. Furthtrmore, although the prosent disclosure hay been
deseribet herein in the contest of & partivnlyy inplamentativn in 8 m:m‘uiar envitonment i s partioular
prrpose, those of ordinary shill in the st witl recogaize that its usefulpess i not limited thereto and that
the present disclosare may be benefivially mplemented in any nwober of erveironmments for any mumber
of purposss. Thus, the olaime set forth below should be constrased in view of the Bl breadth and splrit of

the present disclosure as deseribed haesn,
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What is clavmed is:

1. An ion implantation system, comprising:
a plasma source for providing a plasma;
a workpiece holder arranged 1o receive a bias with respect to the plasma to attract ions across
a8 plasma sheath toward a workpisee; and
an exiraction plate having a plurality of apertures gach arranged fo provide an ion beam
having ions distributed over a range of angles of incidence on the workpiece, wherein a first ion beam
extracted from a first aperture has a first beam profile that differs from a second ion beam extracted
from a second aperture.
2. ‘The ion implantation system of claim 1, wherein a first of the plurality of apertures has a first
width and a second of the plurality of apertures has a second width which differs from the first width
wherein cach of the first and second apertures is configured to modify a local shape of the plasma sheath
proximate that aperture.
3. The ion implantation system of claim 1, wherein, af a surface of the workpiece, a first
beamwidth of the first beam differs from a second bearmwidth of the second beam.
4. The jon implantation system of claim 1, wherein a first sidewall profile of the first aperture
plate differs from a second sidewall profile of the second aperture plate.
3. The ion implantation sysiem of clatm 1, wherein a first sidewall profile of the first aperture
and second sidewall profile of the second aperture are the same,
6. The lon implantation systers of claim 4, wherein the first sidowall profile comprises one of a
bevel; a straight through bore, and a bevel-and-arc.
7. The ion implantation systemn of claim 4, wherein the first and second sidewall profile
comprise one of a bevel; a straight through bore, and a bevel-and-arc.
8. The ion implantation system of claim 1, wherein the first ion beam profile comprises a
bimodal distribution of angles of incidence and the second ion beam profile comprises a monomodal
distribution of angles of incidence.
9. The ion implantation system of elaim 1, wherein the first ion beam profile comprises a first
bimodal distribution of angles of incidence having a first peak separation and the second ion beam
profile comprises a second bimodal distribution of angles of incidence having a second peak separation.
10 The ion implantation system of claim 1, wherein the extraction plate arrangement and
workpiece holder are scannable with respect to one another,
il The ion implantation system of claim |, the extraction plate arcangement comprising a
multiplicity of extraction plates arranged in series.
i2. The ion implantation apparatus of claim |, the extraction plate arrangement comprising a

single exiraction plate, wherein the single extraction plate includes the first and second apertures.

11
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13 The ion implantation apparatus of claim 1, the workpiece holder being biased at
ground potential and the plasma being biased at a different potential than ground potential.
14, A method of processing a substrate, comprising:
providing a first ion beam having a first profile of ions distributed over a range of angles of
incidence on the subsirate; and
providing a second ion beam having a second profile of ions distributed over a range of angles
of incidence on the substrate wherein the first ion beam has a first beam profile that differs from a
second jon beam profile of the second ion beam.
15, The method of claim 14, the providing the first and second ton beams comprising:
providing an extraction plate adjacent to a plasma chamber containing a plasma, the
extraction plate configured with first and second apertures arranged to modify a shape of a plasma
sheath adjacent the extraction plate.
8. The method of claim 15, comprising providing the first aperture with a first width differing
from a second width of the second aperture.
17 The method of claim 16, comprising scanning the first and second ion beams with respect o

a planc of the substrate.

8. The method of claim 17, comprising scanning the first and second lon beams over a same
region of the substrate.
i9. The method of claim 14, further comprising:

providing the first ion beam with a monomodal distribution of angles of incidence and
providing the second ion beam with a bimodal distribution of angles of incidence.
20. The method of claim 14, wherein the first and second ton beams are provided sequentially to

the substrate without breaking vacuum in a process chamber containing the substrate.
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