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Field

AT,

This invention relates to the implantation of workpieces and, more particularly, to a

method and apparatus for focused implantation of workpieces.
Background

lon implantation is a standard technique for introducing property-altering impurities into
substrates. A desired impurity material is ionized in an ion source, the ions are accelerated to
form an ion beam of prescribed energy, and the ion beam is directed at the surface of the
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 desired conductivity or material property.

Solar cells provide pollution-free, equal-access energy using a free natural resource. Due
to environmental concerns and rising energy costs, solar cells, which may be composed of silicon
substrates, are becoming more globally important. Any reduced cost to the manufacture or
production of high-performance solar cells or any efficiency improvement to high-performance
solar cells would have a positive impact on the implementation of solar cells worldwide. This will
enable the wider availability of this clean enargy technology.

Doping may improve efficiency of solar cells. This doping may be performed using ion
implantation. FiG. 1 is a cross-sectional view of a selective emitter solar cell 10. [t may increase
efficiency (the percentage of light converted to electrical energy) of a solar cell to dope the
emitter 200 and provide additional dopant to the regions 201 under the contacts 202. More
heavily doping the regions 201 improves conductivity and having less doping between the
contacts 202 improves charge collection. The contacts 202 may cnly be spaced approximately
2-3 mm apart. The regions 201 may only be approximately 100-300 ym across. FiG. 2isa
cross-sectional view of an interdigitated back contact (IBC) solar cell 20. in the IBC solar celi 20,
the junction is on the back of the solar cell. The doping pattern is alternating p-type and n-type
dopant regions in this particular embodiment. The p+ emitter 203 and the n+ back surface field
204 may be doped. This doping may enable the junction in the IBC solar cell to function or have
increased efficiency.

High dose implantation may allow the lowest cost-of-ownership for an ion implanter.
Localized or selective doping or localized or selective material modification may be required for
some implants. The use of lithography with implantation may be too cost prohibitive for selective
implants because of the extra steps required. Plasma doping technology is not fully tested for
such applications. Direct exposure to neutrals in the plasma may cause deposition or etching of

a workpiece and may require additional cleaning steps. Accordingly, there is a need in the art for
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apparatus for focused implantation of workpieces.

Summary
in one embodiment, a processing apparatus comptises a plasma source configured to

produce a plasma in a plasma chamber where the plasma contains ions for implantation into &
workpiece. The apparatus also includes a focusing plate having an aperture configured to modify
a shape of a plasma sheath proximate the focusing plate such that ions exit the aperture 1o
define focused ions. The apparatus further includes a processing chamber containing a
workpiece that is spaced from the focusing plate wherein the focused ions have an implant width
that is substantially narrower than the aperture. The apparatus is configured to create a plurality
of patterned areas in the workpiece by scanning the workpiece during ion implantation.

In ancther embodiment, a method of implanting a workpiece in a plasma processing
system comprises providing a focusing plate adjacent to a plasma chamber containing a plasma,
the focusing plate having an aperture arrangement configured to extract the ions from the
plasma through at least one aperture that provides focused ions towards the workpiece. The
method further comprises providing a bias between a workpiece holder and the piasma to atlract
the focused ions to the workpiece and scanning the workpiece holder with respect to the
focusing plate so as to produce a plurality of selectively implanted areas.

Brief Description of the Drawings

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 cross-sectional view of a known selective emitter solar cell;

FiG. 2 is a cross-sectional view of a known interdigitated back contact solar cell;

FIG. 3 is a cross-sectional view of a focusing plate arrangement within a piasma system;

FIG. 4 is a top view of an embodiment of an implanted solar cell;

FIG. 5 is a block diagram of a plasma processing apparatus consistent with a first
embodiment of the disclosure;

FIG. 6 is a block diagram of a plasma processing apparatus consistent with a second
embodiment of the disclosure;

FIG. 7 is a block diagram of a plasma processing apparatus consistent with a third
embodiment of the disclosure;

FiG. 8 is a block diagram of a plasma processing apparatus consistent with a fourth
embodiment of the disclosure;

FIG. 9 is a biock diagram of a plasma processing apparatus consistent with a fifth

embodiment of the disclosure;
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embodiment of the disclosure;

FiG. 11 is a block diagram of a plasma processing apparatus consistent with a seventh
embodiment of the disclosurs;

FiG. 12 is a block diagram of a plasma processing apparatus consistent with an eight
embodiment of the disclosure;

FiG. 13 is a cross-sectional diagram of cne embodiment of a focusing plate;

FIG. 14 is a cross-sectional diagram illustrating stepped movement during implantation;

FiGs. 15a-15d illustrate the relationship between ion dose and scanning velocity,

FIG. 16 is a cross-sactional diagram illustrating one embodiment of electrostatic
suppression;

FiGs. 17A-B are a cross-sectional diagram illustrating two embodiments of magnetic
suppression;

FiGs. 18-19 illustrate exemplary steps involved in embodiments of the invention that
employ RF or DC synchronization to implant a workpiece with two dopant levels;

FiGs. 20a and 20b are a top view of a workpiece and focusing plate system before and
after implantation, respectively;

FIG. 20c is a schematic top view of the workpiece of FiGs. 20a-b after implantation
showing implanted areas;

FIG. 20d is a top view of a workpiece and focusing plate system during implantation;

FiG. 20e is a schematic top view of the workpiece of FIG. 20d showing implanted areas;

FIG. 21 is a front view of a process control apparatus;

FIG. 22 is a block diagram of a plasma processing apparatus consistent with a ninth
embodiment of the disclosure; and

FiGs. 23-24 illustrate exemplary voltage and workpiece position curves as a function of
time in accordance with pulsed implantation embodiments.

Detailed Description

Embodiments of a system and workpieces are described herein in connection with solar
cells. However, the embodiments of this system can be used with, for example, semiconductor
wafers, compound semiconductor substrate or thin film, bit-patterned media, solid-state
batteries, fiat panels, LED substrates, glass substrates, ete. Thus, the invention is not limited to
the specific embodiments described below.

FiG. 3 is a cross-sectional view of a focusing plate arrangement within a plasma system.
The focusing plate 101 is configured to modify an electric field within the plasma sheath 242 to

control a shape of a boundary 241 between plasma 140 and the plasma sheath 242,

Lad

SUBSTITUTE SHEET (RULE 26)



10

5

20

25

30

35

AccoVVQ, 20111962945 that are attracted from the plasma 140 across the plasmPCT/US2010/056952
strike the workpiece 100 at a largs range of incident angles.

The plasma 140 is generated as is known in the art. In the embodiment of FIG. 3, the
focusing plate 101 includes a pair of panels 212 and 244 defining a gap there between having a
horizontal spacing (G). The panels 212 may be an insulator, semiconductor, or conductor. In
other embodiments, the focusing plate 101 may include only one panel or more than two panels.
The pair of panels 212 and 214 may be a pair of sheets having a thin, flat shaps. In other
embodiments, the pair of panels 212 and 214 may be other shapes such as tube-shaped,
wedge-shaped, and/or have a beveled edge proximate the gap. The pair of panels 212 and 214
also may be positioned at a vertical spacing (Z) above the plane 151 defined by the front surface
of the workpiece 100. in one embodiment, the vertical spacing (Z) may be about 2.0 to 3.0 mm.

fons 102 may be attracted from the plasma 140 across the piasmé sheath 242 by
different mechanisms. in one instance, the workpiece 100 is biased to attract ions 102 from the
plasma 140 across the plasma sheath 242. The ions 102 may be a p-type depant, an ntype
dopant, hydrogen, a noble gas, or other species known to those skilled in the art,

Advantageously, the focusing plate 101 modifies the electric field within the plasma
sheath 242 to control a shape of the boundary 241 between the plasma 140 and the plasma
sheath 242, The boundary 241 between the plasma 140 and the plasma sheath 242 may have
a convex shape relative to the plane 151 in one instance. When the workpiece 100 is biased, for
example, the ions 102 are attracted across the plasma sheath 242 through the gap between the
panels 212 and 214 at a large range of incident angles. For instance, ions following trajectory
path 271 may strike the workpiece 100 at an angle of +8° relative to the plane 151. ions
following trajectory path 270 may strike the workpiece 100 at about an angle of 0 relative to the
same plane 151. lons following trajectory path 269 may strike the workpiece 100 atan angle of
8" relative to the plane 151. Accordingly, the range of incident angles may be between +8° and
-8° centered about 0°. in addition, some ion trajectories paths such as paths 269 and 271 may
cross each other. Depending on a number of factors including, but not limited 1o, the horizontal
spacing (G) between the panels 212 and 214, the vertical spacing (Z) of the panels 212 and 214
above the plane 151, the dielectric constant of the panels 212 and 214, or cther process
parameters of the plasma 140, the range of incident angles (8) may be between +60° and -60°
centered about 0°.

FIG. 4 is a top view of an embodiment of an implanted solar cell. The solar cell 500 of
FIG. 4 is a selective emitter design, but the embodiments disclosed herein are not limited merely
to selective emitter solar cells. The solar cell 500 may be, for example, approximately 156 mm
or approximately 125 mm in width and height. As seen in FIG. 1 and, more particularly, FIG. 4,

the solar cell 500 has contact regions 501 that are doped and an emitter 502 between the
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instance, the contact regions are doped at approximately SEL5 dopant atoms/cm? and the
emitter 502 is doped at approximately 1E15 dopant atoms/cm2. In another instance, the

contact regions 501 are approximately 2 mm apart and approximately 100 ym wide. These
contact regions 501 are doped at approximately 3E15 and the emitter 502 is doped at
approximately 1.5E15 using a 10 keV phosphorus implant. A blanket implant over the entire
surface of the solar cell 500 may be parformed to dope the emitter 502 while a selective or
pattared implant may depe the contact regions 501.

FiG. 5 is a block diagram of a processing apparatus consistent with a first embodiment of
the disclosure. The system 400 includes a plasma source 401, a focusing plate 101 (or sheath
engineering plate), and a process chamber 402. A gas source 404 is connected to the plasma
source 401. The plasma source 401 or other components of the system 400 also may be
connected to a pump {not shown}, such as a turbopump. The plasma source 401 that generates
the plasma 140 may be, for example, an RF plasma source, inductively-coupled plasma (ICP)
source, indirectly heated cathode (IHC), or other plasma sources known to those skilled in the art.
In this patticular embodiment, the plasma source 401 is an RF plasma source with an RF source
generator 408 and an RF source generator 409. The plasma source 401 is surrounded by an
enclosure 411 and a DC break 410 separates the enclosure 411 from the process chamber 402
in this particular embodiment. The process chamber 402, plasma source 401, or platen 403
may be grounded.

The focusing plate 101 is used to extract ions 4086 for implantation into a workpiece 100,
The focusing plate 101 may be cooled. This extraction of the plasma 140 from the plasma
source 401 may be continuous (DC) or pulsed. The plasma source 401 may be biased and a
bias power supply (not shown) may be provided to provide a continuous or pulsed bias on the
substrate to attract the ions 406.

The focusing plate 101 may have at least one aperture 407, though multiple apertures
407 are illustrated in FIG. 5. As discussed further below with respect to FIG. 20, the apertures
AQ7 may be arranged in an array corresponding 1o the desired implant pattern withina
workpiece 100. The focusing plate 101 may be cooled or otherwise have its thermal
characteristics controlled. The pressure in the plasma source 401 and the process chamber 402
may be approximately equal, which may cause arcing. Individuals skilled in the art will recognize
that high voltage arcing can be minimized by increasing the distance between objects at different
electrical potentials and by employing smooth surfaces on componentis whenever possible. The
dimensions of the implanted region in the workpiece 100 may vary with the parameters of

components in the system 400.
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the process chamber 402. The distance between the focusing plate 101 and the workpieces
100 may be controlled to compensate for any thermal expansion of the focusing plate 101.
These workpieces 100 may be arranged in an array or matrix that is N workpieces 100 wide and
N workpieces 100 long (where the “N" variable in the width dimension can be different from that
in the length dimension). In FIG. 5, a matrix of 1x3 workpieces is illustrated. The platen 403,
which is arranged in a vertical orientation, may use electrostatic clamping, mechanical clamping,
or a combination of electrostatic and mechanical clamping to retain the workpieces 100. The
workpieces 100 may be scanned using the platen 403. in the embodiment of FIG. 5, the platen
403 can scan in the direction 405. The platen 403, however, may perform either 1D or 2D
scanning depending on the desired implant pattern on the workpieces 100. For example, 2D
scanning may be performed to create spot-shaped or dot-shaped implant regions in the
workpieces 100. In an alternate embodiment, the focusing plate 101 scans with respect to
stationary workpieces 100. Various load and unload mechanisms may be used to place
workpieces 100 on the platen 403. The platen 403 may be configured to provide backside gas
cooling to the workpieces 100 in one instance. The workpiece 100 may be heated or cooled to
various temperatures before or during implantation using the platen 403 or some other
apparatus.

Pulsing of the plasma source 401 may be synchronized with the scanning of the focusing
plate 101 and/or the workpieces 100. This scanning may be configured to achieve the desired
dose and distribution of ions across the workpieces 100. The pulsed nature of the extraction to
form the ions 406 may enable better charge neutralization of the workpiece 100. A secondary
electron collector plate may be used in one instance.

FIG. 6 is a block diagram of a plasma processing apparatus consistent with a second
embodiment of the disclosure. In this embodiment, the platen 403 is disposed below the
focusing plate 101 and moves in the direction 605. While the use of gravity to suppert
workpieces 100 simplifies the platen 403, deposition or falling particles may occur on the
workpieces.

FIG. 7 is a block diagram of a plasma processing apparatus consistent with a third
embodiment of the disclosure. in this embodiment, the platen 403 is disposed above the
focusing plate 101 and moves in the direction 605. This eliminates the risk of deposition or
particles on the workpieces 100, but the platen 403 needs adequate clamping force to hold the
workpieces 100 upside-down during processing within the system 400.

FIG. 8 is a block diagram of a plasma processing apparatus consistent with a fourth
embodiment of the disclosure. The workpieces 100 in this embodiment are disposed on a

conveyor belt 800 that moves in the direction 405, which may be a vertical direction.
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embodiment of the disclosure. The workpieces 100 are disposed on a conveyor belt 800 that
moves in the direction 805, which may be a horizontal direction. This system 400 may have
deposition or particles on the workpieces 100 similar to the embodiment of FIG. 6.

FIG. 10 is a block diagram of a plasma processing apparatus consistent with a sixth
embodiment of the disclosure. The workpieces 100 are disposed on a conveyor belt 800 that
moves in the direction 805. The conveyor belt 405 may grip the workpieces 100 so that the
workpieces 100 are held upside-down. This embodiment eliminates the risk of deposition or
particles on the workpieces 100.

While a conveyor belt 800 and platen 403 have been iliustrated in, for example, the
embodiments of FiGs. 5-10, other workpiece 100 transport mechanisms may be used. Thus, the
embodiments disclosed herein are not limited solely to the conveyor belt 800 or platen 403.
Certain embodiments using a conveyor belt 800 may use differential pumping 1o maintain a
vacuum in the process chamber 402,

FIG. 11 is a block diagram of a plasma processing apparatus consistent with a seventh
embodiment of the disclosura. In this embodiment, at least the conveyor belt 80C and the
focusing plate 101 are angled and the workpieces 100 move in a direction 1105, which may be
an angle in a range between horizontal and vertical. The rest of the system 400 may not be
angled, though the entire system 400 of the embodiment of FIG. 11 is illustrated as angled. A
conveyor belt 800 is illustrated, though a platen 403 or other workpiece 100 transport
mechanism may be used. The angled configuration will allow gravity alignment of the workpieces
100 and simplify the mechanism holding the workpieces 100 on the conveyor beit 800.

FIG. 12 is a block diagram of a plasma processing apparatus consistent with an eighth
embodiment of the disclosure. In the system 1200, a plasma source 401 and plasma source
1203 are illustrated. The plasma source 1203 forms a plasma 1201 from the gas source 1202,
in one instance, the plasma 1201 is p-type, that is, a piasma that supplies p-type dopant species
to workpieces 100, and the plasma 140 is ntype, that is, a plasma that supplies n-type dopant
species to workpieces 100, though the plasma 140 and plasma 1201 are not limited to such an
arrangement. In one particular embodiment, the system 1200 is used to make IBC solar cells as
iltustrated in FIG. 2. Thus, the platen 403 translates the workpieces 100 between the plasma
source 401 and the plasma source 1203 to dope hoth the n-type and pype regions of the IBC
solar cell. The plasma sources 401, 1203 may be turned off and on during implant periods or
may continuously operate with some counterdoping effects in the workpieces 100. The strength
of bias may also be adjusted to minimized counterdoping effects. In other words, the bias

between plasma and workpiece may be reduced when portions of the workpiece meant to be n-
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doped are exposed 1o plasma 140.

While a platen 403 is illustrated, a conveyor belt or other workpiece 100 transport
mechanism may be used.

FiG. 22 is a block diagram of a plasma processing apparatus consistent with a ninth
embodiment of the disclosure. The systern 2200 has both a plasma source 401 and a plasma
source 2201. The plasma source 2201 forms a plasma 2202 from a gas source 2203, While a
platen 403 is illustrated, a conveyor belt or other workpiece 100 transport mechanism may be
used. The platen 403 in this embodiment may rotate or twist between the plasma source 401
and the plasma source 2201, In another embodiment, the platen 403 or some other transport
mechanism may allow implantation on two opposite sides of the workpieces 100. The plasma
source 402 and plasma source 2201 may be at different elevations in another embodiment.

in the embodiments of FiGs. 12 and 22, two plasma scurces are illustrated. More than
two plasma sources also may be used. While the systems 1200 and 2200 are illustrated as
vertical, other configurations similar to other embodiments disclosed herein are possible. Other
systems with two plasma sources used for blanket and selective implants, doping and material
modification impiants, or other configurations are possible.

in the embodiments disciosed hersin, the plasma source, such as the plasma source
401, may operate continuously. This reduces the time required to generate the plasma 140,
The focusing plate 101 can be cleaned in-situ within the system 400. A cleaning plasma may be
run in the plasma source 401 in one instance. This preventative maintenance may be
performed, for example, after a certain number of implant cycles. This cleaning may maintain the
desired characteristics or dimensions of the ions 406 over time when a species that can cause
deposits is used in the plasma source 401. Thermal control of the focusing plate 101 may
reduce deposits on the focusing plate 101. This may involve heating or cooling of the focusing
plate.

Embodiments of the plasma processing apparatus of the present invention facilitate both
selective small area and blanket implantation without the need for muiltiple masks or complex
implantation schemes. To accomplish this, the aperture and workpiece configuration may be
designed in conjunction with appropriate plasma parameters to facilitate extraction of focused
ions that form an ion beam whose width converges and intercepts the substrate in a region
whose width is substantially narrower (meaning less than about 75% of the aperture width) than
the aperture from which it is Tormed.

FiG. 13 is a cross-sectional diagram of one embodiment of a focusing plate illustrating
details of ion focusing. The focusing plate 101 may space the apertures 407 a distance D1

apart, which may be approximately 1 cm. The apertures 407 may be a length D2 of
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D3 of approximately 1 cm. The implant region in the workpiece 100 using the focusing plate 101
may be a width D4 of approximately 100 pm. The focusing plate 101 may have apertures 407
that are greater than approximately 156 mm tall {going into the page in FIG. 13). The focusing
plate 101 itself may be greater than 156 mm wide. Such a focusing plate 101 can extract ions
406 of approximately 0.2 A/m from each aperture 407 for a 10 keV implant and the ions 406
may be focused down to 100 um implant width at the workpiece 100 if the workpiece 100 is
spaced approximately 1 cm apart from the focusing plate 101, This is equivalent to 468 mA of
ion 406 current over the workpiece 100 if there are 15 apertures 407. If the length D2 (s
approximately 1 mm and the plasma source is biased to 5 keV and the workpiece 100 is
grounded, the icns 406 may be focused up to ten times or more. Accordingly, embodiments of
this invention may be used to implant regions having a length D4 of about 10 um. Other focusing
levels are also possible.

Thus, embodiments of the invention may produce a stationary implant width (meaning
width of an implant region produced without scanning the workpiece with respect to the focused
ions) on the order of microns to hundreds of microns using an aperture whose width is on the
order of millimeters. Narrow selectively implanted regions can therefore be formed whose width
is the same or greater (using scanning) than the stationary implant width. Moreover, because
the focused ions are extracted from a relatively larger aperture of width D2, the focused ions 406
provides a high flux (current) of ions over the stationary implant width D4 at the workpiece 100,
This facilitates both high dose implantation in smaller areas, as well as rapid blanket
implantation, by providing a high enough ion current to afford a reascnable workpiece scan rate
for the required implantation levels of the blanket implantations.

FIG. 14 is a cross-sectional diagram illustrating stepped movement during implantation in
accordance with a method of the invention. The workpiece 100 is moved with respect to the ions
408 in the direction 405. This forms higher-doped regions 1400 and lower-doped region 1401 in
the workpiece 100. To form the higher-doped regions 1400, the workpiece 100 is scanned more
slowly with respect to the plate 101 than during the implant of the lower-doped region 1401,
Such a process may be repeated over the surface of the workpiece 100,

Turning to FIGs. 15a-15d, details are provided to iflustrate the relationship between ion
dose 1504 received in a substrate 100 and a variable scanning velocity, which may be provided
between focus plate 101 and substrate 100. The variable scanning velocity (or rate) may be
provided by scanning focus plate 101 with respect to a stationary substrate 100, scanning
substrate 100 with respect to a stationary focus plate 101, or scanning both substrate and focus
plate simultanecusly. By changing the scanning velocity during implantation, regions of relatively

higher and relatively lower implantation levels may be produced. In the embodiment depicted in
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of position along substrate 100 in the direction X. As depicted in FIG. 153, ions are extracied
from plasma 140 using focusing plate 101 to form a focused shape when the ions 406 impinge
on substrate 100. When ions 406 implant into substrate 100, the current density of the ions
1500 at substrate 100 may be as shown in FIG. 15b. As depicted, the current density of ions
extracted through 1 cm wide apertures 407 is narrowly peaked, in which the width of the ions
may be about 100 ym when the ions impinge on substrate 100.

FIG. 15¢ depicts one scan rate sequence 1502 that may be used for focusing plate 101.
in this embodiment, the scan rate sequence is shown as a residence time function (in sec/cm)
such that the peaks 1506 in residence time function 1504 represent regions in which the scan
rate is relatively slower and the base portions 1508 represent regions in which the scan ratg is
relatively faster. Thus, in the regions 1506 a higher ion dose is received because the focused
ions 1500 are scanned ralatively more slowly across the substrate 100 than in regions 1508,
This variation between slow scan rate and fast scan rate may be repeated in a periodic fashion
as shown in FIG. 15¢, leading to the periodic variation in ion dose 1504 in the substrate 100,
thus producing regions of relatively higher and lower ion doping in the X direction.

Embodiments of the present invention may also empioy pulsed plasma implantation to
vary the doping levels in different regions of @ workpiece. In the case of pulsed DC or RF
implantation, the pulse length or pulse frequency may be increased to form the higher-doped
regions 1400 in alternate embodiments. In these alternate embodiments, the scan rate of
workpiece 100 may be constant, while the pulse rate (or length) of a puised plasma is made
relatively larger when the ions 406 are impinging on regions 1400 to be doped more heavily than
regions 1404, which are exposead to a relatively shorter pulses or lesser pulse rate.

in embodiments of the invention, an apparatus such as that disclosed in FIG. 5, may be
used to implant workpieces such that parameters associated with pulsed ion implantation
processing may be varied according to the desired doping level. These parameters may include
pulse duration, puise frequency, and synchronization of source and substrate pulses. Examples
of pulsing include applying a pulsed potential to the plasma or applying a pulsed potential to a
workpiece,

FiGs. 18-19 each iliustrate exemplary steps involved in methods of the invention in which
RF or DC synchronization is used to implant a workpiece with multiple different dopant levels. Of
course, methods are possible other than those illustrated in FiGs. 18-18. In both methods, a
target 1800 may be scanned with respect to an aperture plate, such as aperture plate 101, while
a periodic implant pulse is generated. In accordance with the embodiments of FiGs. 18 and 19,

during an “on” period of an implant pulse, a potential, such as a negative potential, may be
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accelerate through focusing plate 101 and onto workpiece 100.

in particular embodiments of the invention, the plasma 140 may be generated ina
pulsed fashion by a plasma pulse source, in accordance with known techniques. In particular,
the pulsed plasma may be generated using components (not shown) without the need to apply
bias to workpiece 100. When desired, implant pulses may be periodically generated such that
the implant pulses generally coincide with source pulses. Accordingly, when the implant pulses
are generated, a plasma 140 is also “on,” such that ions from plasma 140 are accelerated to the
workpiece by the implant pulse and implant into workpiece 100. In order to achieve different
dopant levels at different regions of a substrate, the implant pulses may be synchronized
differently.

Turning in particular to FIG. 18, the method illustrated therein may be employed to create
regions of two different doping levels in a workpiece corresponding to high dose and low dose
regions. The method may be used to scan & target 100 with respect to an aperture plate 104, %0
create one or more relatively higher doping level regions and one or more relatively lower doping
level regions in target (workpiece 100). At step 1800, a source pulse timing is generated. For

example, a pulse generator coupled to an ion implantation system may generate a pulse every

100 us having a duration Tox of 50 us.

At step 1802, a decision is made as to whether a high ion dose or a low dose is to be
applied to a given region. For example, the workpiece may be positioned at an initial point with
respect to focus plate 101 in which low ion dose regions are intended to be formed using ions
accelerated through its apertures. Accordingly, a program or set of instructions may be executed
by a processor that correlates the current workpiece position with the desired low dose
implantation to be applied.

At steps 1804 and 18086, a corresponding encoder pulse is created for every i or | pulses,

corresponding to low or high ion dose levels. For example, for the low dose (1804} case, an

encoder puise may be generated avery 2 source pulses, corresponding to every 200 us, while for

the high dose (1806) case, an encoder puise may be generated every 20 source pulses

corresponding to every 1000 us.

in one embodiment the workpiece 100 may remain stationary until the motor encoder
counts are incremented as shown in step 1808 and the scan system motor s sent a message o
move as shown in step 1810. The workpiece may be stationary between encoder pulses and
thus, the implantation into workpiece 100 in the low dose case consists of two source pulses
while plasma 140 is on. This implantation recipe contrasts to the high dose case where the

workpiece 100 is implanted for ten source pulses before moving. The higher dose region thus
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recenQ 2011/962945 o dose of the lower dose region by virtue of being exposecPCT/US2010/056952
many implaniation pulses.

FIG. 19 depicts a method similar to that of FIG. 18, except that the method is used to
apply synchronization to achieve any number of different doping levels for different regions on a
workpiece. The method proceeds as at step 1800 and to step 1902 where the appropriate ion
implantation dose corresponding to a region to be implanted is determined. Once this s
determined, the method proceeds to ong of the alternative steps (shown as 1904-1908) that
correspond fo the determined dose level to be implanted, such that the approptiste encoder
pulse sequence is created. Again, the encoder pulse sequence may be applied as workpiece
100 is scanned until a desired area is implanted according to the desired doping level. Asin FIG.
18, the method of FIG. 19 involves creating encoder pulses for every 1, 2, 3, elc. source pulses
generated, according 1o the desired doping level.

in another embodiment, puising RF or puising DC may be used for dose control in the

workpiece 100 as the workpiece 100 scans. This pulsing may be on the microsecond time scale.

For instance, the pulse duration Tox may be adjusted from 50 us to 48 us in order to reduce the
dose applied to the workpiece 100 by 2%.

in yet another embodiment, the workplece 100 scans at a constant velocity in the
direction 405 illustrated in FIG. 14, but the pulse duration or pulse rale is increased to form the
higher-doped regions 1400. For example, a 5x longer pulse or Bx more frequent pulse rate
compared to an implant for the lower-doped regions 1401 wili produce 5x dose in the higher-
doped regions 1400. Both RF and DC source pulsing may be used. This may be performed by
either modifying the duty cycle of the RF source during a DC puise or modifying the power level of
the RF source during DC pulsing.

FiGs. 23 and 24 show exemplary voltage curves 2300 and 2400, respectively that may
e applied in a pulsed implantation system as a function of time. The voltage puises may
represent implant pulses or source pulses, as described above. Also shown in FiGs. 23 and 24
are workpiece position curves 2310 and 2410, respectively, as a function of time. In FIG, 23, the
workpiece moves at a constant velocity, but higher dose regions in the workpiece are created by
a longer puise duration, such as in pulses 2320. Lower dose regions in the workpiece are
craated by shorter puise duration, such as pulses 2330.

in FiG. 24, the workpiece again moves at a constant velocity, illustrated by linear curve
2410. The higher dose regions 2420 in the workpiece are created by a higher pulse rate and
lower dose regions 2430 are created by a lower puise rate. In both the embodiments of FiGs.
23-24, the lower dose regions may be, for example, the region between the contacts in a solar

cell and the higher dose regions may be, for example, the region under the contacts of a solar

cell,
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perform both a blanket and selective implant. As illustrated in FIGs. 20a and 20b, a workpiece
100 is scanned in the direction 1204. The embodiment of the focusing plate system 1210
includes a first focusing plate 1200 with a first aperture 1202. The first aperiure 1202 may
perform a blanket implant across the width of the workpiece 100 {to function as a bianket
aperture) by scanning, for example, in the direction 1204 to form bianket region 1220, as shown
if FIG. 20¢. The second focusing plate 1201 has second apertures 1203. These second
apertures 1203 may perform a patterned or selective implant of the workpiece 100 by scanning
the apertures 1203, for example, in the same direction 1204 to form patterned regions 1222. In
this context scanning describes relative motion of the work piece 100 with respect to the
apertures 1202 and 1203 and can be achieved by moving either or both of the workpiece 100
and the focusing plates 1200 and 1201. While two focusing plates are illustrated in the
embodiment of FIGs. 20a-b, the present invention covers a single focusing plate that may have
both a first aperture 1202 and second apertures 1203. In the example illustrated, both focusing
plates 1200 and 1201 are scanned along the direction 1204 a distance equal to the distance
between points A and B. FIG. 20b depicts the relative position of focusing plates 1200 and 1201
after the scanning is compiete. The patterned regions 1222 may extend ali the way to the edges
of workpiece 100 by increasing the scan distance as desired. FIG. 20c illustrates details of the
implantation geometry of workpisce 100 after scanning takes place for focusing plates having an
initial position as in FIG. 20a and a final position as in FIG. 20b. Since, along the direction 1212
perpendicular to the scan direction 1204, the second apertures 1203 overlap with a portion of
the first aperture 1202, the implanted regions 1222 that are exposed under the second
apertures 1203 receive a higher ion dose.

In accordance with the invention, these blanket and selective implants may be at least
partially simultanecus, as illustrated in FIGs. 20d-e. FIG, 20d depicts an embodiment of focusing
plate system 1210 in which aperture 1202 and apertures 1203 are included in the same plate.
As viewed in FIG. 20d, the focusing plate 1210 may be scanned from the left along direction
1204 to a position C. The configuration illustrated in FIG. 20d may represent a point during the
middie of an implantation scan, after which plate 1210 continues to move to the left with respect
1o workpiece 100. FIG. 20e depicts the pattern of lon implantation produced by plate 1210 up to
the point represented by FIG. 20d. Thus, a blanket region 1230 has been formead having a
leading edge 1230a that corresponds to the leading edge of blanket focusing aperture 1202 at
point C. As scanning continues, blanket region 1230 may extend across the entire workpiece
100 similar to the situation depicted in FiG. 20¢. FIG. 20e also iliustrates that selectively
implanted regions 1232 are already at least partially formed using apertures 1203. Moreover,

other arrangements of apertures in a focusing plate are possible, such as those that implant
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dots VYO 20111062945 1vanes. In this manner, the apertures may have a round, PCTUS2010/056952
associated with a desired implant geometry.

FIG. 21 is a front parspective view of a process control apparatus. The process control
apparatus 2100 is disposed on or near the platen 403 and the workpieces 100 in this
embodiment. This process control apparatus 2100 may be configured to measure ion fiux, the
dimensions or spread of the ions leaving the focusing plate, the location of the ions, or how
parallel the ions are with respect to the workpieces 100. The first aperture 2101 has a long
dimension larger than the long dimension of the ions. A Faraday cup (not illustrated), which may
be magnetically or electricaliy suppressed, is disposed behind the first aperture 2101 for total
ion measurement. The region formed by the first aperture 2101 may be segmented {o determine
horizontal ion uniformity. The aperture arrays 2102 include columns of offset apertures. Each
aperture in the aperture arrays 2102 is approximately 10 times smaller than the expected width
of the ions. A Faraday cup (not illustrated), which may be magnetically or electrically suppressed,
is disposed behind each aperture array 2102, Additional sets of arrays spaced about the
horizonta! direction give information about changes in width or parallelism. Rsgicns of the
process control apparatus 2100 may be coated with a material that increases luminescence
when struck by an ion beam, which may be optically monitored. Second aperiures 2103 may be
disposed around the periphery of the platen 403 to provide realtime dose measurement and
may be used for scan speed correction. A suppressed Faraday cup (not illustrated), which may
be segmented, is dispesed behind each second aperture 2103,

Secondary electrons may be generated using embodiments of this system. Charging of
the workpiece 100 may affect the trajectories of the ions in the ions 406. The focus of the
focusing plate 101 could be affected, etching of the focusing plate 101 may occur, and the
heating of the focusing plate 101 could be increased due to secondary electrons. Secondary
electrons may be suppressed by a mostly transparent electrode at a lower potential than the
workpiece 100 or by magnets behind the workpiece 100. FIG. 16 is a cross-sectiona! diagram
iHustrating one embodiment of electrostatic suppression. At least one suppression plate 1600,
which may be an insulator, conductor, or combination of insulating and conductive layers, is
disposed on the focusing plate 101. FiGs. 17A-B are a cross-sectional diagram Hliustrating two
embodiments of magnetic suppression, Magnets 1700, 1701, which may have opposite polarity,
respectively, may be disposed behind the workpiece 100 (FIG. 17A) or between the focusing
piate 101 and the workpiece 100 (FIG. 17B) to affect any secondary electrons. In FIG. 174, the
magnets 1700, 1701 may be stationary or movable with respect to the plasma source. in FiG.
178, the magnets 1700, 1701 may be either disposed on or at least partially within the focusing
plate 101. The magnets 1700, 1701 in FIG. 178 may be stationary, which simplifies operation.
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workpiece 100. In one instance, a hydrogen and/or helium implant is performed to enable
cleaving of workpiece 100, which may involve a varying dose of hydrogen and/or helium across
the workpiece 100. Other material modification, such as amorphization, alsc may be performed.
implantation using the embodiments disclosed herein may be applied to semiconductor or other
applications.

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

disclosure as described herein.
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1. A processing apparatus, comprising:

a plasma source configured to produce a plasma in a plasma chamber containing ions
for implantation into a workpisce;

a focusing plate having an aperture configured to modify a shape of a plasma sheath
proximate the focusing plate such that ions exit the aperture to define focused ions; and

a processing chamber containing a workpiece that is spaced from the focusing plate
wherein the focused ions have an implant width substantially narrower than the aperture and
configured to create a plurality of patterned areas in the workpiece by scanning the workpiece

during implantation.

2. The processing apparatus of claim 1, wherein the focusing plate comprises a plurality of
aperiures.
3 The processing apparatus of claim 2, wherein the plurality of apertures comprise a

blanket aperture and a set of selactive apertures configurad to produce a blanket implantation
and implantation in selective areas of the workpiece when the workpiece is scanned along the
first direction.

4, The processing apparatus of claim 1 further comprising a workpiece holder configured
1o scan the workpiece in two directions.

5. The processing apparatus of claim 4, the workpiece holder comprising one of a
harizontal holder, a vertical holder, an angled holder, and an upside down holder.

g. The processing system of claim 4, wherein the aperture has a width of about 0.5 mmto

5 mm and the implant width is about 5 pum to about 2 mm.

7. The processing apparatus of claim 1, further comptrising a workpiece holder configured
to scan at a variable scan rate along a first direction of the workpiece in a given scan wherein a
plurality of implanted regions of differing ion implantation levels are formed after scanning in the
first direction to form at least one of said plurality of patterned areas.

8. The processing apparatus of claim 7 wherein the ions of the plasma are associated with
dopant species, whergin a plurality of implanted regions of differing dopant concentrations are
formed after scanning in the first direction.

9. The processing apparatus of claim 1, wherein the plasma source is configured to
produce a pulsed plasma.

10. The processing apparatus of claim 1, wherein the apparatus is configured to supply a

pulsed bias to the workpiece.
11. The processing apparatus of claim 1, wherein the apparatus is configured to supply a

pulsad bias to the plasma.
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corresponding to a desired implant pattern for at least one of the plurality of patterned areas in
the workpiece.

13. The processing apparatus of claim 4, wherein the ions in the plasma chamber are an
ion species of a first typs, the apparatus further comprising:

a workpiece holder;

a sacond plasma source;

a second focusing plate having an aperture configured to modify a shape of a
plasma sheath proximate the second focusing plate such that ions exit the aperture to define
focused ions; and

a second plasma chamber coupled to the second plasma source and configured to
supply an ion species of a second type, wherein the workpiece holder is configured to scan under
the focusing plate and the second focusing plate so as to selectively implant the workpiece with
respective first and second regions corresponding o the ion species of the first type and the ion
species of the second type. v
14, The processing apparatus of claim 14 wherein the ion species of the first type are n-type
dopants and the ion species of the second type are piype dopants.

15. The processing apparatus of claim 5, further comprising a process control apparatus
disposed on or near the workpiece holder and comprising an aperture arrangement and detector
configured to measure ion dose in real time.
18. The processing apparatus of claim 14 wherein the ion species of the first type are ntype
dopants and the ion species of the second type are ptype dopants.
17. A method of implanting a workpiece comprising:

providing a focusing plate, adjacent to a plasma chamber containing a plasma,
configurad to extract ions from the plasma through at least one aperture that provides focused
jons towards the workpiece;

providing a bias between a workpiece holder and the plasma to attract the focused ions
toward the workpiece, the workpiece being disposed on the workpiece holder; and

scanning the workpiece with respect to the focusing plate so as to produce a plurality of
selectively implanted areas in the workpisce.
i8. The method of claim 17, wherein the focusing plate comprises a blanket aperture and a
sel of selective apertures, and wherein scanning the workpiece in a single scan produces both a
blanket implantation of the workpiece at a first ion dose and selective implantation of a set of
regions of the workpiece at a second, higher dose.
19. The method of claim 17 further comprising:

supplying source pulses to the plasma having a first puise frequency;
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Workpiece, a first set of bias pulses that have a first bias pulse frequency, wheregin the first set of
bias pulses are synchronized to the source puises; and

providing, when the aperture of the focusing plate is positioned over a second region of
the workpiece, a second set of bias pulses that have a second bias puise frequency different
from the first bias pulse frequency, wherein the second set of bias pulses are synchronized to the
source pulses.
20. The method of claim 17, wherein scanning the workpiece comprises scanning a first
region of the workpiece at a first scan rate and scanning a second region of the workpiece at a
second, higher scan rate.
21. The method of claim 17, wherein scanning the workpiece comprises scanning a first
region while pulses are applied to the plasma at a first puise rate, and scanning a second region
while pulses are applied to the plasma at a second, higher, pulse rate.
22. The method of claim 17, wherein scanning the workpiece comprises scanning a first
region while pulses are applied to the plasma at a first pulse duration and scanning a second
region while pulses are applied to the plasma at a sgcond pulse duration.
23. A method of implanting a workpiece in a plasma processing system, comprising:
providing a first focusing plate adjacent to a first plasma chamber containing a first
plasma having N-type dopant ions, the first focusing plate configured to extract ions from the
plasma through at least one aperture that provides focused ions towards the workpiece;
providing a second focusing plate adjacent to & second plasma chamber containing a
second plasma having P-type dopant ions, the second focusing plate configured to extract fons
from the plasma through at least one aperture that provides focused ions towards the workpiece;
and

scanning the workpiece with respect to the first and the second focusing plates while a bias
is applied between the workpiece and the first and second plasmas, respectively, wherein a set
of selectively N-doped areas and a separate set of selectively P-doped areas are formed in the
workpiece.

24. The method of claim 23, wherein the first and second plasma chambers are configured
to turn the first and second plasmas off and on during implantation such that the P-type dopant
ions only implant the P-doped areas and the N-ype dopant ions implant the N-doped areas.

25. The method of claim 23, wherein a strength of the applied bias is adjusted such that the
P-iype dopant ions implant the P-doped areas more than the N-doped areés and the N-type

dopant ions implant the N-doped areas more than the P-doped areas.
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